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Abstract: Clouds and atmospheric conditions affect the strength of the fluorescence light and the Cherenkov
signal received from Extensive Air Showers. JEM-EUSO will observe the conditions of the atmosphere and clouds
in the field of view of the telescope making use of a state-of-art atmospheric monitoring system. This work revises
already existing and proposes new algorithms for cloud detection and height estimation. The algorithms have been
checked by analysing scenes retrieved by operational atmospheric sensors similar to the IR camera on board JEM-
EUSO atmospheric monitoring system (Meteosat, Aqua, Calipso). Results are very promising, although some
algorithms have to be more extensively validated considering all type of clouds and scenarios.
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1 Introduction
The JEM-EUSO space observatory is foreseen to be
launched and attached to the Japanese module of the Inter-
national Space Station (ISS) in 2017. Its aim is to observe
UV photon tracks produced by Ultra High Energy Cosmic
Rays (UHECR) developing in the atmosphere and produc-
ing Extensive Air Showers (EAS)[1, 2].
Clouds affect fluorescence and Cherenkov signal received
from EAS, as well as its reconstruction efficiency. Esti-
mation accuracy depends on cloud coverage and cloud
top height (CTH). The strength of the fluorescent light
also depends on the transparency of the atmosphere on
the cloud coverage and on the height of the cloud top [3].
There are many satellites that provide atmospheric informa-
tion from multi-spectral observations with good spatial and
temporal resolutions, for instance, geostationary satellites
(GOES, MSG, etc), LEO satellites (Terra/Aqua, HIRS, etc.),
CALIPSO, etc. However JEM-EUSO requires spatially and
temporally simultaneous information of those atmospheric
parameters.
In order to monitor the atmospheric conditions and the
cloud coverage in the JEM-EUSO FoV a state-of-art At-
mospheric Monitoring System (AMS) will be included in
the system [4]. The AMS is crucial to estimate the effective
exposure with high accuracy and to increase the confidence
level in the UHECRs events just above the threshold energy
of the telescope. The AMS consists of a LIDAR, an infrared
(IR) camera and global atmospheric models. The LIDAR
will measure the optical depth profiles of the atmosphere in
selected directions. The IR camera will provide the cloud
coverage and the cloud temperature. This work focuses on
the algorithms to retrieve the CTH from the radiance mea-
sured by the IR camera. CTH retrieval can be performed us-
ing either stereo vision algorithms or accurate radiometric
information. The first methodology requires two different
views of the same scene. The stereo technique has been
applied on a stereo system composed by two Meteosat geo-
stationary satellites of the new generation. The second one
is based on the relationship between the cloud temperature

and the cloud height. Some algorithms have been developed
to consider atmospheric effects and to retrieve the cloud
temperature from the brightness temperature (BT) which
is calculated from the radiation measured by the IR cam-
era after the calibration procedure. Data provided by the
global atmospheric models will also be used to obtain the
cloud height from the temperature data. The radiometric
technique has been checked with MODIS images. How-
ever MODIS also can present some inaccuracies. A parallel
inter-satellite comparison has been carried out to quantify
possible discrepancies in satellite observations.

2 Stereo Vision Algorithm
The Stereo method is a different approach that is under test
for estimating the CTH. The studies found in the recent
literature [5, 6] show that the improvements obtained with
the new multiview instruments on board polar satellites and
the better specs of the new geostationary satellites, provide
good results in comparison with the past.
Stereo vision in general attempts to infer information on
the 3D structure and distance of a scene, from two images
taken by two spatially separated cameras. Each camera gets
a different view of the same object, and the parallax effect,
disparity in the following, is used to reconstruct the depth
information, i.e. the distance of the object from the visual
sensor.
In our project the ’JEM-EUSO Stereo System’ is composed
by the ISS, the IR camera and the ISS movement and it is
constrained by the mission requirements. Instead of having
two different cameras, the stereo imaging is accomplished
by one camera moving along the observed scene, exploiting
the ISS displacement. The scene results imaged from two
different views and the intersection is processed to retrieve
the distance from the IR device. Finally the CTH is obtained
by subtracting the estimated depth from the known ISS
altitude. According to the specifications of the IR sensor,
when it takes an image half of the scene is observed by the
camera in the first band and the other half in the second
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Figure 1: ’JEM-EUSO Stereo System’.The scheme shows
the overlapping needed for stereo be applied. As the IR
camera moves towards right, consecutive images overlap in
different bands.

band. In the next shot (after 17 s) the scene will appear
displaced in such a way that the part of the scene seen in
the first image by the band B1, will be seen in the second
image by the band B2. Referring to the figure 1, the cloud
in the middle of the imaged scene lies in the intersection
of the views and it is shot both in B1 band and B2 band
(see the image plane). In following shots the cloud on the
right will be imaged in the same way and the whole FOV
will be totally covered. In the figure 1 it’s also visible the
parallax effect as an apparent motion of the cloud in the
middle of the scene, highlighted in the overlapped part of
the two views in the image plane.

Multispectral stereo algorithms are currently under test.
However, as a first step of the study a slightly modified ver-
sion of the method in [7], has been applied to mono band
satellite stereo pairs. As in the common stereo methods ap-
plied to the satellite images, this method is not affected by
the possible difference between the real temperature of a
cloud and its BT, because the disparity (i.e. the parallax
effect) is estimated by geometric evaluations without any
other extra information.
At first the method detects a fine segmentation of the BT
layers in both members of the pair, creating a set of binary
cloud masks, ROI masks in the following. The correspond-
ing masks will be similar if the sensors of the stereo system
are quite synchronous and images are in the same bands,
as in our experiments. For the future application of this
method to bi-spectral stereo pairs, it will be taken into ac-
count the possible discrepancy between values of the same
image features in the two different bands.
This first step assumes that same BT layers have same
heights. These values will not depend on the reliability of
the measured BT for the reason mentioned before. After-
wards for each ROI mask the corresponding disparity is
searched by looking for the best positional match with the
other ROI mask of the pair. We have used the Euclidean
distance for the similarity function.
The satellite images used for this work, are provided by the
Meteosat Second Generation data base. The stereo system
is composed of the two geostationary satellites MSG-8 and
MSG-9 that although their baseline doesn’t allow obtaining
a good accuracy for the height reconstruction, they can be
used as test for the disparity estimation that is a crucial step
for the final height estimation. They are nearly synchronous,
with a resolution worse than the one of the IR camera but
in the same bands.

Figure 2: Disparity map.Top:One of the two MSG images
used to estimate the map. Bottom: The corresponding
disparity map where points having the same depth have the
same gray level. The brightest points are the closest to the
sensor and therefore the highest from the ground.

An example of disparity map is shown on the bottom of the
figure 2, obtained applying the method to the mono band
MSG stereo pair (2011/07/20 at 12:00 UTC) and one of the
input image is shown on the top of the figure. Areas having
the same disparity grey level, represent points of the scene
with the same distance from the IR camera, the more distant
an object is, the smallest is the disparity and the darkest is
the colour.
The preliminary results on the disparity estimation show a
good agreement with what was expected. Further tests are
in progress on different stereo satellite configuration and
sensors.

3 Temperature Retrieval Algorithms
Due to atmospheric effects, the IR radiance emitted by the
clouds is not the received one by the IR camera. Therefore
the BT retrieved from the measured radiance is not the
temperature of the cloud. To correct the atmospheric effects
and obtain the cloud temperature some algorithms can be
applied.
As the JEM EUSO IR camera will have two 1µm-width
bands centered at 10.8 and 12 µm (hereafter referred as
B1 and B2 respectively) we can develop a split window
algorithm (SWA) to retrieve the cloud top temperature
(CTT) of water clouds from BTs measured by the IR camera
in these bands [8, 9].
The retrieval algorithm is based on radiometric simulations
of the physical problem. The simulations were performed
by means of the radiative transfer equation and MODTRAN
atmospheric simulation code and considering only thick
water clouds (emissivity 1). The eq. 1 shows this algorithm

Tr(B1B2) =−0.53819+2.6331TB1 −1.6305TB2 (1)

Where Tr is the cloud top temperature retrieved by the SWA,
TB1 is the brightness temperature in the band centered in
10.8 µm, and TB2 is the brightness temperature in the band
centered in 12 µm.

The SWA has been applied successfully to simulations of
thick water clouds in different scenarios. Errors are bigger
for low clouds (0.5 km) and atmospheres with high water
vapour content. However errors keep below 0.3 K even for
these worse situations, which is a very good result.
In order to apply the SWA to real data MODIS images have
been used. From all the products that MODIS provides
we have used only some of them: BTs in bands 11 and
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Figure 3: Top: Temperature retrieval errors obtained when
the SWA is applied to a MODIS image. Bottom: Cloud
phase provided by MODIS

12 µm (IR camera bands), the cloud temperature, the
emissivity and the cloud phase. The CTT retrieved by the
IR camera and the CTT image provided by MODIS are
subtracted to calculate the retrieved temperature error. This
procedure has been applied to a MODIS image of South
Hemisphere (Atlantic Ocean) at 10S-30S latitude and 10W-
15E longitude (07/10/2011 at 13:35 h UTC). In figure 3 the
corresponding error image is shown (top image).

To clarify the error sources the error image has been
compared with the emissivity and phase images. Although
the correlation between the error and the emissivity is poor,
the correlation with the phase is quite good. The figure
3 (bottom image) shows the cloud phase in which, blue
denotes water, cyan is assigned to ice, yellow is used for
pixels with mixture of water and ice and red corresponds
to unknown phase. Errors for water phase keep below 1 K
for the 95% of the pixels and errors higher than 1 K can
be related to pixels with effective emissivity lower than 1
(30% aprox).
The conclusion is the following: the SWA is able to retrieve
the temperature of thick water clouds with high accuracy,
although it is not applicable to thin water clouds or ice
clouds, as would be expected since the SWA was designed
just for thick water clouds. Other strategies are being
developed to retrieve the temperature of thin clouds and to
identify ice clouds. The retrieval of the CTH will be carried
out by using the vertical profile of temperature, as it will be
shown in next section.

4 Inter-Satellite Comparison of Cloud
Height Retrieval

From the perspective of a satellite-based cloud observation,
inter-satellite comparison is a common way to quantify
uncertainties in observations and reduce the effects of
certain types of sampling biases.
To assess CTH uncertainties an IR scene obtained from
SEVIRI (on-board Meteosat-9 satellite) has been analyzed
and CTH has been compared with those ones derived from
MODIS (on-board NASAs Aqua satellite) and CALIOP
(main instrument of CALIPSO satellite constellation). The
two first sensors are infrared radiometers [10, 11] and the
third one is a three-channel Lidar that uses a Nd:YAG
laser emitting linearly polarized pulses of light at 1064
nm and 532 nm. The analyzed scene has been collected
by Meteosat-9 (MSG-9) on July 10, 2011 over the Gulf
of Guinea, close to sub-satellite point. Clouds top height
estimated by MODIS has been obtained by MYD06 L2
cloud product relative to Aqua acquisition on 12:05 UTC.
CTHs derived from MSG-9 have been obtained with two
different estimations of CTT:
a) Tcloud = BT @ 10.8 µm without any correction
b) Tcloud = 1.0178 * TCH9 - 4.149
The correction has been derived from radiative simulations
of different atmospheres and thick clouds at different levels,
as for the SWA.
Warm sea surface improves cloud detection due to high
differences with cloud temperature. For this reason, pixels
with BT greater than 289.15 K have been considered cloudy.
Meteosat-9 BT data for cloudy pixels has been converted in
CTH (meters above sea level), deriving the correspondent
height from the atmospheric sounding performed in St.
Elena (latitude -15.93 N and longitude -5.66 E) on the same
day at 12 UTC.
To compare different observations, all satellite-based data
have been re-sampled to the MSG ground resolution and
georeferred to WGS84 geographical coordinate systems.
The figure 4 shows CTHs from MSG-9 and MODIS for the
analyzed scene.

Considering only middle and low clouds in the com-
parison, both algorithms show a mean overestimation of
SEVIRI-derived estimations respect to MODIS-derived
ones. Values reduce from BT without any correction show a
mean bias equal to 206 m, and with the correction the mean
bias is equal to 59 m. The standard deviation is about con-
stant for both algorithms ranging (339 and 369 m). When
we consider high irregular clouds both mean bias and stan-
dard deviation increase respectively to 300 m and to 1,500
m. Part of this change is due to different sampling area of the
sensors. The discrepancy increment can be also attributed
to an improper application of the algorithm. This algorithm
was designed to retrieve water thick clouds and it cannot be
applied with enough accuracy to ice or thin/broken water
clouds as can be found in high or clouds boundaries respec-
tively. For this reason, a Sobel Edge operator [12] has been
applied to the scene to detect cloud boundaries and to select
uniformly covered regions. When we consider uniformly
covered area, mean bias and standard deviation between
SEVIRI and MODIS reduce. CTHs derived from Meteosat-
9 have been also compared with CTHs provided by the LI-
DAR CALIOP. Unfortunately the satellite passing over the
Gulf of Guinea was on 01:12 UTC, several hours before
MSG-9 scene on 10:59 UTC. Considering observation time,
the sounding retrieved in Cape Town (latitude -33.96N and
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Figure 4: Top: CTHs on July 10, 2011 from MODIS. Bot-
tom: CTHs on July 10, 2011 from SEVIRI.

longitude 18.6E) on July 10, 2011 at 00 UTC has been con-
sidered to estimate CHTs. Comparison between CTHs de-
rived from MSG-9 and CALIOP reveals uncertainties in
CTH ranging from 500 m for low continuous clouds and
about 900 m for high clouds, in good agreement with previ-
ous comparison with MODIS estimates.

5 Conclusions
The correct interpretation of the main telescope data, and
therefore the JEM-EUSO Mission success, depends largely
on the knowledge of the atmosphere status. The IR cam-
era, as a part of the AMS, will provide the coverage and
height of the clouds in the JEM-EUSO FoV. In this work
two different and complementary methodologies to retrieve
the CTH from the IR images provided by the IR camera
have been explained.
The first methodology is based on a stereo vision technique
and it will provide the height of the cloud directly from
two consecutive images of the IR camera. The preliminary

results tested on mono band stereo pairs are satisfying and
must be confirmed even on bi-band stereo images. The sec-
ond one, based on radiative measurements, will retrieve
first the CTT and the height will be inferred by using at-
mospheric vertical profiles from sounding or global atmo-
spheric models. The SWA designed to retrieve thick water
clouds has been checked with simulations and real images
from MODIS with very good results. Algorithms for ice
and thin clouds are being tested.
Nevertheless, the comparison with MODIS results is not
definitive; therefore an inter-satellite comparison of cloud
height retrievals has been carried out. Low clouds decks
CTHs derived from MODIS and SEVIRI are in good agree-
ment, meanwhile the agreement decreases with less ex-
tended clouds and high clouds (ice clouds). Analysis shows
the same behaviour of SEVIRI-derived estimations towards
MODIS and CALIOP for high clouds and in partially cloudy
regions. The edge detection through gradient calculation
can be a pre-selecting method to exclude the critical areas
(broken or thin clouds). These conclusions are consistent
with those ones of the radiative retrieval algorithms. We
can conclude that the methodologies proposed to retrieve
the cloud top height from the IR camera are providing very
good results, even though some parts are still being tested.
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