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Figure 1: Large scale clouds are generated from multi-spectral satellite images.

Abstract

Visualization of satellite cloud images plays an important role in atmosphere analysis and weather prediction.
However, reconstruction of meaningful 3D clouds is a challenging problem due to the 2D nature of the input data.
In this paper, we present a new method for modeling large scale clouds based on cloud property retrieval theory.
In contrast with previous methods, the proposed one is more physical and focuses on the geometric structures of
clouds. Image pixels are first divided into cloudlessness, water cloud, ice cloud, and thin cirrus cloud in terms of
spectral characteristics. Then, the top height, geometry thickness and extinction volume of the cloud are generated
by applying different spectral combinations of images. Finally, clouds are rendered with various light directions or
view directions. The results show that the proposed method can not only yield realistic clouds, but also approximate
actual clouds, thus being useful for time critical applications.

Categories and Subject Descriptors (according to ACM CCS): 1.3.m [Computer Graphics]: Miscellaneous—

1. Introduction

Clouds occupy more than 60% of the sky at any given time
and are the main regulators of weather and climate. Visu-
alization of large scale clouds are of importance to weather
forecasting, especially to very short range forecasts or even
nowcasting. As primary monitors of earth-scale clouds, me-
teorological satellites, such as METEOSAT, GOES, FY2E,
MTSAT, etc., collect invaluable cloud-related information
via remote sensors and transmit the information back to the
ground in the form of multi-spectral satellite images ev-
ery thirty or fifteen minutes. These images are an important
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source for analyzing clouds, and can also provide graphics
researchers with new opportunities to model clouds.

For weather forecasting and atmospheric research, con-
tours, vectors, and height field are usually used to visualize
the cloud properties estimated from satellite images. How-
ever, due to the nature of color mapping, it is generally dif-
ficult to give a good presentation of the 3D climate environ-
ment by these techniques, especially when multiple views
or sun directions are considered for a same cloud scene. In
the graphics community, a few methods have been proposed
for producing realistic looking densities of clouds but are
not guaranteed to be physically valid. The resulting clouds
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are similar to those in the input images but are not actual
presentation of cloud characteristics, such as the height and
thickness. Hence, these methods may not be suitable for an-
alyzing the evolution of clouds although they can generate
visually appealing cloud scenes.

To address these problems, we propose a method to visu-
alize large scale clouds from multi-spectral satellite images.
Specific spectral images are used to compute cloud proper-
ties. Based on these properties, we generate the geometric
shape and extinction volume of the cloud for rendering. Us-
ing the system, the weatherman can easily understand the
structural changes of large scale clouds when continuous im-
ages are used. Fig. 1 shows that large scale clouds are gen-
erated from multi-spectral satellite images of FY2E(one of
Chinese meteorological satellites). These images are in the
Mercator projection and cover the large sea area.

2. Related work

Cloud modeling has received increasing attention in areas
such as weather forecasting, flight simulation, and atmo-
spheric research. Most mainstream methods utilize either
a procedural approach or a physically based approach for
cloud modeling. Procedural modeling, which is the most
popular cloud modeling approach, includes methods based,
for example, on textured ellipsoids [Gar85], noise functions
[Ebe], and interactive designs [BN04, WBCO08]. These meth-
ods can generate realistic clouds, but many parameters are
required and must be determined by trial and error meth-
ods. To avoid the necessity of parameter setting, physically
based cloud simulations have become a favorite among re-
searchers. Miyazaki et al. [MYNDO1] modeled various types
of clouds using a coupled-map lattice method. Harris et al.
simulated cloud formation processes on graphics hardware
[Har05]. Recently, Dobashi et al. proposed a method to con-
trol the simulation to generate desired shapes of cumulus
clouds [DKNYOS]. These physically based methods are pri-
marily concerned with small scale scenes and usually used
to create realistic clouds in artistic design community.

However, these two methods are both weak in simulat-
ing actual cloud scenes. In contrast, modeling clouds from
real data can generate clouds closely related to the input
data. Typical cloud related data includes satellite images
[DNYO098,DYN09], images [DSY 10, DIO*12], and numer-
ical simulation data [REHLO3]. Early, Dobashi et al. used
a simplified single scattering model to inverse earth-scale
clouds from infrared satellite images [DNYO98]. Recently,
for rendering earth-scale clouds, they utilized an approx-
imate scheme to construct the shapes of the clouds from
infrared images [DYNO09]. The goal behind both of these
works is to produce realistic looking clouds, but not neces-
sarily accurate ones. By contrast, our method is based on
cloud property retrieval theory [KRO4] and is thus more
physically based in that multi-spectral images are jointly
used to compute cloud geometry and extinction.

3. Cloud modeling from satellite images
3.1. Overview

In this proposed method, cloud properties are derived from
five-spectral images provided by FY2E, including visible
(VIS,0.55~ 0.90 um ), infrared (IR1,10.5~ 12.5 um ), split
(IR2) , water-vapor (WV,6.3~ 7.6 um ), and mid-wave in-
frared MWIR,3.5~ 4.0 um). For each pixel (longitude, lat-
itude), the first image records the reflectance ®; indicating
the ratio of the reflected intensity to the incident solar flux
density, and the last four record the temperature 7; where the
subscript i denotes the waveband.

The process of cloud modeling consists of four steps.
First, image pixels are simply segmented into four types.
Then, IR1 and WV images are combined to locate the cloud
top height. After that, we use MWIR and VIS images to re-
trieve the geometric thickness and extinction for water and
ice cloud pixels. For thin cirrus cloud pixels, the thickness
and extinction are derived from the temperature dependent
models. Finally, we generate a regular volume data and a
particle system for rendering.

To make our method be feasible, four assumptions are
used including the constant ground temperature at a fixed
time (Sec. 3.2), the linear relationship between the tempera-
ture and the altitude( Eq. (1)), the homogeneous layer ( Eq.
(2)) and the width being equal to the length of ice crystal
((Eq. 4).

3.2. Pixel classification

The classification of image pixels is an essential first step
in the retrieval of cloud parameters(e.g., the height and the
thickness). Since the ground is warmer than the cloud, a
pixel is cloudy if the temperature difference between the
ground and the IR1 image is above a threshold (2.5K), oth-
erwise the pixel is clear-sky. However, ground temperatures
for some desolated places are almost inaccessible due to the
sparse distribution of measuring instruments. Luckily, at a
fixed time, the temperature of a given geographic location
remains roughly constant over a period of a few days. There-
fore, we take the maximum temperature at the same time
during the period of the last 15 days as the ground temper-
ature. When the sky remains cloudy for 15 days, the max-
imum temperature is lower than the actual temperatures. If
the maximum temperature is lower than the average monthly
temperatures of the sea(289K in August), we set the ground
temperature to the average temperature.

Next, the cloud pixels is divided into water clouds, ice
clouds, thin cirrus clouds in terms of the spectral charac-
teristics of the clouds. When a pixel is covered by thin
cirrus clouds, the temperature difference between IR1 and
IR2 wavebands is remarkable while the difference is of-
ten less than 1K for clear sky [Ino87]. Therefore, a cloud
pixel is labeled as thin cirrus cloud if the temperature dif-
ference is above a threshold (1.4K). For high clouds (ice
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(a) VIS, 0:00 (b) cloud classification

(¢) cloud top surface

(d) geometric thickness

Figure 2: (a) the input visible image. (b) pixel types. (c) the top of the cloud. (d) the distribution of estimated thickness.

clouds), the WV image is closely associated with the IR1
image [XZYZ08]. In this sense, we use the slope of the scat-
tergraph between the IR1 image and the WV image to dis-
criminate ice clouds from water clouds. For each cloud pixel,
weuse 3 x 3 plxels to generate a linear fit of the scattergraph.
If the slope ” + of the linear fit is less than 0.1, the cloud
pixel is labeled as water cloud, otherwise as ice cloud. The
classification result is shown in Fig. 2(b) where dark blue
pixels denote the ground(clear-sky), white pixels indicate ice
clouds, gray pixels represent water clouds and light blue pix-
els are thin cirrus clouds.

3.3. Cloud top height estimation

For optically thick clouds (water clouds and ice clouds), the
ground infrared radiation is hardly sensed by the satellite.
The measured temperature in IR1 image can be treated as the
temperature at the top of the cloud. For the thin cirrus, the
measured temperature is however usually higher than that
of the cloud top due to the contribution of the infrared ra-
diation from the ground. To derive the temperature of the
thin cirrus, we use the bi-spectrum method proposed by Sze-
jwach [Sze82] from the IR1 image and WV images.

Clouds usually occur in the troposphere layer. With the
increase of the altitude, the temperature approximately de-
creases by 6.5K per 1km at the standard atmosphere. After
the temperature of the cloud 7¢ is available, cloud top height
CTH can be computed using the following equation:

CTH =Hy+ (T}, —T)/6.5 (1

where Hy is the altitude of current pixel position, Tl.fl the
ground temperature in the IR1 waveband. The cloud top sur-
face is presented in Fig. 2 (c).

3.4. Cloud thickness and extinction computation

The optical thickness 7 is the integral of the extinction coef-
ficient k. from the cloud bottom CBH to the cloud top CTH.
When the cloud layers are assumed to be vertically homoge-
neous, the geometric thickness AZ can be represented by the

(© The Eurographics Association 2013.

following equation:

AZ = CTH — CBH =~ t/k. 2)

For water clouds, the extinction coefficient k. is the to-
tal extinction cross section for particles in a unit volume. In
the proposed method, we use the modified Gamma distribu-
tion [CLA74] with broadness 2 for describing the particle
size distribution. Therefore, The extinction coefficient k. is
related to the effective particle radius r. as follows:

ke = 0.75Nomr? 3)

where Ny denotes the total density of particles and Ny ~
60cm 3 within the water clouds (cumulus clouds and stratus
clouds) above the sea [Che05].

For ice clouds, the effective particle size, similar to the
effective radius for water clouds, has different definitions.
One of the definitions is from the work of Foot [Foo88] and
another Df L is given by Fu and Liou [QL93]. When the
length of ice crystal is equal to its width, we observe that
DF L—q. 1DF T The extlnctlon in visible spectrum is then
as follows [QL93]:

ke = IWC(ap +ap /(1.1DET) “)

related to the effective size D

where ag,a; are coefficients, and /W C denotes the ice water
content which can be parameterized as the function of the
temperature [OTL*03].

From Eq.(2) to (4), the optical thickness, the effective
radius r. (water clouds), and the effective size DI: r (ice
clouds) become our new targets for estimating the geomet-
ric thickness and the extinction. In order to determine these
parameters, we resort to the reflection function of a plane-
parallel cloud layer which models the ratio of the reflected
intensity to the incident solar flux density.

When the optical thickness of the cloud layer is suffi-
ciently large, the analytical equations for reflection func-
tions [KR04] can be written as follows:

Ryis = Ryis (Tvi57 8viss Dyis, Vs V0, (D) (5

§meir = IUmwir (meih Emwir, Omwir; V,V0, ¢) (6)
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where ; is the reflection function, t; the optical thick-
ness, g; the asymmetry parameter, ®; the single scattering
albedo (i = ir, mwir), v the satellite zenith angle, v the solar
zenith angle, and ¢ represents the relative azimuth. For sim-
plicity, we omit the detailed forms of the two equations. In
addition, the optical thickness in MWIR spectrum is related
to the optical thickness in the VIS spectrum [NK11]:

2/3

Tmwir __ (}\mwir )2/3 L1+ Cm/wir %)
Tvis B 7"vis 1.1 2/3
. +Cvis

where {; = 21re /A, A; is the central wavelength.

For water clouds, the asymmetry parameter and the sin-
gle scattering albedo can be parameterized in terms of the
efficient radius for 24 wavebands [S1i89]:

0; =1 —ci—djre (®)
gi = ei+ fire (€]

where c;,d;,e;, f; are the coefficients, and i denotes the
waveband. The above equations from (5) to (9) form a com-
plete set of governing equations for the solution of three un-
known variables: Ty;s, Tywir, 7e- T0 solve these equations, the
measured reflectance recorded in VIS image is directly as-
signed to R,;;. However, during daytime, the MWIR radi-
ance contains both thermal emission and solar reflection, the
reflectance R, is obtained by removing the thermal emis-
sion part [LHG*06].

For ice clouds, the optical thickness and the asymme-
try parameter are both independent of the wavelength. In
particular, gyis = gmwir = 0.74,Tyis = Trwir, and ®,;; = 1.0
[KNOS5]. Therefore, there are only two unknowns ( T,;s and
Omwir ) in the two equations Egs.(5) and (6), so the optical
thickness 7,;s and the single scattering albedo ;i can be
solved. Furthermore, Df T can be represented as the function
of single scattering albedo ®,,,,;» [KNO5]:

DfT = f(mmwir) (10)

Until now, we have obtained the geometry thickness and
extinction of water clouds and ice clouds. However, as the
analytical form of the reflection function is not fit to the op-
tically thin cirrus clouds, the geometric thickness of the thin
cirrus is estimated by using the empirical equation [PJD87].
From the three temperatures of the ground, the clouds, and
the IR1 image, we can estimate the emissivity and then com-
pute the optical thickness T,;; [PKY93]. Finally, the extinc-
tion k. of thin cirrus can be computed:

ke:Tvis/AZ (11)

In Fig. 2(d), the pixel intensity indicates the thickness in
that more brighter, more thicker. We can easily observe that
cumulonimbus have the biggest thickness while thin cirrus
clouds and part of water clouds have smaller thickness. Es-
pecially, the distribution of thickness is very similar to that

(a) VIS image

ifiat T Y
(d) our method

Figure 3: Contrast with other methods. (a) the input visi-
ble image. (b) and (d) our results. (c) approximation scheme
[DYNO9]. (e) metaball [DNYO9S].

of grey intensity in the VIS image (a). Since the grey inten-
sity of the VIS image reflects approximately the thickness of
the cloud, the estimated thickness is rational.

Once CTH, CBH and k. for each cloud pixel are available,
we construct a regular volume representation and a particle
based representation for rendering. For the regular volume
sampling, the earth surface is assumed to be flat and the ex-
tinction of the sample located between the cloud top and the
cloud bottom is set to that of the cloud pixel. Particle sam-
pling is similar to the regular volume sampling with the ex-
ception that a particle is placed at a specific position by tak-
ing into account of the earth curvature. For cloud rendering,
we use the typical two-pass methods [Har05].

4. Results

Our work is performed on a PC with an i5-2300 Intel(R)
Core(TM) 2.8GHz CPU. The size of the input images is
512 x 512 with a spatial resolution of 15km x 15 km and
can be downloaded freely at http://nsmc.cma.gov.cn. These
images were recorded between 0:00 and 6:30 UTC on 5th
August 2012. During this time, a typhoon named ’Haikui’
was formed above Chinese southeast coast. The resolution
of the extinction volume is 512 x 512 x 256 and the number
of particles are about 40,000. For each frame, the time cost
of the modeling process is nearly 4 seconds. Due to the low
distance in height (20km) compared to the width and breadth
(512 x 15km) of large scale clouds, we scale up the height
in order to give a better depth perception.

In Fig. 3, we compare our method with other two methods.
The first method is an approximation solution similar to the
one described in [DYNOQ9]. The red squares show that our
method (b) can reflect the local thickness distribution bet-
ter than the approximation method (c). Note that the shad-
ing of our image (b) is similar to that of the VIS image
(a). It is not easy to achieve the effect by trivially adjust-
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(c1) VIS, 4:00

(c2) clouds, 4:00

Figure 4: Three clouds modeled from multi-spectral images
at 1:00,2:30,4:00 UTC.

ing thickness distribution or cloud density. In (e), the cloud
is generated according to the method described in Dobashi
et al. [DNYO98]. We can observe that the cloudless region
is easily covered by these metaballs unless very small meta-
balls are used. In addition, the resulting surface tends to be
a little flat (dot square in (e)). In contrast, our method can
generate clouds with distinct geometric structures as shown
in (b) and (d).

In Fig. 4, we present a time series of clouds, correspond-
ing to the satellite images at 1:00, 2:30 and 4:00 UTC. In Fig.
5, we render the clouds from the satellite images at 0:00UTC
in different views and the visible image is shown in Fig. 3(a).
In addition, the result for two light conditions (daytime and
evening) is shown in Fig. 1. From these results, the 3D geo-
metric structure of the clouds can be easily observed. Since
the structures of the clouds are key to atmospheric research,
the above results are appropriate for the professional applica-
tions. To integrate our clouds to more realistic environment,
we use particle system to visualize the shape of the clouds
on the earth as shown in Fig. 6.

5. Conclusion and future work

In this paper, based on cloud property retrieval theory, the
proposed method takes major simplifications to the weather
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model and creates a processing chain that takes multi-
spectral satellite images as the input and delivers a mean-
ingful and fast 3D visualization of the large scale clouds.

However, there exists a few limitations. First, VIS images
are only available at daytime, and the proposed method thus
can not model the cloud at night. Second, a few assumptions
are used in our method, which means that our method is just
an approximate solution to the reconstruction of 3D clouds.
An actual evaluation may be required although it is quite
complex given the nature of the data. Third, low resolution
image data are used to construct clouds, which yield an un-
satisfactory sight when the viewpoint is near to the clouds.

Based on the current version of our work, we suggest two
possible directions to further improve it :

i. A statistical temperature-altitude table can be used to ac-
curately locate the cloud top.

ii. Higher resolution images (MODIS) should be utilized to
represent detailed cloud scene.
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