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We propose modeling that uses metaballs tq
create realistic clouds from satellite images.
The method is intended for space flight sim-
ulators, visualization of the weather informa-
tion, and simulation of surveys of the earth.
The density distribution inside the clouds is

defined by a set of metaballs. The parameters

(center positions, radii, and density values)
are automatically determined so that the syn-
thesized image is similar to the satellite im-
age. We also propose an animation methog

for clouds generated by a sequence of satelf

lite images taken at a given interval. We give
several examples of clouds generated from
satellite images of typhoons passing through
Japan.
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1 Introduction

The simulation of natural phenomena, such as wa-
ter, smokes, fire, and clouds, has often been at-
tempted in computer graphics (Klassen [12]; Kaneda
et al. [11]; Stam and Fiume [23]; Max [15]; Stam
and Fiume [24]; Nishita et al. [19]; Foster and
Metaxas [5]). Clouds play an important role in the
images of outdoor scenes, the earth viewed from
outer space, and the visualization of weather infor-
mation. This paper proposes a method for modeling
large-scale clouds viewed from space, such as those
in a typhoon. Many methods have been developed
for modeling clouds, and they can be classified into
two groups.

Methods in the first group create clouds by proce-
dural modeling. Voss [26] and Musgrave [16] create
realistic clouds with fractals. Gardner [6] has pro-
duced realistic images of clouds by using Fourier
synthesis. However, this does not create a true three-
dimensional geometric model. Ebert and Parent [3]
have used solid texture to generate clouds in three-
dimensional space. Ebert [2] has also developed
a method combining metaballs and a noise function
to model clouds. Sakas [20] has modeled clouds by
using spectral synthesis, and Nishita et al. [19] cre-
ate clouds by generating metaballs using the idea
of fractals. Using these methods to create clouds
that the user pictures in the mind is, however, very
difficult since many parameters have to be speci-
fied by trial and error. Stam and Fiume [22] have
developed a simple method for modeling clouds.
In their method, a user specifies density values at
several points in three-dimensional space. Then the
density distribution of the clouds is obtained by in-
terpolating the specified density values. Although
this method can create realistic clouds, it is imprac-
tical for creating large-scale clouds viewed from
space. Methods for modeling a set of clusters of
clouds have also been developed. Ebert et al. [4] cre-
ate realistic images of typhoons by the procedural
approach. Nishita and Nakamae [19] have mod-
eled clouds to generate realistic images of the earth
viewed from space. In both these methods, how-
ever, clouds are simply modeled by applying two-
dimensional fractals. The color and shape of clouds
change depending on both the viewpoint and the po-
sition of the sun. These methods cannot simulate
such effects.

Methods classified in the second group model clouds
by simulating the physical process of the clouds
forming (Kajiya and Herzen [9]; Stam and Fi-
ume [23, 24]). In these methods, however, there is of-
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ten a high computational cost for simulating cloudset al. [19]). With metaballs, clouds can easily be an-
overthe earth. imated by moving their centers. Therefore, we use
To address this problem, we propose a new methohetaballs to model them as shown in Fig. 1.

for modeling three-dimensional clouds based orA density value at a poir® in the cloud is given by

a satellite image. In recent years, many methods dhe following equation.
image-based rendering afud modeling have been

developed in computer graphics (Terzopoulos and N

Witkin [25]; Debevec et al. [1]; Gortler et al. [7]; #(P)~>_ i f(rj. R) (1)
Levoy and Hanrahan [14]; Seitz and Dyer [21]; =1

Horry et al. [8]). The proposed method makes use Ofynare N is the number of metaballs; the density
the image-based approach to generate clouds. Le‘aﬁPthe center of a metabajl f the field function
al. [13] also use satellite images to generate clou ShdR: the radius of the metaball. Further,is the’
in order to visualize weather information_. Ho.""ever'distar{ce between the poift and the centér posi-
they_use polygons to model them, resulting in POOI%ion of a metaballC:- that is.r: — IP—C;|. We
looking clouds. In the proposed method, the density .. e field function broposéd be (Wil and Trot-
distribution of clouds is represented by using meta- an [27]). Thatis to say

balls. Parameters of metaballs (center positions, ef:n ' '

fective radii, and density values) are determined au- 4 ( [ )6 17 < r >4

tomatically so that a synthesized image of the cloudd(rj, Rj) = —=

coincides with the satellite image. With the satellite 9\R 9 \R,
image, the proposed method makes use of the fact 22 (1 2
that the color of clouds can be calculated by integrat- 9 EJ +1,

ing the scattered light due to particles in them. In this
method, clouds with a shape and color similar to realvhenr; < R;, otherwise 0.
clouds can be automatically generated. Moreoveetermining parameters of the metaballs is equiva-
this paper also proposes an animation method fdent to solving an inverse problem of determining the
clouds generated by a sequence of satellite imagedensity distribution inside the clouds so that an im-
Note that our method does not reconstruct the exaelge of synthesized clouds is similar to a satellite im-
three-dimensional shape of clouds in the satellite image. The problem is, however, very complicated and
age. The goal of our method is to generate realistibard to solve. Therefore, we assume that the multiple
clouds as easily as possible, so that they can be usedattering can be neglected. Furthermore, for model-
for TV films and so on. In order to demonstrate theing clouds, the attenuation of light due to cloud par-
usefulness of the method, we apply it to animationgicles is approximated by a constant. Despite these
of the visualization of weather information and theassumptions, there is no unique solution to the prob-
earth viewed from space. lem. Therefore, the parameters of the metaballs are
In the following sections, the basic idea of model-heuristically determined as follows. First, each pixel
ing clouds is described in Sect. 2. Next, in Sect. 3pf the satellite image is classified as part of either
the details of the modeling method are discussed cloud region or a background region. To do this,
In Sect. 4, the method for animating the generatethe satellite image is converted to monotone. Then
clouds is proposed. In Sect. 5, several examples apxels with intensities higher than a specified thresh-
given. Finally, in Sect. 6, conclusions and futureold are identified as clouds. Next, one metaball is
work are discussed. 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 im-
2 The basic idea of modeling clouds age is calculated from the clouds modeled by meta-
from a satellite image balls. Then a new metaball is added if the error be-
tween the satellite image and the approximated im-
Various representations can be used for modelingge is greater than a specified threshold. These pro-
clouds. Examples are: voxels (Kajiya and Herzen [9]gesses are repeated until the error is less than the
procedural functions (Ebert et al. [4]; Ebert [1]), andthreshold.
metaballs (or blobs) (Stam and Fiume [24]; NishitaThe overview of the proposed method is as follows.
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1. Classify the pixels in the satellite image into eithe

cloud regions or background regions. viewpoint

2. Generate a metaball at the pixel with the maxi A

mum intensity in the cloud regions of the satellite J/pixeli
image.

screen

3. Optimize the radius and the density value at the (satellite image)

center of the metaball.
4. Calculate the approximated image using the clouds  sun light Zsun
modeled by metaballs. t
5. If the error between the satellite image and the ap-
proximated image is less than a specified threshold, ,
stop. Otherwise, go to step 6 after calculating the imr-
age of difference between the satellite image and the
approximated image.
6. Goto step 3 after generating a metaball at the pixel
with the maximum intensity in the cloud regions of background color 75 metaballs
the image of difference.

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

base plane

earth

Fig. 1. Geometry of clouds

3 Modeling clouds with metaballs

In this section, the method for determining the pa-
rameters is proposed after we describe the methag(1) = Ip(1) exp(—t(Lap, A)) + lsun(A) B(, 1)

for calculating the error between the satellite image P,
and the image synthesized by using clouds modeled
by metaballsg. d Y HsIng X/,O(t) exp(—t(t, A) — (s, A))dt, 3)

Pa

. wherely, is the background colok;, the wave length;
3.1 Calcu_/at/.ng the error betwegn thg L., the distance fronP, to Py: A(¢. 1), the phase
satellite image and synthesized image function of the cloud particleg;, the phase angle be-

tween the viewing ray and the sun directidgy, the

The parameters of the metaballs are determined sptensity of the sunlight outside the atmosphere; and

that the mean square error between the satellite im(Lap, 1) is the optical length fronf, to P,. The op-

age and the synthesized image is minimized; that istical length is obtained by integrating the density of
the cloud patrticles fronP, to P,. Similarly, t(t, 1)

1M is the optical length fron¥, to P; andz(s, A), from
Err = — Z(li(”“e) —1)% — min, (2) P.to P (see Fig. 1). Althougls is a function oft,

M i=1 we denote it as instead ofs(t) for simplification.
whereM is the number of pixels in the satellite im- Egtgtjrrggg Eq. 1into Eq. 3, the following equation is

age, and, " and|; are the intensity of the satellite
image and the intensity of the synthesized image at () = lb(2) eXp(—7(Lap, 7)) + lsun(2) B(¢. 1)

pixeli, respectively. In the following, the calculation RN

method ofErr is described. fr R

As shown in Fig. 1, let the density hgt) at a point X/ { ;q, i Ry)

P at distancet from the viewpointP,. Then the Pa 17

intensity |; is calculated by the following equation x exp(—z(t, 1) — (s, A))}dt, (4)
(Kanedaetal. [10]).
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where
view point

.- Z)
ot 1) = C/ qu fj(rj, Rpdt, () intensity distribution of

=l satellite image

andc is the extinction coefficient. Since it is diffi- \/\
cult to determine the parameters of metaballs so that screen

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 scat
tering of light due to cloud particles obeys Mie scat-
tering, and the spectrum of scattering is not much in

fluenced. Therefore, the satellite image is converte . base plane
to a monotone one and the phase funcifign, A)
depends only orp. Second, the attenuation terms

exp(—t(Lap, A)) and exg—z(t, A) — (s, 1)) in EQ. 4 metaballs
are approximated as constarisand«,. Note that
these approximations are only for modeling clouds. Fig. 2. Determination of center of metaballs
Then, the following equation is obtained.

o

N
li = lpkg + Isunﬁ(qj)/cz/ qu f(rj, Ry)dt the intensity after adding it. Then,
17 = 10D 4 1 B(@) otk F(ri, Ro) .- 8)
= lorr + IS“”ﬁ(‘ﬁ)’QZqi AURLEIR 6)  The second term in Eq. 8 is evaluated at the pixels
=1 through which the viewing rays intersect the meta-
(i=1....M ball k. Therefore,l; can be calculated with a small
computation cost, resulting in faster optimization
where processes for the parameters.
pout Using |; obtained by this method, the errirr be-
; tween the satellite image and the synthesized image
F(ri, Rj) = / f(rj, Rpdt, (7) is calculated. Metaballs are added repeatedly until

o the error is less than a specified tolerance.
j

andP" andP/""the intersection point of the viewing 3.2 Determining the center of a metaball
ray with the metaballj. F is the integrated func-

tion of the field functionf and can be calculate(_j When the number of metaballs becomes large, the

analytically (Nishita and Nakamae [17]). To obtain oo tation for generating images takes a long time.
the background intensity, a satellite image without perefore, the number of metaballs should be as
clouds is required. We obtain this image by assemgy | a5 possible. Depending on the position of the
bling the background regions of a set of satellite iM-onar of each metaball, the number of metaballs
ages by hand. The threshold to decide whetherplxe anges for representing the clouds within the tol-
belong in cloud regions or background regions is €Xgrance. The integrated functidhnof the field func-
perlmentallydetermlned Then, the intenditpf the tion f has a peak value af = 0, and it decreases
synthesized image can be calculated by Eqg. 6. Trléradually ag; increases, finally becoming zero at
can be calculated incrementally ever;)/ time a new _ R;. The number of metaballs tends to be small
metaball is added. Let us assume t&f is the i~ when the center position is chosen where the func-
tensity before adding the metablathnd thatl i(”ew) is tion F fits the intensity distribution of the satellite
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intensity of integrated distribution of

ite i density of a metaball
satellite image A

initial
density

[
Wnetaball
base plane 0i g U

initial radius

(a) (b)

optimal
density ¢, -

~ N

optimal radius R;

(c) (d)

Fig. 3. Optimization steps for the density and radius

image. The reason for this is that the intensity distri-3,3 Optimization of the radius and density

bution of clou_d images is smopth anq the d_lstrlbutlon at the center

around the pixel with the maximum intensity is con-

sidered similar to the distribution of the functiéh

Therefore, the center position is determined on th&he basic idea for calculating radil’ and den-
viewing ray through the pixel with the maximum sity g¢ at the center of the metabadlis to search
intensity. In order to determine the center positiorfor the optimal values by changing them little by lit-
in three-dimensional space, a base plane is virtuallte. Figure 3 shows the process for determining the
generated (see Fig. 2). In our system, the base plamadius and density. In Fig. 3, the base plane is par-
is set parallel to the image plane. Although generallel to the image plane, and the dotted curve in-
ation works well in most cases, the user can alsdicates the functior(ry, R¢). For this search, the
specify it manually. The center point of the meta-upper limit R* for the radius is specified by the
ball is set to the intersection point of the viewing rayuser.

with the base plane. After the metaballs have beeiihe radiusR¢ and the densityg are determined
placed at the intersection point, the intersection pointo minimize the difference of intensity between the
of the viewing ray with the metaballs is calculated,synthesized image and the satellite image at pix-
and the center is set to the nearest point as showeis inside the radius of the metaball. In Fig. 3, the
in Fig. 2. After one metaball is generated, the im-shaded areas indicate the difference. First, an ini-
age of the difference is calculated. Then it is used fotial radius and density are set toand (Ii(””e)—
determining the center of the next metaball in ordeky1y)/(IsunB(d)k2F(0, 8)), respectively (Fig. 3a). In

to avoid the same pixel being chosen for the cenether words, the radius and the density are initial-
ter point. ized so that the intensity due to the metaball at the
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flow curves

Fig. 4. Calculation of flow vectors

pixel is equal to that of the satellite image. Next,line segments, and intermediate images are gener-
the density is fixed, and the optimal radius that min-ated from the correspondence between these feature
imizes the error is calculated by incrementing thepoints or line segments. However, this method is
radius byd (Fig. 3b). Then, after making the den- not applicable to the animation of clouds. Clouds
sity smaller byw, the optimal radius is searchedin one image move according to the flow of the
for again (Fig. 3c). By making the density smaller,atmosphere, resulting in the clouds in the next im-
the radius can be larger, hence one metaball caage. Therefore, their movement cannot be expressed
cover a larger area. This results in reducing the numjust by interpolating the feature points. To cre-
ber of metaballs. This process is repeated until thate realistic cloud motion, we assume each meta-
optimal radius and density are found (Fig. 3d). Inball can be classified as one of the following three
this paper,d is set to the size of one pixel and cases.

w is specified by the user. Note that a metaball

is deleted if the density becomes zero during th<=Casel Clouds move from one place to ancther

search.
Case 2 Clouds disappear while moving.
Case 3 Clouds appear while moving.

4 Animation of clouds Although the flow analysis of the atmosphere is re-

quired for obtaining the exact movement of clouds
In this section, an method for animating cloudstaking these cases into account, this computation is
is proposed. First, clouds are modeled from sateltoo expensive. Thus, in the proposed method, the
lite images taken at a certain interval. Then theyser inputs the flow as&ier curves by observing
are animated by interpolating the parameters of tha sequence of satellite images. Figure 4a shows an
metaballs. example of flow curves specified by the user. With
In traditional morphing techniques, meshes are useithe aid of such flowcurves, metaballs are classified
for correspondence between images. Recently, moes one of the three cases, and clouds are animated
sophisticated methods have been developed: the udgy changing their center positions, densities, and
specifies the features of images by using points aradii.
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4.1 Classification of metaballs using flow
curves

Let us denote the metaballs generated from sate
lite image A (recorded at timeta) as Ma; (i =
1,...,na), and the metaballs generated from satel
lite imageB (recorded atg) asMg j (j=1,...,ng).
na andng are numbers of metaball; andMg j,
respectively. First, to get correspondence betwee
Mai and Mg j, we move metaballdl,; using the
flow curves. The method for this is described in th
next section. ThenM,; is associated witMg j if
Mg, ; is the closest, the distance betwedn; and ’
Mg ; is less than a specified threshold, avd j has a)
not yet been associated with any other metaballs. A
ter this process, each metaball is classified as one
the three cases. Metabdll,; is classified as case 1
if there the corresponding metabMk ; exists; oth-

erwise it is classified as case 2. The metaby|;

is classified as case 3 if none bfa; corresponds
to it. The densityg; and the radiu®} of each meta-
ball at timet (ta <t < tg) are calculated as follows.
The densities, radii, and center positions of case
metaballs are linearly interpolated by using the cor
responding metaballs. For case 2, the densities a
linearly faded out, and for case 3, they are faded i
For both these cases, the center positions are detg i
mined by a method described in the next section. b)

4.2 Moving metaballs with flow curves

Each metaball moves toward a flow vectocalcu-
lated at its center with the use of the flow curves
(Fig. 4b). First, the minimum distanak and clos-
est point P, from the center point to eachéRier
curve are calculated. If the distandgis less than
a specified distancB, the Bezier curve affects the
movement of the metaball. Then tangent veojaat
the closest point is calculated. The flow vecioat
the point is defined as the weighted sum of the ta
gentvectors; that is, = Y _,_, wyvk. nis the number
of Bézier curves inside the domain of influence. The c)

weightwy is calculated as follows. First, the contri- Fig. 5. Clouds generated from a satellite imageA satellite
bution ratioay is calculated by: image.b Clouds modeled by metaballs Clouds viewed from
) different viewpoint

_ (%)

e L R R
. 0k > D) wk=ak/Za,-. (10)

Then the weightuy is calculated by normalizingy; =t

thatis, The amount of movementin time stey is Atw.
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Fig. 6. Examples of animation of clouds

5 Examples image of a typhoon taken from the meteorologi-
cal satellite “Himawari”. Figure 5b shows clouds

Figure 5 shows examples of clouds using satellitanodeled by metaballs. By comparing Fig. 5a with

images viewed from space. Figure 5a is an infraredrig. 5b, it can be seen that the proposed method
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Fig. 7. Examples of the visualization of weather information

can generate clouds similar to those in satellitaime for generating Fig. 5b i9.5 min on the same
images. Figure 5c shows the same clouds fronmachine.

a different viewpoint. Since clouds are modeled inFigure 6 shows an example of clouds animated by the
three-dimensional space, they are seen from diffepproposed method as it is described in Sect. 4. Fig-
ent viewpoints, and shadows are cast on Japan. Toe 6a and f were rendered by using clouds generated
generate Fig. 5b and c, the color of the clouds igrom satellite images and Fig. 6b—e, by interpolating
calculated by taking into account the single scatthem. The satellite image corresponding to Fig. 6a
tering of light by using Eq. 4. The infrared im- was recorde@ hbefore the satellite image of Fig. 6f,
age used here is available on the internet (Sewhich is the same as Fig. 5b. As shown in this exam-
eral sites provide satellite images, for exampleple, the proposed method can realize the smooth and
http://iwww.jwa.go.jp/gms.html). This image was natural transition of clouds.

recorded at 21:00 on 16 September 1995. Next, Figs. 7 and 8 show images from two ani-
In this example, the number of metaballs9§34 mations of the proposed method, entitMéather
and the calculation time for generating them isReportandThe Earth IL For both these animations,
15 son a Silicon Graphics Indigo 2 Maximum Im- 13 satellite images were used to generate clouds and
pact ((95MHz MIPS R10000). The calculation 900 images were produced by using the method de-
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Fig. 8. Examples of the earth viewed from space

scribed in Sect. 4. Figure 7 is for visualizing weatherclouds are generated. These effects cannot be simu-
information. In this animation, the movement of lated just by mapping the satellite image as textures.
a typhoon passing across Japan is visualized. Fig-

ure 7 shows that the proposed method can generate ]

realistic clouds even if the viewpoint is varied. 6 Conclusions

Figure 8 shows examples of the animation of the

earth viewed from space. In this animation, the poA method that uses metaballs for modeling clouds in
sition of the sun changes. The color of the earth ishree-dimensional space from a single satellite im-
calculated by taking into account the effect of theage has been proposed. By making use of a satellite
scattering of both sunlight and sky light due to theimage of real clouds, the proposed method can gen-
atmosphere with the method developed by Nishitzrate clouds with authentic shapes and colors. We
and Nakamae [17]. In Fig. 8a, the sun is behind théave also proposed an animation method for clouds
viewer, turning the color of the clouds red. In Figs. 8bmodeled by metaballs. With the proposed method,
and c, the sun is above the clouds. Finally, in Fig. 8dthree-dimensional clouds are generated, and they can
the sun is hidden behind the earth. These exampld viewed from arbitrary directions. The color of the
show that optical effects can be simulated when 3zlouds can be calculated by simulating the optical
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effects. Furthermore, the animated clouds are genets3.

ated from a series of satellite images, and shapes of
clouds at each frame are obtained by interpolating ,
them.

There are several future projects:
1.In order to increase realism by adding various
plausible fine features, some kind of turbulence
model, such as the one used by Stam and Fiume [22],
or Ebert [1] should be included.

2. To model clouds more accurately, methods for the7.

estimation of the height of clouds from satellite im-
ages (Lee et al. [13]) should be incorporated.

3. Extending the proposed method to generate cloud$"

from photographs taken from the ground will be use-
ful for modeling clouds such as cumulonimbi.
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