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Cloud features significantly affect the reconstruction of extensive air showers, and their character-
ization plays an important role in atmospheric monitoring. A multi-directional characterization
of the cloud pattern is provided by a combination of several instruments of the atmospheric moni-
toring network at the Pierre Auger Observatory (Mendoza Province, Argentina). In this work, we
present the results of an analysis of the cloud measurements using data taken from 2007 to 2022
by the elastic lidars positioned in the proximity of the fluorescence detector (FD) sites. These
systems provide hourly measurements of cloud coverage and base height above FD. The ansatz
of horizontal homogeneity of cloud structures is tested by comparing the hourly measurements
of cloud base height and coverage done simultaneously at different lidar locations. These results
allow a detailed description of cloud patterns observed above the array throughout the whole
period. The variation of cloud parameters is shown and quantitative conclusions about cloud
homogeneity across the array of the Pierre Auger Observatory are given.
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1. Introduction

The Pierre Auger Observatory located in Malargue, Argentina (35.32S, 69.30W, 1416 m a.s.l.), is
the largest hybrid cosmic-ray detector in the world. Its facilities combine a large array of water-
Cherenkov detectors covering an area of 3000 km? and a fluorescence detector (FD) overlooking
the surface array from different points of view. The FD stations, located at the sites of Los Leones
(LL), Los Morados (LM), Loma Amarilla (LA), and Coihueco (CO), have 27 large telescopes aimed
to detect the UV radiation produced by the interaction of the extensive air shower with nitrogen
molecules in the Earth atmosphere. Their product accuracy relies on the atmospheric optical
properties, which are subject to variations during the data taking. One of the major obstacles
related to observation using FD telescopes are the clouds since they obscure the field of view of the
telescopes.

The multiangle-elastic backscatter lidars [1] co-located at each FD station, are systems capable of
producing aerosol profiles and cloud parameters in their line of sight. These measurements are
meant to obtain the aerosol’s extinction and cloud properties (base heights, coverage, and thickness).
Central Laser Facility (CLF) and eXtra Laser Facility (XLF) [2] can return cloud heights as part
of the aerosol profile determination for the application of the proper correction to air shower light
profiles. Both facilities are based on a laser, firing 50 scheduled pulses four times per hour, at the
center of the array, during the FD data-taking periods, measuring the scattered photons using each
FD telescope. The retrieval of aerosol parameters is done with the Data Normalized Analysis [2],
which compares hourly laser light profiles to a reference profile registered on a very clear night
chosen for each year. Also, infra-red (IR) cloud cameras at the FD sites provide measures of cloud
coverage in the FD telescope fields of view.

2. Elastic-multiangle lidar system at Pierre Auger Observatory

One of the components for the atmospheric monitoring is a set of four multiangle-elastic backscatter
lidar stations, located at each of the FD sites. In Figure 1, a schematic layout of the Auger
Observatory is shown, where surface detector stations are represented by the gray dots with the FD
sites located at the borders of the array.

During the FD data collection, the lidars conduct regular scans of the sky outside the FD’s field-
of-view (FOV). For cloud-retrieval parameters (base/top height, thickness, coverage), continuous
scans are performed, while discrete scans are used for optical retrieval of the aerosol. Also, hourly
horizontal shots towards the pampa are used to measure the aerosol attenuation at ground level and
the horizontal homogeneity, vetoing the acquisition of FD for 30 seconds every hour. This work
focuses on cloud parameter retrieval, so continuous scan data are used. This scan type is performed
in two orthogonal planes, firing laser pulses outside the field of view of the FDs. The data are
analyzed to provide one measurement per hour, reporting the lowest cloud base height and the
highest fraction of the sky covered with clouds within the hour. A new and more robust algorithm
for cloud parameters retrieval is applied, based on a dynamic threshold instead of the differentials
method used in a previous analysis.
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Figure 1: (a) Schematic layout of the Pierre Auger Observatory [3]. (b) Picture of one of the elastic-
multiangle lidar systems.

3. Lidar cloud detection algorithm

Different cloud base/top height definitions can be found in the literature, and there is not a single
algorithm suitable for all clouds [4], being also strongly influenced by the measuring instrument
[5]. In the algorithm used to create this cloud database, no cloud/aerosol plumes are discriminated,
and only the increased backscatter in the elastic-lidar signals is detected, also called a “feature” [6]
or simply a “layer”. Most used algorithms are differential-based methods like [5], relying on the
differential of the range-corrected lidar signals (RCLS), dealing with the noise (especially at higher
ranges). These methods depend strongly on the lidar features, and no universal algorithm/parameters
are reported capable of working in any elastic lidar hardware and atmospheric scenario. Also,
wavelengths close to the infra-red spectrum must be used for best performance, while the elastic-
lidar from the Auger Observatory uses 351 nm. The algorithm applied to the elastic-multiangle
Auger database is based on a dynamic threshold to detect the layer, showing excellent results for
unattended analysis for big databases. The software used is the Lidar Processing Pipeline (LPP,
[7]) developed and used in the Latin American lidar community.

A typical colormap image produced from continuous scans is shown in Figure 2a, where the RCLS
are shown for better discrimination of the layer. RCLS is suitable for plotting since it removes the
inverse-squared range dependence in the raw-lidar signal. Figure 2b shows the cloud mask retrieved
from the data of Figure 2a, which shows the good performance on the cloud discrimination of the
algorithm.

The algorithm produces the cloud features to be saved in the database, like the cloud-base height
(CBH), cloud physical thickness (CT), cloud optical depth (COD), and cloud coverage (COV). COV
is determined by the rate of the number of profiles with clouds and the total number of profiles
within the scan:



Cloud Base Height and Coverage using Lidars at the Pierre Auger Observatory Jorge Ruben Rodriguez

RCLS Cloud Mask

Range [km]
Range [km]

-5.0 =25 0.0 25 5.0 75 100 125 15.0 -5.0 -2.5 0.0 25 5.0 75 100 125 15.0
Range [km] Range [km]

Figure 2: Example of multiangle continuous scan from the Coihueco site. The image is obtained summing
about 100 profiles (1000 laser shots each), acquired in 10 minutes.
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Figure 3: Cloud-base height generated with the new cloud retrieval algorithm for each site for the period
2007 until 2022.

#Lidar Profiles with Clouds

CcoV = .
#Total Lidar Pro files of the Scan

Once the mentioned products are produced for each continuous scan, another software module
merges the data hourly, retrieving the lowest cloud base height and the highest cloud coverage
within the hour.

4. New cloud database

The new cloud retrieval algorithm was applied through the whole lidar data from 2007 to 2022 for
all the sites. The cloud base height for the operational periods for each site is shown in Figure 3.
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Site | Tot. Meas. Hours | COV < 0.1 (COV=0) | 0.1 <COV <0.9 | COV >09
LL 11256 43 % (42 %) 14 % 43 %
LM 5174 48 % (46 %) 15 % 37 %
LA 16293 53 % (51 %) 18 % 29 %
CO 17180 52 % (51 %) 17 % 31 %

Table 1: Cloud-coverage data for the whole period of analysis 2007-2022 for all the sites.

As can be seen in Figure 3, LL and LM sites discontinued their operation in 2015 and 2013
respectively. This makes the homogeneity analysis more relevant to extrapolate the lidar information
into the field of view of the FD.

4.1 Cloud Coverage (COV) Rates Analysis

An overview of the data for each site is shown in Table 1, which summarizes the total amount of
hours in the analyzed period (2007-2022) and the rates of different cloud coverage (COV) scenarios.
These scenarios are described as low-COV rate (COV < 0.1), high-COV rate (COV > 0.9), and
middle-COV rate (0.1 < COV < 0.9). The rates are calculated by dividing the number of events that
meet the coverage condition by the total number of events that occurred during the entire period
under analysis.

A mean of 49 % low-COV rates is found for all sites, meaning that half of the exposure time at the
Observatory has only up to 10 % cloud coverage. The difference in the low-COV rate between all
sites is £ 5 Y.

The high-COV rates show a dispersion of 14 % between its maximum and minimum, and a mean
of 35 %. These values show a predominance of low over high cloud coverage when the lidars are
in operation. Nights characterized by a very low cloud layer, which reflects the lidar light in the
FD telescope’s FOV, are not included in this consideration as then the lidars are turned off to avoid
interference with FD data taking. LA is the site with the best observation condition, showing the
highest low-COV rate (53 %) and the lowest high-COV rate (29 %). On the other end, LL is the
most cloudy site, with the lowest low-COV rate (43 %) and the highest high-COV rate (43 %).

4.2 Quarterly cloud base height (CBH) Histograms

In Figure 4 the percentage of occurrence of each CBH is shown, without accounting for the cloudless
condition.

All sites show similar behavior within each trimester with two predominance modes except for the
warmer trimester (January to March). Also, a predominance of low clouds (< 5 km) is seen for
all the sites during the year, having their maximum peak in the summer (around 15 % for all the
sites). For clouds between 5 and 10 km, no significant differences are seen from April to December,
having a mean percentage ranging from 4 to 5 %. Winter months show less difference in the peaks
of the two modes, showing a more homogeneous CBH distribution than in the summer. Another
feature that can be spotted in Figure 4 is the increased number of clouds between 4-5 km at CO
during the coldest trimesters (April to September) due to the effects of the Andes mountain.
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Figure 4: Cloud-base height distributions clustered by trimesters a the year.

5. Homogeneity analysis

In the homogeneity analysis, the cloud parameter of two different sites are compared in time-
coincidence. The data on cross-correlations between sites was used to assess the horizontal homo-
geneity of the highland where the observatory is located. Data are compared on two observables:
cloud base height and cloud coverage. While elastic lidars can detect multiple layers of clouds, only
the base height of the lowest one is currently saved in our database.

5.1 COV percentages of coincidence

The rate at which a certain cloud coverage range is observed at two sites simultaneously is referred
to as the "cloud coverage coincidence rate". For this analysis, cloudless situations are not taken into
account. The expression of this rate can be expressed exemplarily for the low cloud scenario (COV
< 0.1) can be expressed as:

#[(Site) & Sites) > COV < 0.1]
[Total Cloud Coincidence Events]’

COV Percentage o f Coincidence(COV < 0.1) = 100 x m

Applying the equation for each of the six combinations and clustering the comparison for COV <
0.1 and COV > 0.9, we obtain the Table 2.
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LL LM LA CcO
LL X 28 % | 23 % | 24 %
LM | 36 % X 22 % | 23 %
LA | 34% | 38 % X 19 %
CO | 39% | 39 % | 44 % X

COV <0.1

on both sites

COV > 0.9
on both sites

Table 2: COV percentage of coincidence for coverages lower than 0.1 and higher than 0.9 on both sites.

The lower-left/upper-right segment of Table 2 shows the low-COV/high-COV percentages of co-
incidence. The percentage span for low and high COV are similar: 10 % and 9 %, having mean
values of 38 % for low-COV and 23 % for high-COV. From these values, it can be concluded that
under low cloud coverage, (COV < 0.1), CO and LA (the closest sites, separated by ~ 40.7 km)
show the highest percentage of coincidence (44 %), and LA and LL show the lowest percentage of
coincidence (34 %). The latter is a somehow predictable situation since LA and LL are the most
separated sites in the field (~65.7 km) and it is not expected to have a similar cloud scenario if both
see few clouds. These results are in concordance with the values of Table 1, where CO and LA
show both quite high and very similar percentages of low coverage (52 % and 53 % respectively)
and LA and LL have the largest difference in the COV feature (53 % and 43 % respectively).

Under a high-cloud scenario (COV > 0.9, upper-right part of the Table 2), CO and LA have the
lowest percentage of coincidence (19 %), despite the fact that they are the closest sites. This is
because LA is the site with the lowest cloud coverage (see Table 1) and CO is influenced by the
turbulence downwind with respect to the Andes, having a different development of the clouds over
its site. LL and LM have the highest percentage of coincidence (28 %) under this cloud coverage
scenario. Previous studies conducted by the Auger Collaboration [8] and [9] have identified these
two locations within the array as the most aerosol-loaded ones, potentially serving as the origin of
particles for the condensation nuclei for cloud formation. These results are also confirmed with the
values of Table 1, in which LL and LM are the most cloudy sites in the array.

5.2 CBH percentage of coincidence

Cloud-base height percentage of coincidence is processed when the two sites under comparison
have clouds. The expression to calculate the percentage of coincidence when the CBH < 5 km can
be expressed as:

#[(Site| & Sitey) » CBH < 5km]

CBHP t Coincid CBH < 5km) = 100 .
ercentageof Coincidence ( m) x#[Total Cloud Coincidence Events)|

The comparison between each site and the respective percentages are shown in Table 3.

The lower-left/upper-right part of Table 3 shows the coincidence percentage when both sites show a
cloud-base height lower (L;;)/higher (H; ) than 5 km at the same time. The span of the coincidence’s
percentage are 6 % and 4 % for both clusters.
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LL LM LA CO
LL X 55% | 55 % | 58 %
LM | 30 % X 59 % | 57 %
LA | 28 % | 28 % X 55 %
CO | 26% | 24 % | 30 % X
L,'jSCBH <5km
on both sites

H,'J'ZCBH > 5km
on both sites

Table 3: Cloud base height percentage of coincidence when the two sites see clouds base height lower
(L;j)/higher (H;;) than 5 km.

For each pair of sites, the fraction F;; = 1 — L;; — H;;, complementary to the ones listed in the table
allows us to quantify the condition of maximal inhomogeneity, i.e. when one site has clouds below
5 km and the other has high clouds. We conclude that the LM-LA pair is the one with minimal
inhomogeneity (13 %) and LM-CO is the one with maximum inhomogeneity (19 %). CO has the
lowest inhomogeneity with LL (16 %). This information can be used to guess the cloud scenario for
the sites in which there is no lidar data today: LL and LM with the data of CO and LA respectively.

6. Conclusion

The elastic lidar network is a key component of the atmospheric monitoring system of the Pierre
Auger Observatory, which provides information on the cloud pattern above each FD site during
regular data-taking operations. In this work, we use a more robust automatic cloud retrieval
algorithm, to extract the cloud parameters like the cloud-base height and cloud coverage (among
others), and we describe a general method to statistically extend the validity of our measurements
to the sites where the harsh conditions of operation have forced the shutdown of our instruments.
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