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The detection of side-scattered ultraviolet light from spaceborne lasers with fluorescence tele-
scopes of cosmic ray observatories offers unique opportunities for systematic studies of the
aerosol content of the local atmosphere. It also enables the validation of the optical calibration of
the telescopes. Additionally, these observations provide valuable ground-based monitoring of the
performance of the scientific instruments aboard satellites used for Earth climate observation.

Here, we report on results from the reconstruction of laser shots from the spaceborne lidar
instrument ALADIN aboard the Aeolus satellite in 2019, 2020 and 2021. Furthermore, we present
initial observations of laser shots from ATLID, the atmospheric lidar of the EarthCARE satellite,
launched in 2024. EarthCARE’s orbit is particularly well-suited for enabling laser detection within
a few days at both the Pierre Auger Observatory and the Telescope Array Experiment, facilitating
arelative calibration of the energy scales of these observatories.
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1. Introduction

Cosmic-ray observatories such as the Pierre Auger Observatory and the Telescope Array
Experiment detect air showers with large-aperture ultraviolet (UV) fluorescence telescopes. To
convert raw light tracks into accurate shower profiles, the state of the atmosphere needs to be known
precisely, especially the density of aerosols that scatter and absorb the UV light. The standard tool
to perform these measurements is to detect the side-scattered light from ground-based lasers [1-4]
and ground-based lidar systems [5—7].

Space-based lasers have been observed previously by VERITAS [8] and TAIGA-HiSCORE [9,
10]. Recently, Earth-observation satellites have begun to carry high-energy UV lidars to profile
winds, clouds, and aerosols on a global scale. The first mission equipped with an UV laser was
Aeolus in 2018, followed up by EarthCARE in 2024. The lidar beams from these satellites are bright
enough to be detected at astroparticle observatories that were built for detecting the far dimmer UV
fluorescence and Cherenkov light from air showers. Here we report on the observations of UV laser
tracks from Aeolus and EarthCARE with the Pierre Auger Observatory [11].

In these proceedings, we discuss how the detection of space-based lasers from the ground
can be used to calibrate both space- and ground-based instruments. First, we summarize how the
fluorescence telescopes of the Pierre Auger Observatory were used to ground-truth the lidar of the
Aeolus satellite. We then present early results from the observation of laser shots from EarthCARE.
The orbit of this satellite allows for a year-round observation, making it particularly useful to
cross-check the standard aerosol reconstruction. Furthermore, the laser tracks of EarthCARE can
be observed at the Pierre Auger Observatory in Argentina and the Telescope Array Experiment
in USA within a few days during the same moon cycle. This opens the possibility for a direct
cross-calibration of the energy scale of the two cosmic-ray observatories.

Together, these studies show that the collaboration between cosmic-ray observatories and
space-based climate-sensing missions is mutually beneficial for understanding and calibrating both
instruments.

2. Observation of Aeolus

The ESA Aeolus satellite (2018-2023) carried the UV Doppler wind lidar ALADIN. After the
launch, the atmospheric back-scatter signal of the instrument declined and the identification of the
root cause, losses on the emit or receive path, could not be unambiguously clarified. In mid-2019,
the ultraviolet pulses were serendipitously recorded by the telescopes of fluorescence detector (FD)
of the Pierre Auger Observatory. The 27 Schmidt-optics telescopes are optimised to detect the
300-400 nm fluorescence light from cosmic-ray air showers.

Since the FD is capable of detecting pulses of faint UV light, a measurement of the Aeolus
laser using the telescopes of the Pierre Auger Observatory is possible, as illustrated in Fig. 1.
Due to the nature of the sun-synchronous dusk-dawn orbit of Aeolus, it always passed close to the
sunrise or sunset over any given point on the surface of the Earth. This limited the opportunities
for measurements with the FD. Additionally to the aforementioned limitations by the moon-cycle,
a measurement could only take place if the satellite passage time fell within the astronomical night,
which occurred only during the southern-hemisphere winter months, i.e. between May and August.
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Figure 1: Geometry of the Aeolus laser beam being  Figure 2: Measured laser impact point at an altitude
detected by one of the four fluorescence detectors of  of 1400 m for three sample Aeolus overpasses in the
the Pierre Auger Observatory [12]. years 2019, 2020, and 2021 [12].

Furthermore, the orbit had a 7-day repeat cycle. Therefore, a measurement could only be performed
once per week. Overall this resulted in up to six observations of the Aeolus laser per year, when
clouds were not preventing the visibility.

These detections initiated a ground-based monitoring of the space laser and provided inde-
pendent “ground truth” for both impact point (ground track) and pulse energy. In Ref. [12] we
reported on three high-quality overpasses (3 Aug 2019, 27 Jun 2020, 17 Jul 2021) selected from 16
detections between 2019-2021, all taken in moonless, clear-sky winter nights when Aeolus crossed
the array during astronomical darkness.

2.1 Geometrical reconstruction of the laser ground track

The Aeolus laser was visible in the FD due to the scattering of the laser beams with air molecules
in the atmosphere. Similarly to the fluorescence light of showers, this light could be measured by
the telescopes, creating an image of the laser beam in the camera constituting a line of pixels. This
served as the basis for the geometrical reconstruction of the laser beam. If the beam was seen by only
one telescope, the geometry could be obtained only by a so-called monocular reconstruction. Here
we use an improved, zenith-angle-constrained, monocular reconstruction to determine the geometry
of the laser track [13]. We first determined the average of the arrival direction of the laser beam
from the combined data set, and then fix the direction during reconstruction to this average value,
because the arrival direction of the laser beam does not change between the orbits. This reduces
the number of geometry parameters from five to four, and it removes the usual near-degeneracies
for the geometry within the shower-detector-plane (see 1).

The reconstructed impact points of the laser at an altitude of 1400 m (WGS84) for three sample
overpasses in the years 2019, 2020, and 2021 is shown in Fig. 2. Notable is the change of the laser
ground position for the year 2021 further to the East after an adjustment of the satellite orbit, which



Detection of Spaceborne Lasers with the Pierre Auger Observatory Michael Unger

Energy /'m] FM-A FM-B FM-A
10 20 30 40 50 16
0.07 -_l TTT |i| TrrrrrorrrrrrrT . rmﬂ md

E 1

3 . I 2019 14 )
8 0.06¢ 2020 o~
5 E !_ 1.2 Signals were normalized to 3 August 2019. r'l
> 0.05F 1 w
o E i o 65mI | 67mid33m F\\W"\’\“/J
S 0.04F - 2 N\ ﬂ\,M
@ E 1 g o8 LW YP\ ™ - 53mJ
2 0.03F ! 3 A INN N d24m T
1S E 1 £ 41mJ N
> 2 1 . 0.6 | N S
< 0.02F 1 < ~ $17my
— E 1 0.4 AN
[9] E : 7
= 0.01 :_ : — laser internal energy reading \N

E 1 0.2 1| — atmospheric return signal on detector

0.00 E— P B} @ Auger energy reconstruction
100 200 300 0.0
09 12 03 06 09 12 03 06 09 12 03 06 09 12 03 06 09 12 03 06
Energy / PeV 2019 2020 2021 2022 2023
month/year

(a) Reconstructed energies for three sample Ae-  (b) Signal evolution of the Aeolus instrument: The purple curve

olus overpasses in 2019, 2020, and 2021. The represents the laser energy as measured at the output of the respective

average energy per overpass is marked by the transmitter. The red curve denotes the atmospheric return signal

dashed line. that is detected on the Rayleigh receiver under clear-air conditions.
The black dots indicate the Auger measurements, error bars denote
statistical uncertainties.

Figure 3: Reconstruction of the Aeolus laser energy [12].

was obtained via a dedicated maneuver to allow for better measurements of the laser beam by the
Observatory. The passages during the former two years happened at larger distances and thus fewer
events and shorter tracks were observed.

When comparing the Aeolus ground track as determined by the Pierre Auger Observatory with
the positions reported in the Aeolus data products, a horizontal offset of approximately 0.075° in
longitude (6.8 km) became evident. This discrepancy was traced to an error in the Aeolus Level 1A
(LTA) processor responsible for calculating the geolocation of Aeolus observations. In particular,
the geolocation routines require time information along with a corresponding identifier specifying
whether the time is in UTC (Coordinated Universal Time), GPS (Global Positioning System), or
TAI (International Atomic Time). In two instances, an incorrect combination of time and identifier
was passed to the geolocation routines, leading to slightly erroneous geolocation calculations.

The Auger observations of the Aeolus ground track also enabled an evaluation of the pointing
accuracy and precision of the satellite. Auger data are available for each individual Aeolus laser
pulse, whereas the Aeolus ground track in the L1A product is reported only at the measurement
level, which corresponds to an average over 30 pulses. To enable a direct comparison, individual
pulse times were reconstructed from the laser pulse frequency of 50.5 Hz and the measurement
centroid times reported in the L1A product. The corresponding ground-track positions were then
derived by time-based interpolation of the longitude and latitude values provided in the L1A data.

A pointing accuracy of 0.06 km along track and 0.82 km across track was determined. The
resultion, expressed in 20, is 1.28 km along track and 0.93 km across track. These values represent
a combination of Aeolus pointing errors, interpolation uncertainties, and Auger measurement
errors, and therefore constitute upper limits on the true Aeolus pointing accuracy and precision.
Nonetheless, they lie well within the Aeolus mission requirement of 2.0 km (20°) for horizontal
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geolocation, defined at the observation level averaged over 600 pulses.

2.2 Pulse-energy reconstruction

The fluorescence telescopes are absolutely calibrated with a 2.5 m diameter drum light
source [14]. The uncertainty of the absolute calibration of the telescopes, including also con-
tributions from the light-collection efficiency, reconstruction bias, molecular atmosphere, multiple
scattering and the long-term calibration stability is 13 % [15, 16].

For every laser event the number of photo-electrons in the camera is converted to the received
photon flux, corrected for atmospheric transmission (Rayleigh and aerosol optical depth) and
distance from the telescope to the track. Taking furthermore into account the attenuation along the
laser track, pulse energy at the spacecraft exit aperture is obtained. Simulations indicate a small
(< 3.7%) negative reconstruction bias, which is removed in the final numbers.

An energy reconstruction was performed for each individual laser track. Using the same three
representative nights as for the geometry reconstruction, spanning the years 2019, 2020, and 2021,
the resulting energy distributions are shown in Fig. 3a. For improved readability, the histograms
were normalized to display relative rather than absolute event counts per bin. As can be seen, a
steady decrease in reconstructed energy is observed over the years.

Figure 3b presents the temporal evolution of the ALADIN signal over the course of the Aeolus
mission. The laser energy measured with a laser-internal photodiode is shown in purple, while
the atmospheric return signal recorded by the onboard receiver is plotted in red. The latter is
derived from the Rayleigh channel and restricted to observations under clear-air conditions to
ensure predominantly molecular backscatter. Energy estimates obtained from the Auger laser-beam
reconstruction are shown as black dots. To enable a direct comparison of signal evolution at different
stages along the laser path (i.e., at the transmitter output, after atmospheric propagation as seen by
Auger, and at the receiver) the signal levels are normalized to their respective values on 3 August
2019, the date of the first fiducial Auger measurement. In good approximation this normalization
cancels out the systematic calibration uncertainty of the Auger energy estimates (13%), leaving
only the statistical uncertainty. The uncertainty of the first measurement (normalized to unity)
propagates into the relative uncertainties of the subsequent data points. The periods where different
lasers were used, laser FM-A (Flight Model A) and FM-B, are indicated as arrows at the top of the
plot.

The evolution of the energies reconstructed by the Auger Observatory closely follows the
declining signal levels measured by ALADIN’s receiver between 2019 and 2021. This agreement
suggests that the observed signal loss during the FM-B laser operation originated along the emit
path, i.e., between the laser output and the telescope. The Auger observations from July and August
2021 played a key role in supporting the root-cause analysis of this degradation and ultimately
informed the decision to switch back to the FM-A laser in November 2022. Despite its lower output
energy at the time of switchover (53 mJ instead of 101 mJ), the transition to FM-A resulted in a
2.2-fold increase in atmospheric return signal, bringing it back to the level seen during the initial
FM-A period in early 2019. This full recovery of signal strength confirmed that the losses had
occurred in the optical components unique to FM-B, most likely within the relay optics, which
guide the FM-B beam onto the nominal optical axis. The specific loss mechanism remains under
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Figure 4: Reconstructed and predicted impact points of the EarthCARE laser at an altitude of 1400 m for
the western pass near the Pierre Auger Observatory on 29 October 2024.

investigation. Current studies focus on laser-induced contamination, laser-induced damage, and
bulk darkening of the optical elements as the most likely causes.

Interestingly, the energy reductions observed by the Auger Observatory in 2020 (—28%) and
2021 (—48%) relative to 2019 are slightly smaller than the corresponding losses measured at
the ALADIN detectors (34% and —53%). This discrepancy suggests an additional degradation
mechanism in the receive path, most likely a clipping of the atmospheric return signal at the field
stop of the receiver.

It is also noteworthy that the absolute laser energy in 2019 reconstructed by the Auger Obser-
vatory (= 33 mJ) is lower than the value of 48 mJ expected at the telescope output. This indicates
additional unaccounted losses in the emit path. An even larger discrepancy of about a factor of
two compared to pre-launch simulations was already observed after launch in the atmospheric
backscatter signals from the Rayleigh channel [17].

3. Observation of EarthCARE

The Atmospheric Lidar (ATLID) on ESA’s EarthCARE mission began routine UV (355 nm)
operations in mid-2024. Within weeks, its ~35 mJ, 51 Hz pulses were detected by the fluorescence
telescopes of the Pierre Auger Observatory and, shortly thereafter, by the fluorescence detector of
the Telescope Array Experiment [18] and the Cherenkov telescopes of VERITAS [19].

Unlike Aeolus, whose dawn-dusk orbit limited visibility to a handful of winter nights, Earth-
CARE offers two nighttime passes over each site per 25-day repeat cycle — one “western” and one
“eastern”. For Auger, the western and eastern overpasses together total 28 per year; roughly half of
these fall into moonless measurement periods, so about 14 EarthCARE observations are feasible
annually. Local overpass time is around 04:00, meaning that even at mid-summer the laser is visible
before astronomical dawn. For the Telescope Array Experiment, the western pass is the closer of
the two, occurring at about 03:00 local time, five days after the western Auger overpass and four
days before the eastern one.

Using the same laser-reconstruction software developed for Aeolus, we reconstruct the ground
track of the laser once again. Here we use an angle of 3° off nadir for the zenith-angle-constrained,
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monocular reconstruction. As can be seen in Fig. 4, the reconstructed impact points for the overpass
on the 29th of October 2024 are in good agreement with the ones expected from the EarthCARE
orbit.

Beyond providing a well-timed global light source for fluorescence telescopes, EarthCARE
data can improve and validate the standard Auger aerosol determination. By deriving vertical
aerosol optical depth (VAOD) from EarthCARE laser tracks one can cross-check the VAOD profile
reconstruction, since different distances between the laser shots and the telescopes can be sampled,
as opposed to the standard analysis, in which the distance to the central laser facility is fixed (see
Ref. [11] for a preliminary demonstration of this method). A second opportunity stems from the
public ATLID aerosol products, which supply aerosol backscatter and extinction coefficients with
300 m horizontal resolution and vertical resolution of 100 m up to 20 km, and 500 m up to 40 km.

4. Summary and Outlook

In these proceedings we reported the detection of spaceborne lasers with the Pierre Auger
Observatory and presented a detailed analysis of lidar shots from the ALADIN instrument aboard
Aeolus and reported on first observations of ATLID laser tracks from EarthCARE.

The successful ground-truthing of ATLID highlights the value of astroparticle observatories for
validating and calibrating space-based lidar missions. Even more intriguing, from the perspective
of ultra-high-energy cosmic-ray studies, is the reciprocal benefit: the lasers aboard EarthCARE
and future missions provide an independent check on the aerosol profiles above each array. Act-
ing as “standard candles,” they enable a global cross-calibration of cosmic-ray observatories and
help reduce current uncertainties in the full-sky flux and anisotropy [20, 21]. This method of
cross-calibrate a world-wide observatory can also be applied to the Cherenkov Telscope Array Ob-
servatory (CTAO) [22] and, using future spaceborne lidars, to the Global Cosmic Ray Observatory
(GCOS) [23].
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