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Abstract: The origin of Ultra-high Energy Cosmic Rays (UHECRs) is still unidentified. Since, at such high
energies, the cosmic ray flux is extremely small, a detector with huge observation area is needed. JEM-EUSO
is a novel observatory that will be located at the International Space Station to observe Extensive Air Showers
(EAS) produced by UHECRs in the Earth’s atmosphere. An advantage of a space based telescope is that also
observation is possible under certain cloudy conditions, where most of the shower develops above the cloud. In the
present work, we show how the EAS signal is modified in presence of uniform layer clouds. Also, a more realistic
atmospheric model is being implemented to properly account the photon propagation of EAS to the telescope.
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1 Introduction
Mechanisms that accelerate Ultra High Energy Cosmic
Rays (UHECRs) to energies around and above ∼ 1020 eV
are still unknown [1]. Due to such high energies, direct de-
tection of UHECRs is not feasible. However, they can be de-
tected by measuring Extensive Air Showers (EAS), which
are cascades of secondary cosmic rays particles that UHE-
CRs produce when they interact with particles of the Earth’s
atmosphere. Due to this interaction, atmospheric nitrogen
particles emit fluorescence light. Moreover, Cherenkov light
is produced as a consequence of the ultrarelativistic velocity
of the particles.

JEM-EUSO is a novel space-based experiment aiming
to detect UHECRs with large statistics. It will be located
at the International Space Station (ISS) in 2017 [2]. Due
to the ISS orbit, JEM-EUSO will observe different parts
of the atmosphere, unlike ground based telescopes which
only observe cosmic rays from a certain region of the sky.
To properly determine the energy, arrival direction of the
primary particle and its composition, a measurement of the
light profile is needed. However, this profile depends on at-
mospheric conditions and, at an altitude of 400 km and with
a field of view (FoV) of ± 30◦, the telescope will traverse
above different atmospheric conditions (such as clouds)
within its large observation area. Therefore, an accurate
monitoring of the atmosphere is needed. JEM-EUSO counts
on an Atmospheric Monitoring system (AMS) consisting
of a LIDAR (LIght Detection And Ranging) device and an
infrared (IR) camera [3]. The main information the AMS
will provide is the coverage of clouds, the cloud-top altitude
distribution and the profile of the optical depths of the atmo-
sphere w.r.t photoabsorption of UV light. Moreover, it will
also take advantage from the global atmospheric models
like those generated by the Global Modeling and Assimila-
tion Office (GMAO) or the European Center for Medium
range Weather Forecasts (ECMWF) [4]. Unlike ground-
based telescopes, physical properties of some events in
cloudy conditions may be reconstructed. We assume that if

the shower maximum is above the cloud top altitude [5],
the reconstruction of the shower parameters will be feasible.
This not only depends on the altitude of the cloud, but also
on the arrival direction of the shower and the type of the
primary particle [6].

For shower simulation performed for this work, ESAF
(Euso Simulation and Analysis Framework) was used [7].
It is a software framework to simulate space-based cosmic
observations [8]. In this proceedings we study how the EAS
features are influenced by the presence of clouds, and we
discuss our current work, which consists of improving the
atmospheric model used by JEM-EUSO software.

2 Photon propagation in the atmosphere
Fluorescence and Cherenkov light produced by EAS are
mainly emitted in the ultraviolet (UV) range. The Earth’s
atmosphere absorbs and scatters this UV light, depending
on the column density of the atmosphere particles between
the location of the produced EAS photons and the detector
[9]. If light passes through matter, energy and frequency
respectively may change due to absorption or scattering of
photons into and out of the beam [10]. In the case of scat-
tering and absorption in the atmosphere, these processes de-
pend on the type of atmospheric particles. In clear sky con-
dition, UV photon propagation through atmosphere mainly
involves Rayleigh scattering and absorption by Ozone in
shorter wavelengths (320 nm). In ESAF, the transmittance
of these processes are modeled by LOWTRAN [7]. In pres-
ence of water clouds, droplet size is comparable with UV
light wavelength. Therefore, the Rayeleigh approximation
is not valid, and Mie scattering must be considered. More-
over, for high clouds, such as cirrus-like clouds, where ice
particles are present, Mie scattering needs some correction
factor since these particles can not be considered as spheri-
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cal particles.

The fluorescence component from the EAS is emitted
isotropically. Therefore, its main contribution to the de-
tected light by the JEM-EUSO space observatory will be
the fluorescence light emitted in the direction of the tele-
scope. The small scattered component which will arrive to
the telescope, will have a time delay in respect to the direct
signal, and therefore will be treated as noise. Cherenkov
light, on the other hand, is emitted very collimated along the
path of the shower. Thus, the directly emitted Cherenkov
component arriving to JEM-EUSO will be negligible. Main
detected Cherenkov component is scattered light, which
will arrive at the same time as emitted photons. To correctly
determine the energy deposit at a given level in the atmo-
sphere (proportional to the fluorescence light emitted in
such level), it is necessary to know exactly how Cherenkov
light is distributed over the light image, to subtract it prop-
erly. [11]

3 EAS simulation in different atmospheric
conditions

EAS light coming to the telescope is observed as light
spot moving with the velocity of light. This information
is very important to reconstruct the arrival direction of the
UHECR. To reconstruct the energy, on the other hand, one
needs to know the amount of produced fluorescence light. In
presence of clouds, photons coming from below the cloud
are attenuated as a function of the cloud optical depth. If the
cloud is optically thick enough, the signal after the cloud
will be truncated [12]. Therefore, the shower track will be
shorter than that for clear sky. The time duration of the
signal will be smaller as well. If these clouds are located
at lower altitudes, still the measurement of the dominant
part of the light curve, which is the arrival time distribution
of photons to the telescope pupil, is feasible. In addition,
Cherenkov light will be highly reflected on the top of the
cloud, and will help to determine the arrival direction of
landing location of the EAS even better than in case of clear
sky. If the cloud is optically thin enough, the signal after the
cloud will be attenuated but not truncated, and thus some
signal from below the cloud will reach the telescope.

An example of this difference in the light curve can be
seen in the first pannel of Figure 1. We observe three light
curves of typical EAS events with zenith angle of 60 ◦ and
energy of 1020 eV in different atmospheric conditions. The
X axis denotes the absolut time in GTUs (1GTU=2.5µs).
The Y axis represents the number of photons reaching the
telescope, normalized by the detector area. The apparent
movement of these three examples are plotted in the next
three pannels. For the clear atmosphere case (second pan-
nel), the apparent movement extends ∼ 3◦and lasts ∼ 60
GTUs (=150 µs) [13]. In third and fourth pannels we ob-
serve how EAS signals are modified in the presence of
clouds. If the optical depth of the shower is large enough, as
in the third pannel (case of a cloud of 3 km altitude and 1.5
optical depth), it is demonstrated that no shower track is vis-
ible after the cloud. Apparent EAS image will last around
40 GTUs and will extend a bit more than 2◦. However, since
the cloud is lower than the depth of maximum development
of the shower and there is enough shower track, one can
apply the reconstruction techniques similar to the used for
clear atmosphere, for the data measured from above the

Figure 1: The first pannel of the plot represents the arrival
time distribution of photons (light curve) from a typical
EAS with an energy of 1020 eV, a zenith angle of 60◦ and
an azimuth angle of 45◦ for three different atmospheric sit-
uations. The solid line shows the case for clear atmosphere.
Dashed lines denote a case where a cloud with an optical
depth (τc) of 1 and an altitude (Hc) of 3 km is present. Dot-
ted line represents another cloudy case (τc=0.5 and Hc= 11).
The top axis shows the altitude at which the photons have
been produced. The three bottom pannels show the EAS
image in the focal surface detector for the three previous
cases. The color scale indicates the number of signal counts
per pixel. The position along the EAS track corresponds to
the arrival time on the top panel.

cloud. For a cloud with an small enough optical depth, as
the case represented in the fourth pannel, photons origi-
nated below the cloud will be attenuated but there will be
still some contribution to the EAS signal. Therefore, an-
gular reconstruction will be similar to that one for a clear
atmosphere. However, due to the attenuation, the energy
might be understimated if no correction is applied during
the reconstruction with AMS information. Optically thin
clouds that have more impact are those with highest alti-
tudes, because most part of the shower will be located be-
low the cloud and therefore, the EAS signal will suffer more
attenuation. Figure 2 shows the attenuation produced by
different optically thin clouds for a 60◦ and a 75◦ EAS.

4 EAS and End to End IR camera
simulations

Up to now ESAF has been using a simple module to
include clouds in the atmospheric conditions to simulate
EAS. It consists of a test cloud (uniform and homogeneus
layer) either chosen manually or from TOVS database
[14], whose physics parameters are the cloud top altitude,
its optical depth and its physical thickness. Since months
ago, the SPAS group from Alcalá University (Spain) is
working on the simulation of different atmospheric and
cloudy conditions, by using a more reallistic model such as
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Figure 2: Attenuation of photons in different clouds scenar-
ios compared with clear atmosphere, as a function of cloud-
top altitude HC along different optical depths τC denoted by
different symbols. Top and bottom panels indicate the cases
of θ = 60◦ and θ = 75◦, respectively. We observe how the
attenuation is more pronounced as the altitude of the cloud
is higher. Also, this attenuation has more impact in more
vertical showers

atmospheric simulations from the Satellite Data Simulator
Unit (SDSU) software [15]. This model is based on the
images we expect to obtain from the JEM-EUSO infrared
camera. It considers simulated radiation produced by the
Earth’s surface and atmosphere, the effect of the optics,
the detector, the electronics and the image compresion
algorithm [16]. To perform the simulations, the atmosphere
is divided in three dimensional cells, filled with different
atmospheric properties, including cloud properties. In this
work, we use a cloudy scenario from the South China Sea
Monsoon Experiment (SCSMEX) 3.

4.1 EAS simulation in ESAF
The number of photons produced by a typical shower of
1020eV is ∼ 1015. Therefore, raytracing each photon is not
feasible. For this reason, in ESAF the light simulation is
done by introducing the concept of bunch. The shower lon-
gitudinal distribution is split in length steps dL (we choose
dL=10g/cm2). At each step, one bunch for the fluorescence
emission and another for the emitted Cherenkov light are
produced [7].

In this work, we calculate where every bunch of photons
has been created (in this case, for a 60◦ shower). However,
for this preliminary study, only bunches of fluorescence
photons have been considered (due to their isotropic emis-
sion). We need to calculate the optical depth between the
emission point and the telescope (1)

OD =
ρ×L

Λ
=

X
Λ

= α×L (1)

PRELIMINARY

Figure 3: 60◦ shower track in presence of a cloudy scenario
from SCSMEX

Where ρ is the atmospheric density, Λ is the attenuation
length, L is the path, α is the attenuation coefficient and X
is the slant depth.

We calculate the optical depth between the location of
each bunch emission and JEM-EUSO for a 60◦ shower
from the atmospheric properties of this cloudy scenario.
Considering also the amount of photons produced in each
bunch, we calculate the number of photons reaching the
telescope:

Idet = I0× e−OD×E f f × AreaJE

(4πd2)
(2)

Where Idet is the number of photons reaching JEM-
EUSO, I0 is the produced photons in each bunch, OD is
the optical depth from the emission location to the JEM-
EUSO location, Eff is the detector efficiency, AreaJE is the
detector area, and d is the distance between the bunch and
the telescope.
In Figure 5 we observe the number of photons reaching the
telescope for a standard shower in clear atmosphere (bottom
pannel) and in the presence of a cloudy SCSMEX scenario
(top pannel). In the top pannel, photons produced above
11km are propagated in clear sky. Thus, the light curve
from 11 km is the same in both figures (top and bottom).
Between 7km and 11km, photons emitted in the direction
of the telescope will suffer an attenuation due to a higher
optical depth produced by the presence of a cloud. The
cloud optical depth varies; for bunches located at 10 km
it has a value of ' 0.4, which is almost 3 times higher
than the expected without the cloud presence and, thus, the
number of photons reaching JEM-EUSO will be around
75% comparing with clear sky. The optical depth in the
cloudy scenario for bunches located at 9km will be ' 0.7,
and only 60% of photons comparing with clear sky will
reach JEM-EUSO. This results are preliminary.

For bunches located at the end of the shower, where very
few photons are produced, the influence of a cloud is small
when physical parameters of the shower are reconstructed.

With this ongoing work we want to clarify how the EAS
looks like in the presence of inhomogeneus and therefore
more reallistic clouds, as well as to have more flexibility
for the implementation of different atmospheric profiles.

5 Summary and discussion
An advantage of the space-based observation of EAS pro-
duced by UHECRs is that measurements are also possible
if the cloud top altitude is below the shower maximum. The



Simulations of EAS in cloudy conditions
33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013

Figure 4: Optical depth from each fluorescence bunch to
the telescope, for the case of a 60◦ shower in the presence
of a monsoon cloud taken from SCSMEX.)

influence of the clouds not only depends on the height of
the cloud and its optical depth, but also on the inclination
of the shower.

Low clouds influence nos significantly the EAS devel-
opment since they only affect the last part of the shower
development, and therefore, one may use the light curve up
to the cloud to reconstruct the energy and arrival direction
of the shower. As long as the altitude of the cloud increases,
clouds will have more impact on the EAS signal. However,
if the cloud is optically thin enough, signal after the cloud
will be attenuated but still visible, and therefore, also the
angular reconstruction is little affected since it is based on
the EAS apparent movement. The estimated energy will
be affected, since the EAS will look like a lower energy
EAS for clear sky. For these cases, the presence of AMS is
more important. For optically thick clouds whose shower
maximum is located above the cloud, a bright Cherenkov
reflected light from the top of such a cloud will be detected.
This may have a positive effect since the location of a point
of the shower track that helps to reconstruct geometrical
and physical parameters of the EAS is given. Nevertheless,
since the shower track will look shorter, the quality of the
reconstruction must be compared to that one for more verti-
cal showers in clear atmosphere.

In order to have a deeper knowledge about how EAS sig-
nal will be distorted by the presence of clouds in the JEM-
EUSO detector, currently we are propagating photons from
different EAS inside clouds which have been simulated
according to the JEM-EUSO infrared camera response.
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[12] G. Sáez-Cano, Observation of ultra-high energy cosmic rays
in cloudy conditions by the space-based JEM-EUSO
Observatory, Journal of Physics: Conference series, Volume
375 (2012).

[13] The JEM-EUSO Collaboration, JEM-EUSO observation in
cloudy conditions, Experimental Astronomy (in press).

[14] TOVS (TIROS Operational Vertical Sounder),
http://www.ozonelayer.noaa.gov/action/tovs.htm/

[15] Morales de los Rı́os et al, A simulation code for the
IR-Camera of the JEM-EUSO mission, in these proceedings.

[16] Morales de los Rı́os et al, The IR-Camera of the JEM-EUSO
Space Observatory, Proc 32nd ICRC Beijing, China (2011).


	Introduction
	Photon propagation in the atmosphere
	EAS simulation in different atmospheric conditions
	EAS and End to End IR camera simulations
	EAS simulation in ESAF

	Summary and discussion

