
P
o
S
(
I
C
R
C
2
0
2
1
)
2
3
5

ICRC 2021
THE ASTROPARTICLE PHYSICS CONFERENCE

Berlin |  Germany

ONLINE ICRC 2021
THE ASTROPARTICLE PHYSICS CONFERENCE

Berlin |  Germany

37th International 
Cosmic Ray Conference

12–23 July 2021

Satellite Data for Atmospheric Monitoring at the Pierre
Auger Observatory

Andrew Puyleart0,∗ on behalf of the Pierre Auger1 Collaboration
(a complete list of authors can be found at the end of the proceedings)
0Michigan Technological University, Applied Physics, 1800 Townsend Dr., Houghton MI, USA
1Observatorio Pierre Auger, Av. San Martín Norte 304, 5613 Malargüe, Argentina
E-mail: spokespersons@auger.org

Atmospheric monitoring over the 3000 km2 of the Pierre Auger Observatory can be supplemented
by satellite data. Methods for night-time cloud detection and aerosol cross-checking were created
using the GOES-16 and Aeolus satellites, respectively. The geostationary GOES-16 satellite
provides a 100% up-time view of the cloud cover over the observatory. GOES-13 was used
until the end of 2017 for cloud monitoring, but with its retirement a method based on GOES-16
data was developed. The GOES-16 cloud detection method matches the observatory’s vertical
laser cloud detection method at a rate of ∼90%. The Aeolus satellite crosses the Pierre Auger
Observatory several times throughout the year firing UV-laser shots. The laser beams leave
a track of scattered light in the atmosphere that can be observed by the light sensors of the
observatory fluorescence telescopes. Using a parametric model of the aerosol concentration,
the laser shots can be reconstructed with different combinations of the aerosol parameters. A
minimization procedure then yields the parameter set that best describes the aerosol attenuation.
Furthermore, the possibility of studying horizontal homogeneity of aerosols across the array is
being investigated.
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Figure 1: Amap of the Pierre Auger Observatory. Water-Cherenkov stations of the surface detector are seen
as black dots and the field of view of the fluorescence detector stations are indicated by the blue lines. The
high-elevation extension of the fluorescence detector, HEAT, is also seen in orange. The Xtreme and Central
Laser Facilities are labelled in red. The balloon launch site and engineering array are also labelled.

1. Introduction

The Pierre Auger Observatory is the largest cosmic-ray observatory in the world, covering
an area of 3000 km2, see Fig. 1 [1]. The scale of the observatory requires a robust atmospheric
monitoring program. In the past, satellites have proven to be a useful tool for atmosphericmonitoring
[2], [3]. The success of previous satellite tools has led the Pierre Auger collaboration to explore
other satellite data as it becomes publicly available. Previously GOES-13 was used to detect cloud
cover over the observatory. Cloud cover affects the reconstruction of the energy of the primary
cosmic ray particle; if a cloud is present in the path of an extensive air shower the shower cannot
be used in analysis. The retirement of GOES-13 made necessary an update to cloud monitoring
over the Pierre Auger Observatory; its successor, GOES-16, is now in use as part of atmospheric
quality checks during reconstruction of extensive air showers. We will discuss the development of
the GOES-16 cloud monitoring algorithm.

The Aeolus satellite crossed the Pierre Auger Observatory several times in 2019. The lasers
that were fired by Aeolus may give a unique opportunity to cross-check aerosol concentration
measurements for the 2019 operational year. Aerosol concentration is directly related to accurate
energy reconstruction of extensive air showers [4] making this cross-check invaluable to confidence
in our current processes.
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Figure 2: Top: The Los Leones ground IR camera response to a clear sky; its color histogram to the right
shows a large response below the color number 75 which is highlighted in red. Bottom: The camera response
to a cloudy sky; Here most of the response is seen beyond a color number of 75.

2. Cloud Monitoring Using GOES-16

The fluorescence detector (FD) operates on clear nights with low moonlight illumination;
requiring a robust cloud monitoring system [5]. The GOES-16 satellite is a geostationary weather
satellite that observes North, as well as South America where the Auger Observatory is located.
GOES-16 is equipped with an Advanced Baseline Imager (ABI) camera which has 16 wavebands
covering infrared and near-IRwavelengths [6]. To investigate the ABI responses to clear, and cloudy
pixels we used a ground IR-camera located at the Los Leones FD site. The ground IR-camera tagged
the satellite pixel directly above the camera according to a histogram in a color gradient. Images
exhibiting a large cumulative response in color gradients beyond 75 are considered cloudy, see
Fig. 2.

Plotting the tagged pixel’s brightness temperature response in bands 7, 9, and 14 from the
satellite shows a relationship between brightness temperatures and cloudiness, Fig. 3. Using these
tagged pixel we applied kernel density estimators (KDE) to the clear and cloudy populations.
Combining the value of the two KDEs, and the ratio of clear to cloudy pixels, we use a form of
Bayesian probability in equation (1) to give our final cloud probability.

The likelihoods %(G |Clear) and %(G |Cloud) are the value from the two normalized kernel
density functions. The priors, %(Cloud) and %(Clear), are the fraction of cloud-tagged and clear-
tagged points in the 1104-point data-set. Plotting points across the observed region, we obtain the
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Figure 3: Right: Two KDE contours plotted over pixel scatter plot data. Clear-tagged pixels are in blue, and
cloudy in red. Left: The cloud probability map that is produced from the Bayesian probability function.

cloud probability map shown in Fig. 3.

%(Cloud|G) = %(G |Cloud) %(Cloud)
%(G |Cloud) %(Cloud) + %(G |Clear) %(Clear) . (1)

To test the goodness of the Bayesian technique we compared it to the National Oceanographic
and Atmospheric Administration’s (NOAA) Clear-Sky Mask (CSM) product. The CSM is an
algorithm using GOES-16 that produces a binary response for cloud coverage of each pixel in an
image allowing for a direct comparison to the Bayesian technique [7]. We chose not to use the CSM
as our algorithm because the 87% pixel accuracy of the CSM is not guaranteed beyond 80◦ solar
zenith angle [8]. The FD of the Pierre Auger Observatory operates only when the solar zenith angle
is beyond 70◦. Vertical laser shots from the Xtreme Laser Facility (XLF) and the Central Laser
Facility (CLF) are routinely recorded by the FD. If a cloud is directly over the XLF or CLF the FD
can detect scattered laser light giving their location [9]. We were able to identify the GOES-16
pixels that correspond to the locations of the CLF and XLF. Each image taken by the GOES-16
satellite is matched to the timestamp of vertical laser shots within an eight minute window and
its pixel response is extracted. The response of the two satellite techniques and the laser facilities
are then compared. Table 1 shows the Bayesian algorithm out performed the CSM by ∼10%, and
agreeing with the XLF and CLF at a rate of ∼90%.

Table 1: Ground truth of Bayesian and Clear-Sky Mask techniques with the XLF and CLF.

XLF CLF
Bayesian Clear-Sky Mask Bayesian Clear-Sky Mask

Agree 677 258 387 156
Disagree 78 68 46 38

Total 755 326 433 194
Percent Agreement 89.7 79.1 89.4 80.4

False Positives 39 60 19 28
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Figure 4: Left: The ground positions of measured laser shots for a transition of the Aeolus main beam
compared to the detector array. Fluorescence and surface detector positions are included as a reference.
Right: The ground positions of a secondary beam transition.

3. Parametric Aerosol Concentration Using Aeolus

Aeolus is the name of a satellite operated by the European Space Agency. Its purpose is the
measurement of wind profiles in the atmosphere. Therefore it is equipped with the Atmospheric
Laser Doppler Instrument (ALADIN), a UV lidar system, that shoots laser pulses with a wavelength
of 354.89 nm towards Earth at a rate of 50.5 Hz [10]. Side scattered light from Aeolus laser beams
in close proximity to the Pierre Auger Observatory can detected by the fluorescence telescopes,
making a reconstruction of the Aeolus laser beams possible. One can differentiate between two
kinds of Aeolus lasers. Besides the main beam that is used by Aeolus for its measurements, a
secondary beam is observed. It is created by a deliberate reflection of a part of the main beam at
the Aeolus transmitter; this avoids a direct illumination of the detection instruments on board of
the satellite. Fig. 4 shows two samples of the ground track that is produced by the main beam and
the secondary beam respectively. Plotted are the reconstructed ground positions of each measured
laser shot for one laser transition from North to South. A laser transition also happens close to
the Telescope Array in the Northern hemisphere, which could be beneficial for a direct comparison
of the two experiments. However, since these transitions take place during astronomical twilight
special precautions would be necessary to allow for an Aeolus measurement at the Telescope Array.

Aeolus is in a sun-synchronous orbit with a repeat cycle of seven days. As a consequence, the
laser transition occurs always at the same weekday and time of day, the main beam on Saturdays at
Auger at 10:10 UTC and the secondary beam on Fridays at 09:57 UTC. The visibility is however
limited by the duty cycle of the fluorescence telescopes. The transition times are close to sunrise,
only during winter in the Southern hemisphere are they still within the night time, otherwise, the
transition takes place at dawn when no fluorescence telescope measurements are possible. Fig. 5
shows the time of twilight for the Pierre Auger Observatory throughout the year, including the
transition times of the main and secondary beam. As can be seen, the visibility is limited to June
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Figure 5: The time of sunrise and different stages of twilight at the Pierre Auger Observatory throughout
the year. The horizontal lines mark the transition times of the Aeolus main and secondary beam.

and July for the main beam and mid-May to mid-August for the secondary beam. A detection of
the beams is thus only possible for individual nights. In 2019 a total of three main beam and six
secondary beam transitions could be detected.

For the extraction of aerosol information from Aeolus laser shots, a parametric model of the
aerosol profile is employed. This model assumes an aerosol density that is exponentially decreasing
with height. The vertical aerosol optical depth (VAOD) characterizes the amount of light that is lost
due to aerosol scattering on a vertical path up to a reference height. It can be described using only the
scale height of the exponential decrease and the horizontal aerosol attenuation length at ground level
as model parameters. By setting the scale height to a fixed value based on the yearly average, the
VAOD and the laser energy are used as free parameters in a likelihood fit. For each measured laser
shot and for many points along the beam, the number of photons at the aperture can be compared
to the expectation based on an assumed set of parameters. Therefore a likelihood value on the
basis of a Poisson statistic can be calculated for the individual combinations of energy and VAOD.
The range of different laser-telescope-distances provides leverage on the Aerosol attenuation. The
best likelihood value then yields the energy as well as the VAOD. Fig. 6 shows the result of this
likelihood scan for one night, corresponding to a main beam transition.

The plot shows the distance to the best fit in units of f, as a function of both the laser energy
and the VAOD ga at a reference height of 5 km above ground level. A good statistical precision is
reached of 2% for ga and 0.4% for the energy. Also drawn in the plot are the expectation of the
energy, based on the internal measurement of Aeolus, and a preliminary value for ga measured with
the CLF. In this sample night, the Aeolus-based reconstruction is in reasonable agreement with
these expectations, within the systematic uncertainty of the energy of ±12% [11] and of the VAOD
of +32
−12%.
Since Aeolus is extending its mission up until the end of 2022, the study of Aeolus events
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Figure 6: Result of the parameter scan for one main beam transition in August 2019. Colors denote the
statistical deviation from the best fit in units of f. The nominal Aeolus energy and CLF-determined VAOD
are shown by a green diamond. The systematic uncertainty of the VAOD and energy scale are shown as
horizontal and vertical lines, respectively.

is continuing with further laser transitions to be measured in the future. An additional promising
prospect is a study of horizontal uniformity of the atmospheric conditions. So far this was implicitly
assumed in the aerosol model. For a test of this assumption, an approach is to divide the laser
ground track into multiple sections and compare the resulting different aerosol attenuation.

With the success of these two and past experiments the Pierre Auger collaboration will continue
to explore satellites as supplementary tools in atmospheric monitoring tasks.
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