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a b s t r a c t

Remote sensing of atmosphere is conventionally done via a study of extinction/scattering of light from
natural (Sun, Moon) or artificial (laser) sources. Cherenkov emission from extensive air showers gener-
ated by cosmic rays provides one more natural light source distributed throughout the atmosphere.
We show that Cherenkov light carries information on three-dimensional distribution of clouds and aero-
sols in the atmosphere and on the size distribution and scattering phase function of cloud/aerosol parti-
cles. Therefore, it could be used for the atmospheric sounding. The new atmospheric sounding method
could be implemented via an adjustment of technique of imaging Cherenkov telescopes. The atmospheric
sounding data collected in this way could be used both for atmospheric science and for the improvement
of the quality of astronomical gamma-ray observations.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

Knowledge of optical properties of clouds and aerosols is impor-
tant in a wide range of scientific problems, from atmospheric and
climate science [1] to astronomical observations across wave-
length bands [2–4].

Clouds are reflecting and absorbing radiation form the Sun, thus
regulating the intake of the Solar energy by the Earth. Study of
scattering and absorption of light by clouds is, therefore, a key ele-
ment for understanding of the physics of the Earth atmosphere
[1,5]. Aerosols work as condensation centres for formation of cloud
water droplets and ice crystals. Understanding of relation between
clouds and aerosols is one of the main challenges of atmospheric
science [1,6].

Probes of the properties of clouds and aerosols are done using
in situ measurements and remote sensing techniques [7] including
imaging from space or from the ground [8], observations of trans-
mitted light from the Sun or Moon [9] and sounding of the clouds
with radiation beams [10]. LIght Detection And Ranging (LIDAR)
sounding techniques (Fig. 1) probe vertical structure of clouds
and aerosols via timing of backscatter signal from a laser beam [10].

Presence of clouds perturbs astronomical observations in the
Very-High-Energy (VHE) c-ray (photons with energies 0.1–10 TeV)
band and operation of Cosmic Ray (CR) experiments which use
the Earth atmosphere as a giant high-energy particle detector

[3,4]. Imaging Atmospheric Cherenkov Telescope (IACT) arrays,1 as
well as air fluorescence telescopes for detection of Ultra-High-Energy
CRs2 detect cosmic high-energy particles via imaging of Cherenkov
and fluorescence emission from the particle Extensive Air Showers
(EAS), initiated by the primary cosmic particles. Information on the
presence and properties of the clouds and aerosols is essential for
the proper interpretation of the data collected in this way. Gamma-
ray/CR observations affected even by optically thin clouds are nor-
mally excluded from data sets, because the properties of the clouds
are not known sufficiently well to allow correction for the effects of
scattering of light by the atmospheric features.

Here we show that Cherenkov light produced by the EAS could
be used as a tool for remote sensing of the atmosphere. We show
that this tool allows characterisation of three-dimensional cloud/
aerosol coverage above the observation site and provides informa-
tion on physical properties of cloud and aerosol particles.

2. The remote sensing method

CRs of energy E > Ecr are hitting the atmosphere from all direc-
tions at a rate [11] NcrðEcrÞ � 10 Ecr=100GeV½ ��ccrþ1 ðm2 s srÞ�1

where ccr ’ 2:7 is the slope of the CR spectrum. Each CR induced
EAS generates a short flash of visible-to-UV light via Cherenkov
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and fluorescence mechanisms. The entire set of EAS provides a
source of light distributed everywhere throughout the atmospheric
volume. This light source is well calibrated since the CR flux is well
measured and is almost invariable in time at the energies above
100 GeV [11]. Techniques for detection of light flashes from EAS
are nowadays well developed and are widely used in c-ray astron-
omy [12] and CR research [13]. It is, therefore, natural to consider a
possibility to use the light from EAS for the study of the
atmosphere.

The suggested principle of remote sensing of the atmosphere
with EAS light is shown in Fig. 1. The EAS is observed from the
ground by a system of (minimum two) telescopes. Stereo vision
technique enables reconstruction of three-dimensional geometry
of the EAS and measurement of the number of photons from each
EAS as function of altitude, dNc=dH. Measurements for individual
EAS are combined into a cumulative vertical profile
dNc;cum=dHðx; y;HÞ of emission from a large number of EAS. It is a
function of the three-dimensional position in the atmospheric vol-
ume, ðx; y;HÞwithin the Field-of-View (FoV) of the telescopes. Scat-
tering and absorption of light by atmospheric features leads to the
distortion of the cumulative vertical profile. Characterisation of
these distortions provides a tool for the measurement of the distri-
bution and optical properties of the features.

3. Vertical profile of Cherenkov light in clear and cloudy sky

High-energy particles forming an EAS move with velocities fas-
ter than the speed of light in the atmosphere. Superluminal motion
is accompanied by emission of Cherenkov radiation at a known
rate YCh [14]. The number of high-energy particles in the EAS is,
on average, also a known function NpðEcr;XÞ of the atmospheric col-
umn density along the EAS track, X [15]. The overall flux of Cheren-
kov light from the EAS is the sum of emission from all the particles,
dNCh=dXðEcr ;X;a; kÞ ¼ YChNpðEcr ;XÞ. It depends on the photon
wavelength, k and on the angle between the EAS axis and photon
direction, a. Cherenkov photons are concentrated in a narrow
beam with approximately exponential profile dNCh=dX � exp
�a=acð Þ, where ac � 1degr is a cut-off angle determined by the an-

gle of Cherenkov emission in the air and by the angular spread of
high-energy particles [16]. Linear brightness profile of EAS as a

function of altitude H is dNCh=dH ¼ ðq= cos hzÞdNCh=dX where q is
the atmospheric density and hz is the zenith angle of the EAS. In
our illustrative example we consider observations in Zenith direc-
tion, hz ’ 0�.

Attenuation of visible and UV light during propagation through
the atmosphere determines the number of photons Nc reaching the
telescope

dNc

dH
¼ dNChðH;aðHÞ; kÞ

dH
exp �sðH; kÞð Þ ð1Þ

where the aðHÞ is the angle at which the EAS track is visible from
the location of the telescope. The optical depth s is determined by
the density ns and extinction cross-section rs of the scattering cen-
tres, s ¼

R H
Htel

rsðkÞns= cosðaÞdh where Htel is the altitude of the
telescope.

Vertical profiles of individual showers are shaped by a ran-
dom process of collisions between the high-energy particles
and air molecules. They exhibit strong shower-to-shower fluctu-
ations. However, stacking of the vertical profiles of a large num-
ber of EAS removes the fluctuations. EAS signal is detected on
top of random fluctuations of the Night Sky Background. With
typical reflector sizes Dtel � 4–30 m, currently existing IACTs are
able to detect the EAS initiated by CRs with energies above the en-
ergy threshold Ethr of several hundred GeVs hitting the ground
within an area Aeff � 105 m2 around the telescope [12]. This pro-
vides a rate of detection of EAS Rcr ¼ NcrðEthrÞAeff � 1
Dtel=10 m½ �2ðccr�1Þ kHz, where we have assumed that the energy

threshold scales approximately as the telescope aperture
Ethr � D�2

tel . Each particular EAS triggers the readout system of the
telescope if it produces more than Nc;min � 10–102 photon counts
in the telescope camera. The statistics of Cherenkov signal from
all the EAS accumulated each second is rather high,
RcrNc;min � 105 Dtel=10 m½ �2ðccr�1Þ ph/s.

Presence of an atmospheric feature (cloud or aerosol layer) of
an optical depth scl distorts the cumulative vertical profile in
several ways. First, it reduces the number of Cherenkov photons
reaching the telescope from behind the feature by expð�sclÞ.
Next, it increases the energy threshold by up to expðsclÞ, depend-
ing on the altitude of the feature. This is due to the fact that the
telescope detects only EAS which produce Nc;min photon counts
in the camera. Higher energy of EAS triggering the telescope is
needed to compensate the loss of photons from behind the
cloud. Finally, scattering of Cherenkov light in the cloud in-
creases the signal from the altitude of the cloud and facilitates
detection of the signal at large off-axis angles a, thus imitating
an increase of the telescope’s FoV. Photons which would miss
the telescope in the absence of the cloud, could occasionally
be scattered in the direction of the telescope and in this way
contribute to the EAS image, as shown in Fig. 1. For moderately
optically thick clouds, light propagation in the cloud is domi-
nated by single scattering events. Scattered light signal arriving
in the telescopes at a distance dtel from the EAS footprint is pro-
portional to the differential cross-section of scattering drs=dXðhsÞ
(or, equivalently, scattering phase function) at an angle hs ¼
arctanðdtel=HclÞ. In the absence of absorption of light (good
approximation in the UV band) the altitude-dependent number
of scattered photons reaching a telescope of aperture Atel is

dNc

dH
¼ NCh ns

drs

dX

����
hs

Atel cos2 hs

H2
cl

 !
exp �

Z Hcl

Htel

rsns

cos hs
dh

 !
ð2Þ
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Fig. 1. Principle of remote sensing of the atmosphere with Cherenkov light beams
of EAS (right) shown in comparison with the scheme of operation of LIDARs (left).
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