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The wind mission Aeolus of the European Space Agency was a groundbreaking achievement for Earth observation.
Between 2018 and 2023, the space-borne lidar instrument ALADIN onboard the Aeolus satellite measured atmospheric
wind profiles with global coverage, which contributed to improving the accuracy of numerical weather prediction.
The precision of the wind observations, however, declined over the course of the mission due to a progressive loss of
the atmospheric backscatter signal. The analysis of the root cause was supported by the Pierre Auger Observatory in
Argentina whose fluorescence detector registered the ultraviolet laser pulses emitted from the instrument in space,
thereby offering an estimation of the laser energy at the exit of the instrument for several days in 2019, 2020, and 2021.
The reconstruction of the laser beam not only allowed for an independent assessment of the Aeolus performance, but
also helped to improve the accuracy in the determination of the laser beam’s ground track on single pulse level. The
results presented in this paper set a precedent for the monitoring of space lasers by ground-based telescopes and open
new possibilities for the calibration of cosmic-ray observatories.
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1. INTRODUCTION

The Aeolus mission by the European Space Agency (ESA) was
launched on 22 August 2018 and successfully completed on
30 April 2023, exceeding its planned three-year life time by
18 months, before its satellite reentry into the Earth atmosphere on
28 July 2023. Its single payload, the Atmospheric Laser Doppler
Instrument (ALADIN), was the first European lidar and the first
Doppler wind lidar in space [1,2]. As an Earth Explorer mission,
the satellite was designed as a technology demonstrator for future
operational wind lidar space missions. However, Aeolus wind
measurements were already operationally used for several years
by numerous weather services, including the German Weather
Service [3], Météo France [4], and the European Centre for

clarified beyond doubt. During this phase, a collaboration between
the Aeolus team, including ESA and the Acolus Data Innovation
and Science Cluster (DISC), and scientists from the Pierre Auger
Observatory was established when the laser beam from ALADIN
was serendipitously registered by the telescopes of the Observatory
in Argentina. The cooperation resulted in an unprecedented
ground-based energy measurement of a space-borne laser after
25 years of space lidar missions [6-10]. It was the first time thata
laser beam from a space-borne lidar was directly observed by the
ground-based Auger Observatory, as its telescopes are optimized
to detect fluorescence light from air showers and, therefore, only
sensitive to ultra-violet (UV) wavelengths. The previous space
missions operated with green and near-infrared laser wavelengths

Medium-Range Weather Forecasts [5].

The success of the Acolus mission was achieved despite the
slow but steady degradation of the atmospheric return signal of
ALADIN, which reduced the precision of the wind observations.
The root cause of the signal decline could not be identified unam-
biguously in the first year after the loss started in summer 2019.
In particular, the question whether the loss occurred on the emit
path or the receive path of the instrument or both could not be
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except for the two-week period of the Lidar In-space Technology
Experiment (LITE) in 1994 with an additional UV laser beam
[6]. The independent assessment of emitted laser energy by the
Auger Observatory verified the hypothesis that the ALADIN
signal is already degraded before the laser beam is transmitted to
the atmosphere, and therefore strongly supported the root cause
analysis. In addition, the reconstruction of the laser beam revealed
a geometrical offset between its assumed and actual ground track,


https://orcid.org/0000-0003-1491-0323
https://orcid.org/0000-0001-6646-7277
https://orcid.org/0000-0002-8503-0094
mailto:spokespersons@auger.org
mailto:oliver.lux@dlr.de
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1364/OPTICA.507619
https://crossmark.crossref.org/dialog/?doi=10.1364/OPTICA.507619&amp;domain=pdf&amp;date_stamp=2024-02-16

Research Article

Vol. 11, No. 2 / February 2024 / Optica 264

thereby pointing out an error in the retrieval of the geolocation
within the Aeolus ground processor.

The benefit of the Auger observations for the monitoring
of the Aeolus performance and the verification of the measure-
ment ground track will be discussed in this paper. The ALADIN
instrument and the Pierre Auger Observatory are described
in Section 2.A and Section 2.B, respectively. The methods
for the detection and reconstruction of the laser beam as well
as for the determination of the laser energy are elaborated in
Supplement 1. Section 3 covers the results of the measured ground
track (Section 3.A) and energy of the laser beam (Section 3.B),
while in Section 3.C the ground-based energy estimates are
compared with the signal evolution that was measured with the
ALADIN detectors in-orbit. The paper concludes with an outlook
to future space laser missions in Section 4.

2. METHODS
A. Atmospheric Laser Doppler Instrument

The Doppler wind lidar instrument ALADIN was the single
payload of the Acolus satellite that circled the Earth on a sun-
synchronous orbit at about 320 km altitude with a repeat cycle of
seven days. It was composed of a pulsed frequency-stabilized UV
laser transmitter, transmit-receive optics (TRO), a Cassegrain-type
telescope in monostatic configuration (where the signal emission
and reception are realized via the same telescope), and a dual-
channel receiver that was sensitive for both molecular and particle
backscatter from clouds and aerosols [1]. The wind measurement
principle of ALADIN relied on detecting frequency differences
between the emitted and the backscattered laser pulses. Due to the
Doppler effect, the frequency of the outgoing pulse was shifted
upon backscattering from particles and molecules that moved with
the ambient wind. In order to observe a significant fraction of the
Doppler frequency shift from the horizontal wind speed along its
line-of-sight (LOS), the telescope was pointed with an angle of 35°
off nadir (37.5° to 37.7° at the geolocation of the intersection with
the surface due to the Earth’s curvature).

The design of ALADIN is illustrated in the simplified schematic
in Fig. 1. The instrument was equipped with two fully redundant
laser transmitters, referred to as flight models (FMs) A and B,
which could be switched by means of a flip-flop mechanism
(FFM). The transmitters were realized as diode-pumped injection-
seeded Nd:YAG lasers in a master-oscillator power-amplifier
configuration with subsequent frequency-tripling to generate
narrowband and frequency-stable emission at a UV wavelength of
354.8 nm. Detailed information on the design and performance
of the ALADIN laser transmitters and the challenges during the
development stage can be found in Refs. [11-17].

Before exiting the laser transmitter and entering the TRO, a
small portion of the UV light was detected on a photodiode for
monitoring purposes. When being guided through the TRO, the
laser beam passed a quarter-wave plate that ensures circular polari-
zation and a beam expander (magnification 3.4) that increased
its diameter from 6.2 mm to about 21 mm. The nanosecond laser
pulses (repetition rate 50.5 Hz) were transmitted to the atmosphere
by the telescope whose primary mirror hasa diameter of 1.5 m. The
telescope with its magnification of 41.7 expanded the laser beam to
a diameter of about 0.9 m and a divergence of about 18-20 prad
(86% encircled energy) in the atmosphere. Thus, the footprint of
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Fig. 1. Simplified optical layout of the ALADIN instrument onboard
Aecolus. HR: highly-reflective mirror; FFM: flip-flop mechanism; BS:
beam splitter; QWP: quarter-wave plate; FS: field stop.

the laser beam was around 8 m on the Earth’s surface from a satel-
lite altitude of 320 km and an off-nadir angle of 37.7°, resulting in
a range of 414 km. The backscattered signal that was collected by
the same telescope was directed to the optical receiver after passing
through a field stop (FS) with a diameter of only 88 pm to limit the
receiver field of view (FoV) to about 18 prad, thereby diminishing
the influence of the solar background radiation and accounting for
the high angular sensitivity of the spectrometers.

It should be noted that the instrument and laser divergence
were designed such that the laser divergence was smaller than the
receiver FoV, but the as-built performance of the laser and the
beam-expanding optics resulted in a slightly larger laser divergence
0f 20 prad. The resulting loss at the field stop was accounted for in
the receive path transmission budget.

The ALADIN receiver consisted of two complementary
channels to derive the Doppler frequency shift from both the nar-
rowband (FWHM ~ 50 MHz) Mie backscatter from particles like
clouds and aerosols and from the broadband (FWHM ~ 3.8 GHz
at 355 nm and 293 K) Rayleigh-Brillouin molecular backscatter
[1,2,17-19]. Accumulation charge-coupled-device detectors were
used in the two channels to finally register the Mie and Rayleigh
backscatter signals.

B. Pierre Auger Observatory

The Pierre Auger Observatory is located in the Argentinian Pampa,
at around 35.2°S, 69.3°W. It was designed to detect ultrahigh-
energy cosmic rays and to accurately measure their properties,
such as energy, arrival direction, and mass composition. While the
origin of cosmic rays of lower energies can be attributed to the sun
(mainly protons, £ < 107 eV) or sources within our Galaxy like
supernova remnants (nuclei up to iron with atomic number Z,
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E < Zx 10" eV), cosmic rays with energies above ~10'8 eV
originate from outside of our Galaxy; see, e.g., Ref. [20] for a recent
review on ultrahigh-energy cosmic rays. The mechanisms that
are able to accelerate particles to such energies are, however, still
under debate [21]. These cosmic rays with highest energies have an
extremely low flux, which makes a direct detection in space unfea-
sible. Instead, the atmosphere is used as a detection volume. As
the cosmic rays enter the atmosphere, they interact with the nuclei
of the air and create extensive air showers of secondary particles,
carrying the information of the primary particle.

The Pierre Auger Observatory started taking data in 2004. It
uses a hybrid detection method for the measurement of air showers,
which is realized by the combination of the fluorescence detector
(ED) and the surface detector (SD). The secondary shower parti-
cles that reach the ground are measured using the SD. It consists
of 1660 tanks, each filled with 12,000 liters of ultra-pure water,
covering an area of 3000 km? [22]. Each station contains three
photomultiplier tubes (PMTs), which are able to detect Cherenkov
light emitted by the traversing shower particles in the tank. As the
shower particles pass through the atmosphere, they excite nitrogen
molecules in air, which, in turn, emit fluorescence light with wave-
lengths between about 280 and 430 nm; see, e.g., Ref. [23]. This
light is measured by the FD [24], consisting of four sites. Each site
contains six telescopes with a FoV of approximately 30° x 30°; one
site thus covers 180° horizontally. The sites are at the periphery of
the SD array, overlooking the full area. The telescopes are equipped
with a wavelength filter for background reduction and the full
optical setup enables the detection of light for wavelengths between
310 and 410 nm. The 13 m? spherical mirror of a telescope pro-
jects the shower image onto a camera, consisting of 440 PMTs as
pixels, arranged in a honeycomb pattern. The arrangement of those
components is illustrated in Fig. 2.

The FD operates exclusively during dark nights, particularly
excluding periods around the full moon. Additionally, it requires
clear atmospheric conditions to avoid scattering and attenuation of
the light from the air shower by clouds. This results in a duty cycle
ofabout 15% throughoutayear [24].

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 was possible, as illustrated in Fig. 3. 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
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Fig.2. Structure of one FD telescope of the Pierre Auger Observatory
with some important features highlighted. Taken from Ref. [22].
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Fig.3. Geometry of the Aeolus laser beam being detected by one of the
four fluorescence detectors of the Pierre Auger Observatory.

on the surface of the Earth. This limited the opportunities for
measurements with the FD. Additional 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. Furthermore, the orbit had
a seven-day repeat cycle. Therefore, a measurement could only be
taken once per week. Overall, this resulted in up to six observations
of the Acolus laser per year, when clouds were not preventing the
visibility.

The Aecolus laser was visible in the FD due to the scattering
of the laser beams with air molecules as well as aerosol and cloud
particles in the atmosphere. Similar 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. In a next step, the energy of the laser beam at the
output of the ALADIN telescope was estimated by considering the
molecular and particle scattering of the light when passing through
the atmosphere under consideration of optical losses along the
path. A detailed description of the reconstruction of the ALADIN
laser beam and the estimation of the laser energy is provided in
Supplement 1.

The first Auger measurement of the Aeolus laser occurred in
June 2019. Over the next four years measurements could be con-
ducted on 16 occasions. For the purpose of this analysis, the best
nights without clouds or large aerosol contamination were selected.
This resulted in three overpasses—one in each year between 2019
and 2021, specifically on 3 August 2019, 27 June 2020, and 17
July 2021. No overpass in 2022 met all our requirements. While
the Acolus laser was seen by several of the telescopes as it passed
over the array (this is especially the case for the 2021 overpass; see
also Fig. 4), for the energy reconstruction that is presented in the
following sections we only used data from one set of telescopes


https://doi.org/10.6084/m9.figshare.24871695

Research Article

[ e 2019
- e 2020
= 100_‘ e 2021
£ i )
~ i ¢ FDsite
g L
= S0F
g | &
s | %
2 oF
5 : 8
g C !
50 |- !
i TS TN T NN TN T TN TR NN TN NN TN T NN TN TN NN

-100 -50 0 50
relative position / km

Fig. 4. Measured ground tracks for an altitude of 1400 m for three
sample Aecolus overpasses in the years 2019, 2020, and 2021. Each
FD site has a 180° FoV and is oriented to overlook the enclosed area.
Consequently, the events in 2019 and 2020 were observed primarily by
the northern and southern sites, as the eastern site is situated too far away.
Additionally, a fraction of the 2019 events was visible to the western FD
site, where the southernmost events appeared at the edge of its FoV.

(the northernmost FD site) that observed all three laser overpasses
discussed in this paper. In this way, we minimized the calibration
uncertainty between the individual telescopes and ensured an
optimal comparability between the different data sets.

3. RESULTS

After applying the aforementioned methods for reconstructing the
laser beam geometry, the ground tracks formed by the impacting
laser beams can be obtained. It should be noted that while the
geometry of the laser beams is fully determined by the fits described
in Supplement 1, a calculation of the true impact point on the
ground would require a detailed surface elevation model to be
included, which does not apply to these calculations. Instead, the
ground tracks can be defined for a certain altitude; thus the ground
position of an event can be propagated along the reconstructed axis
to match this altitude, to ensure comparability of the reconstructed
positions.

A. Ground Track

Figure 4 shows the reconstructed ground tracks for an altitude of
1400 m (WGS84) for three sample overpasses in the years 2019,
2020, and 2021. Notable is the change of the laser ground position
for the year 2021 further to the east after an adjustment of the satel-
lite orbit, which 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.

To study the accuracy of these reconstructions, simulated laser
events were employed. Using the reconstructed event positions
as in Fig. 4, a straight line can be fitted through these positions.
On this line then many equidistant positions can be chosen that
act as locations of the simulated laser beams. The inclination of
the simulated laser shots is likewise obtained from the geometrical
reconstruction of measured laser shots. In this manner, a realistic
scenario can be simulated. In these simulations the light flux and
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Acolus data processor versions before (L1A v7.11.2, orange line) and after
(L1A v7.12, purple line) the fix of the error and measurements by the
Auger Observatory (blue dots) at 10 km altitude for the overpass on 17
July 2021. The offset amounts to 6.8 km between Auger and v7.11.2, and
0.8 km between Auger and v7.12.

camera response are calculated, so that the same reconstruction
mechanisms can be used as for measured data, allowing for a direct
comparison. The majority of measured events (extending beyond
the 1o range) are reconstructed within 200 m of the simulated
position.

When comparing the Aeolus track position determined by the
Auger Observatory with that in the Aeolus data products, a hori-
zontal offset of about 0.075° longitude (6.8 km) became evident.
Figure 5 shows an example of an overpass on 17 July 2021, but
the offset was observed systematically for all overpasses. In order
to facilitate a comparison between the two methods, a reference
altitude was selected for which the positions are evaluated. The
tracks presented in Fig. 5 were compared at an altitude of 10 km.

The offset could be traced back to an error in the Aeolus Level
1A (L1A) processor for the calculation of the geolocation of the
Aecolus observations, which was fixed in version 7.12 (Baseline
14). The L1A processor [25] uses the Earth Observation Mission
Customer Furnished Item (CFI) Software [26] provided by ESA
to calculate the longitude/latitude position and altitude values.
The relevant CFI routines use for their calculation the time and an
identifier stating if the time is UTC (Coordinated Universal Time),
GPS (Global Position System), or TAI (International Atomic
Time). In two places a wrong combination of time and identifier
had been provided to the CFI routines, which led to a slightly
wrong calculation of the longitude and latitude values. However, as
the atticude angles of the platform, which are relevant for the wind
retrieval, were not affected by the timing issue, there was no impact
on the accuracy of the wind measurements.

It should be noted here that this geolocation error of about
6.8 km was not identified by other ground-based or airborne
validation measurements of vertical profiles for wind speed and
aerosol/cloud optical properties. Typically, a horizontal co-location
requirement of 50—-150 km was used for the validation of Aeolus
products, and the horizontal change of atmospheric properties
would not be significant enough on scales of only a few km to be
detectable with the Aeolus horizontal resolution. Also, compar-
isons of the Aeolus wind profiles with outputs from numerical
weather-prediction models did not reveal this horizontal geoloca-
tion error, as the typical grid size of those models is of the order of
3—10 km, but typical horizontal resolution is about four to eight
times this grid spacing [3-5].
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Another independent method for the validation of the geoloca-
tion including altitude would be the use of a digital elevation model
(DEM) as demonstrated for airborne measurements [27,28]. Here
the derived altitude of the surface return from the lidar is compared
with the altitude from the DEM for this specific location. By using
DEM:s with horizontal resolution of the order of 100 m at loca-
tions with strongly varying altitudes (e.g., mountain regions) one
could potentially identify errors in the retrieval of the horizontal
geolocation even with the challenge of seven free parameters (three
coordinates, three angles, one timing parameter) in the underlying
equations.

The Auger measurements of the Aeolus ground-track positions
also allow the calculation of the accuracy and precision of the
Aeolus pointing. Auger measurements are available for each Aeolus
pulse. However, the Aeolus ground track is reported in the Aeolus
L1A product only on measurement level (mean over 30 pulses). To
be able to compare the two, the Aeolus pulse times are calculated
by using the laser pulse frequency of 50.5 Hz and the measurement
centroid time from the L1A product. The ground track geoloca-
tions are then calculated by performing a time-based interpolation
of the longitude and latitude values reported in the L1A product
with respect to the calculated pulse times. These times, longitude,
and latitude values are then compared with the results from Auger
to assess the pointing accuracy and precision of Aeolus.

For 17 July 2021 and the Baseline 14 data shown in Fig. 5, a
pointing accuracy of 0.06 km along track and 0.82 km across track
was determined. The precision (207) is 1.28 km along track and
0.93 km across track. These values are a composite of Aeolus point-
ing errors, interpolation errors, and Auger measurement errors
and, thus, are upper limits for the Aeolus pointing accuracy and
precision. Nevertheless, they are well within the Aeolus mission
requirements of 2.0 km (20) for the horizontal geolocation defined
on observation level (i.e., mean over 600 pulses).

B. Laser Energy

As described above, the measured laser data can also be used to
reconstruct the laser beam energy. An event-wise energy recon-
struction of each laser transmission can be obtained. Analyzing the
same three sample nights as for the geometry reconstruction from
the years 2019, 2020, and 2021, the three energy distributions
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Fig. 6. Reconstructed energies for three sample Aeolus overpasses
in 2019, 2020, and 2021. The average energy per overpass is marked
by the dashed line. The energy is given in m] by the top axis and in PeV
(105 eV) by the bottom axis.

shown in Fig. 6 are obtained. The histograms were scaled to show
the relative instead of the absolute number of events per bin for
the sake of better visibility. As mentioned above, the years differ
in the total number of measured events due to the changing laser-
telescope distance. Most notable is the decreasing energy across the
years, which is discussed further below.

Again, the simulated laser shots were used to evaluate the accu-
racy of the energy reconstruction. With the same simulation setup
as for the ground track geometry study, the energies of simulated
events were reconstructed and compared to the simulation input.
Two simulation studies were made, one with the track position of
the 2019/2020 case and a simulated energy of 34 mJ and one with
the 2021 position and an energy of 20 m]. A small systematic bias
of the reconstructed energies towards lower values was found. With
slight differences depending on the track positions and between
different FD sites, the bias between simulated and reconstructed
energy is up to 3.7%. The reconstructed energy values for the three
sample overpasses are corrected for the bias and are

E(2019) =33.173 m],
E(2020) =23.7)7 m],
E(2021) = 17.3%07 m]. (1)

These values are obtained using the absolute calibration of
the fluorescence telescopes [29,30] and are fully corrected for
atmospheric attenuation occurring after the laser beam exited the
telescope, as implied by Eq. (S3) in Supplement 1. The quoted
uncertainties are statistical uncertainties and contain contributions
from the standard error of the mean energy of the events of one
overpass and the statistical uncertainty of the aerosol optical depth
at the time of observation.

In addition to these statistical uncertainties, the systematic
energy-scale uncertainty of the fluorescence telescopes also needs
to be taken into account, which amounts to 13%. It is dominated
by the uncertainties of the absolute calibration and aerosol optical
depth. Furthermore, it contains contributions from the light-
collection efficiency, reconstruction bias, molecular atmosphere,
multiple scattering, and the long-term calibration stability [31,32].
This energy-scale uncertainty is correlated across the individual
years, i.e., the energy determined in each year could be under-
or overestimated by the same amount within this uncertainty.
Therefore, in the relative time evolution discussed in the following
this does not add to the uncertainty, but instead is cancelled out
when formulating the energy ratios.

C. Aeolus Signal Evolution

The reconstructed energies from the Auger Observatory allowed
for an independent assessment of the in-orbit instrument perform-
ance of ALADIN between 2019 and 2021. A few weeks before
the first Auger measurement in August 2019, a switchover to the
redundant FM-B laser was performed after the emitted energy of
the nominal FM-A laser had decreased significantly from 65 to
41 m]J between December 2018 and May 2019 [16], as recorded by
the monitoring photodiode located behind the laser transmitter.
The energy degradation was later traced back to a gradual misalign-
ment of the master oscillator caused by a thermal drift of the laser
bench, which resulted in a non-optimal temperature set point of
the master oscillator depending on the emitted laser frequency.
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Fig. 7.

Signal evolution of the Acolus instrument: the purple curve represents the laser energy as measured at the output of the respective transmitter

[flight models (FMs) A and B]. The red curve denotes the atmospheric return signal that is detected on the Rayleigh receiver under clear-air conditions. The
black dots indicate the Auger measurements with error bars that describe only their statistical errors (see text).

After its switch-on in late June 2019, the FM-B laser delivered an
initial energy of 67 m] and significantly slower power degradation,
ensuring a higher signal-to-noise ratio (SNR) of the atmospheric
backscatter return and, hence, lower random error for the wind
observations. However, despite the stable laser energy, which was
even increased to more than 100 mJ by several laser adjustments,
the atmospheric signal levels decreased by more than 70% over
the three years following the switchover, leading to a degrading
precision of the Aeolus data with the random error of the Rayleigh
wind results increasing from about 5 m/s to more than 8 m/s. In
October/November 2022, the instrument was switched back to
the FM-A laser whose performance could be optimized based
on the knowledge gained with the second laser during the nearly
40 months of its operation. As a result, stable output energy above
50 m] was achieved until the end of the nominal Aeolus operations
on 30 April 2023, which was followed by a period of seven weeks
for dedicated instrument tests.

Figure 7 depicts the signal evolution of ALADIN over the
course of the Aeolus mission. The laser energy that is measured
on a photodiode at the output of the transmitter is shown in pur-
ple, while the atmospheric return signal detected on the receiver
is represented in red. The latter is obtained from the Rayleigh
channel after selecting observations under clear-air conditions
to ensure almost pure molecular backscatter signals. The energy
levels estimated from the Auger laser-beam reconstruction are
plotted as black dots. To compare the development of the signal
energies measured at the different locations along the laser-beam
path (output of the laser transmitter, Auger reconstruction of the
satellite-telescope output, receiver), the signal levels in Fig. 7 are
normalized to the respective values from 3 August 2019, i.e., the
date of the first Auger measurement. As a consequence, the sys-
tematic calibration uncertainty of the normalized Auger energy
estimates (13%) cancels out, leaving only the statistical error
given in Eq. (1). Also, the uncertainty of the first Auger measure-
ment (normalized to one) propagates into the uncertainty of the
subsequent relative energy points.

The progression of the reconstructed energies from the Auger
Observatory is in good agreement with the decline in the atmos-
pheric signal levels registered at the ALADIN detectors between
2019 and 2021. This result implies that the signal loss observed
during the operation of the FM-B laser occurred along the emit
path of the instrument, i.e., between the laser output and the
telescope. The first Auger estimates in July/August 2021 strongly
supported the root-cause analysis of the signal loss and ultimately
led to the decision to switch back to the FM-A laser in November
2022. Despite the much lower output energy compared to FM-B
at the end of its operation (101 m]), the switchover to FM-A
increased the atmospheric signal by a factor of 2.2, to a level corre-
sponding to the laser energy of the first FM-A period in early 2019.
The signal loss experienced during the FM-B period was thus fully
recovered, confirming that it had occurred on the optics behind
the laser output, more specifically on the optics that are unique to
the FM-B, most likely within the relay optics, including the FFM,
which guide the redundant FM-B laser beam onto the nominal
optical path (see Fig. 1). The actual loss mechanism is the subject
of ongoing studies as of the writing of the paper. Laser-induced
contamination and laser-induced damage of the affected optics are
currently assessed to be the most probable causes.

The fact that the energy decrease observed by the Auger
Observatory in 2020 (—28%) and 2021 (—48%) with respect
to the reference measurement in 2019 is smaller than the signal loss
registered on the ALADIN detectors (—34% and —53%) points
to an additional loss mechanism in the receive path, most likely
clipping of the atmospheric return signal at the field stop.

It is also notable that the absolute laser energy in 2019 recon-
structed by the Auger Observatory (= 33 m]) is lower than what
would be expected at the Aeolus telescope output (44 m]) when
considering the specified emit-path transmission of around 0.704
and correction factors for the laser energy. This points to additional
transmission loss in the emit path of ALADIN. An initial loss of
about a factor of two compared to pre-launch simulations was
already observed after launch for the atmospheric-backscatter
signals of the Rayleigh channel [33].
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4. OUTLOOK

The methods presented in this study have proven to be highly
valuable for the analysis and validation of satellite lidar parameters.
Furthermore, the measurements of the satellite laser beams by
the Pierre Auger Observatory offer some promising applications
that extend beyond the scope of this paper. One possible future
application is the use of the measured laser light to gain knowledge
about the state of the atmosphere above the Observatory. Since
the satellite laser passes over the entire Observatory within a few
seconds, this provides a wide range of measurements from many
different distances and angles. Assuming a constant laser energy for
the duration of the passage, this can be used to obtain information
about the aerosol load in the atmosphere. Similar to the algorithm
described above, a likelihood fit can be devised that includes both
the laser energy and the variables of a parametric acrosol model as
adjustable quantities. The potential of using the complete mea-
sured data of one overpass for such a combined fit of energy and
aerosol parameters is being investigated. While this method of
aerosol determination is not suitable to serve as a regular moni-
toring device due to the scarce availability of Aeolus overpasses, it
could provide an opportunity for individual cross-checks with the
atmospheric monitoring devices that are employed at the Pierre
Auger Observatory. A first analysis of this type was presented in
Ref. [34].

Another exciting prospect are future space lidar missions like
EarthCARE, a satellite with the goal of measuring global cloud and
aerosol profiles, which will include, among other instruments, a
355 nm lidar [35]. In addition, Aeolus will have a follow-up mis-
sion, Aeolus-2, which is under development [36] and planned to be
launched in the early 2030s. These future space lidar missions are
not only intriguing because measurements like the ones shown in
this paper can be repeated and the data set of observatory-measured
satellite-laser events can be extended, but also due to a different
geometry of the satellite orbits. Due to its dawn-dusk orbit with
6 am/pm equator crossing times Acolus was only visible in the
observatory during a few months in the southern-hemisphere win-
ter. A similar potential measurement in the northern hemisphere,
more specifically at the Telescope Array Project in Utah, United
States [37], was investigated, but found not to be possible due to
the passage time of Aeolus [38]. For the mentioned upcoming
EarthCARE mission, however, thanks to its 2 am/pm orbit, the
possibility exists that the satellite laser will be seen in both the
Telescope Array and the Pierre Auger Observatory within a short
time frame and throughout the year. This would allow for the
unique opportunity of directly comparing the energy calibration of
both experiments and to significantly reduce existing uncertainties
in the cosmic-ray flux and anisotropy [39,40].
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