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The distribution of aerosols in the atmosphere above cosmic ray fluorescence detectors must be well
characterised in order to precisely recover extensive air shower properties such as the calorimetric
energy, E, and depth of shower maximum, Xp,x. The Pierre Auger Observatory uses two centrally
located laser facilities to measure the vertical aerosol optical depth profile (VAOD) every hour. It
is assumed that the night with the clearest atmosphere each year is effectively aerosol free and that
it is an appropriate reference to set the absolute scale of VAOD throughout that year. We review
the successes of this method and its associated sources of systematic uncertainty, then present a
new cross-check of measured VAOD using air shower events observed in stereo mode. Special
attention is paid to quantifying the uncertainties on this result. As the technique is only sensitive
to VAOD bias at a fixed altitude, we combine it with a study of aerosol profiles independently
measured using a less-sensitive Raman lidar system. This allows us to derive a complete model of
the upper limit on the possible bias in the average measured VAOD, which we attribute primarily to
an uncertainty on whether the annual reference nights are completely aerosol free. We formulate
a correction for this bias and apply it retroactively to all VAOD measurements, then repeat the
analysis of the complete air shower dataset and discuss the small but significant effect of this new

correction on E and Xpax. This correction is now fully integrated into the Auger analysis chain.
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1. Introduction

The Pierre Auger Observatory [1] is located at approximately 1400 m above sea level (ASL)
in the Mendoza province of Argentina. The surface detector array (SD) covers 3000 km? and is
overlooked by the fluorescence detector (FD), composed of 27 fluorescence telescopes distributed
across four sites. The observatory operates in a “hybrid” mode, where the SD can be used to improve
the geometrical reconstruction of the FD observations. The atmosphere acts as a calorimeter for
the FD, however the air fluorescence technique is very sensitive to the fraction of light scattered
out of an air shower and attenuated along the path towards the detector. As such it is vital that the
molecular (air pressure, temperature, and humidity) and aerosol properties are closely monitored.
Near the centre of the surface array are two laser facilities, which each fire 200 vertical laser shots
over the course of each hour. The track of laser light in the atmosphere is observed by the FD and
this is used to derive the distribution of aerosols. We previously demonstrated the importance of
measuring the vertical aerosol optical depth profile (VAOD or 7,(/)) on an hourly basis in [2].
The average degradation in air shower energy resolution without hourly aerosol measurements is a
complex effect of a few per cent around 10'® €V but up to 20 % at the highest energies.

VAOD is measured with the data-normalised (DN) method [3], whereby the clearest night
each year is assumed to have negligible aerosol content and is used as a reference to normalise
all other laser observations from that year. This makes the analysis independent of the absolute
calibration of the FD and laser, but sensitive to how well the calibration is tracked over a +6 month
period, as well as on how close the reference nights come to being truly aerosol free. Previously,
the systematic uncertainty in the calibration tracking has been the dominant component and no
uncertainty attributed to the reference night aerosol loading. The objective of this work was a
data-driven cross-check of the DN aerosol results, culminating in an upper limit on the average bias
in VAOD. This possible bias is ultimately attributed to reference night aerosols, and handled with
anew VAOD correction and update to the systematic uncertainties.

2. The stereo energy balance technique

2.1 Definition and data selection

This technique was first described and used by Abbasi et al. [4] and further developed within the
Pierre Auger Collaboration by Malacari [5]. Itis based on air shower events observed simultaneously
by at least two FD sites (so called “stereo” observations), and the expectation that along the segment
of the shower track common to the views of both sites the reconstructed energy deposit should
be consistent. The molecular component of the atmosphere is assumed to be well described by
Rayleigh scattering theory, so the energy balance can be applied as a cross-check of the aerosol
model and used to estimate the correction required if VAOD is systematically biased.

With reference to Fig. 1, let X and Xg be the start and end of the common segment of observed
shower track, and Dy, be the average distance to the common segment of track for the kth site. The
reconstructed energy deposit along the common segment for each site is given by

X8 (dE
¢k=/XA (ﬁ)kdx (1)
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is kept the same when calculating these differences, to exploit the natural distribution of showers
along the line of sight between any two sites. This ensures a distribution of AD including both
positive and negative values and thus the longest possible lever arm for a linear fit. A negative
slope in the relationship between ¥ and AD can be interpreted as an underestimation of the aerosol
content of the atmosphere, because showers further away from one detector are inferred to have
a lower energy than the same shower seen by a nearby detector. The uncertainty in the metric is
obtained by propagating the uncertainties on ¢ which in turn arise from the Gaisser—Hillas function
fit and the measurement uncertainty on each bin of the energy deposit profile. For our analysis we
selected hybrid events with long tracks, Xnax in the field of view, and good quality Gaisser—Hillas
fits, observed between 2004 and 2018. According to the atmospheric monitoring instruments [2]
the events were unaffected by clouds. For a shower observed at more than two sites, all unique pairs
were formed as independent data points. 673 stereo pairs were formed by the events surviving cuts.

2.2 Search for the mean bias in VAOD

The stereo energy balance was produced in two steps. First, the data were split into subsets by
FD site combination and linear fits performed to the distribution of ¥ versus AD for each subset.
This revealed that the subsets had comparable slopes but unique non-zero y-intercepts, henceforth
“ offsets”. These offsets are caused by systematic differences in the calibration of each FD site,
which influence the count of photons at each detector in a fractional sense independent of distance to
the shower, and thereby have no effect on the slope. These variations in calibration between FD sites
are small and within the expected systematic uncertainties. However, they induce a broadening in
¥ in the combined dataset and if unaddressed would reduce the precision of the fitted slope. As
such, the second step of the procedure was to subtract the ¥ offset of each subset from the points in
that subset, before a linear fit was performed to the combined set. The linear fits to each subset after
¥ offset subtraction are shown in Fig. 2a, while the fit for the complete dataset is shown in Fig. 2b.
Empirically, it was determined that the metric uncertainties had to be increased by a factor of two to
bring the y? of the linear fit down to match the number of degrees of freedom. This was expected as
there are some sources of random atmospheric uncertainty — for instance, the horizontal uniformity
of aerosols across the array — that are not present in the analysis at the level of the Gaisser—Hillas
fit. The energy balance of the combined set exhibited a slope of (—0.22 + 0.04) % km™!, indicating
aerosol underestimation equivalent to showers at a typical distance of 20 km to 25 km from the FD
having energy deposits underestimated by up to 5 %.
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Figure 2: Key results from the stereo energy balance analysis. In panel (a), fits are shown for five of the six
FD site combinations with the sixth combination excluded as it has only three data points. In panel (b), the
profile bins are for visualisation only. Error bars on the profile bins show the standard error of the mean. In
panel (c), the grey shaded region indicates the uncertainty band on the fit from moving all points +1 o and
repeating the fit. See text for further interpretation of the plots.

We sought to determine the amount by which the VAOD would have to be underestimated on
average to produce the observed effect, which will be referred to simply as reference night aerosols.
The true VAOD for any hour is equivalent to the sum of the observed VAOD for that hour and the
VAOD that was present on the reference night: 7yye (%) = TpN(h) + Trer(h). Assuming that the
reference night aerosol distribution could be described by a two-parameter exponential model,

() = 2 (11— el 3

aer

we sought the scale height, H,¢;, and attenuation length at ground, L, of the average reference
night. This was achieved by modifying the VAOD for each stereo shower by adding a trial 7.¢(#),
and seeking the parameters H,e; and L, required to make the slope of the stereo energy balance
in the repeated reconstruction consistent with zero. A range of values for Hy.r and L, were
considered to produce an ensemble of 43 trial reference night aerosol distributions, Tyef.triai(%).
Fig. 2¢ plots energy balance slope against the trial reference night VAOD at the reference height,
hres, of 4.5 km ASL. The change in energy balance slope was found to be independent of the Hye,
chosen for the trial reference night VAOD. A linear fit was performed to the full ensemble of points.
Propagation of the energy balance fit uncertainties to the linear fit was performed by coherently
shifting all points in the ensemble +1 o and repeating the linear fit again at each position. From
the intercept of the fit with zero, a value of Tyer(fier) = 0.009 + 0.001 was concluded to represent
the collective underestimation of the VAOD. The uncertainty presented here is predominantly due
to the measurement uncertainty in ¥, which in turn arises from statistical uncertainties in the event
reconstruction. The uncertainty should be interpreted as the standard error of the mean reference
night VAOD, rather than producing any insight into the variation of the reference night VAOD over
time.
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2.3 Quantification of systematic uncertainties

Tests were performed to estimate the effect of four sources of systematic uncertainty in the
stereo energy balance technique, the methodology and results of which are summarised here.

Intrinsic biases of the stereo energy balance technique were assessed using air shower simu-
lations, where the true value of Tef(/ef) could be controlled. The 631 air showers that form the
673 stereo pairs were simulated with coNex, configured to match their observed energy and geome-
try. The Auger FD simulation was configured to match the real conditions at the time of each shower
observation as closely as possible. Xpax could not be controlled in coNEx, so multiple realisations
of the 631-event dataset were prepared to ensure that the same source event was simulated with a
variety of X.x following a distribution comparable with real data. Air showers were simulated in
the “true” atmosphere of Tyue () = TpN(h) + Ter(h) for a variety of Ty¢(/) and reconstructed in the
“measured” atmosphere of Teas (1) = TpN (/). After analysing these events with the stereo energy
balance, a bias in the recovered Tyer(/irer) 0f 0.003 £ 0.001 was found. The bias has an uncertainty
due to the variation in Xy,,x of the same event across different realisations.

The curved FD mirrors slowly accumulate dust primarily at the bottom of each mirror, and are
irregularly cleaned to remove it. The design of the telescopes means light arriving from different
viewing elevations encounters different amounts of dust, and stereo air showers that are closer to one
FD site than another appear higher in elevation at the telescope they are closest to, hence suffering
additional unaccounted-for light losses. We developed a first-order correction for the attenuating
effect of dust on stereo air showers, which had the effect of increasing the inferred energy deposit
of showers that landed closer to a telescope. This caused a decrease in energy balance slope and
Tret (Mref) Was found to increase by 0.002. To account for the ad hoc nature of this correction we
chose to treat the result as a bias correction of +0.001 + 0.001.

For distant air showers, some light will arrive at the FD later than other light that was emitted
from the same point on the shower axis because of multiple scattering [6]. This is typically corrected
for by scaling down the intensity of energy deposit bins to eliminate additional photons and focus
exclusively on singly scattered light. Any bias in the calculation of the correction may translate
to a bias in the energy balance slope because more distant showers are more affected. The Auger
Collaboration does not quote a systematic uncertainty on the multiple scattering correction, so for a
conservative assessment an uncertainty of +50 % was assumed. After repeating the reconstruction
of the relevant stereo events with the multiple-scattering fraction increased or decreased accordingly,
the measured Tye¢(/iref) Was found to change by +0.002.

The lateral width correction accounts for light arriving at the FD camera outside of the
integration region, caused by the intrinsic air shower width and optical point spread function of
the telescope [7]. This effect is most significant for nearby showers, and in the standard analysis
is corrected for by scaling up the energy deposit profile based on a simulation-driven model. In
the same fashion as for the multiple scattering correction, the impact of a systematic in the lateral
width correction was assessed by applying the correction at +50 % of its typical magnitude. The
measured Ty (frer) Was observed to differ by only +£0.0003. This result being so small is attributed
to the stereo events being at sufficient distances that the correction changes little.

The influences of each of these systematic effects on Tyef(fref) are collated in Tab. 1. Combining
components in quadrature, the final measurement of the mean bias in VAOD comes to 0.007 +
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Tref (Mref)
Initial result 0.009 + 0.001
Correction of intrinsic bias —-0.003 £ 0.001
Correction of FD mirror dust +0.001 + 0.001
Multiple scattering correction £50 % +0.002
Lateral width correction £50 % +0.0003

Table 1: Summary of all systematic influences on the stereo energy balance result.

0.001 (stat.) £ 0.002 (sys.). Acknowledging that other, unassessed, systematic effects may influence
the stereo energy balance technique, we chose to use this measurement as the basis of a conservative
upper limit on the possible systematic bias in VAOD, and presume reference night aerosols to be
the primary contribution to this bias. The 1 o upper limit of the measurement, 7, (href) = 0.01,
was used for this systematic uncertainty component. For comparison, the mean VAOD at /¢, prior
to the correction from this work, is 0.04. This upper limit on the bias is therefore relatively small
and demonstrates the accuracy of the DN method.

3. Reference night aerosol scale height

As previously noted, the stereo energy balance could not probe the distribution of aerosols
due to restrictions of the event geometry. As such, an alternate method was required to interrogate
H,er, and for this the Raman lidar was chosen. The Auger Raman lidar [8] measures the N, Raman
backscatter signal, among other properties, three times each night, from which the VAOD can be
evaluated. Reference nights push the limit of observational ability for Raman lidar, which rule out
direct measurement of reference night VAOD. However, these systematics do not so much affect
the “shape” of the profiles, making them still a fine choice for studying the distribution of aerosols
at low altitudes.

Eight years of Raman lidar data were analysed, with Eq. 3 fitted to the VAOD profiles in
the range from 0.7 km to 6 km AGL. This avoided an instrumental bias region at low altitude and
possible clouds at high altitude, while still covering the region in which the majority of aerosols can
be expected to be encountered. Quality cuts based on the goodness of fit excluded any profiles that
were likely to have been affected by cloud, after which remained 1072 fits for further study. Two
subsets of the data were selected: a “summer” subset comprising ~250 events from December—
February, and a “winter” subset of the same size for June—August. Almost every reference night
used by the DN method falls within the austral winter. Fig. 3a shows the fitted Hye; plotted against
the fitted Taer(hrer). Haer is seen to exhibit a seasonal dependence, reaching lower values in winter
and higher values in summer. No particular dependence on VAOD is observed, as the relationship
of Haer With Toer(firef) is quite flat. This indicates that the scale height on reference nights — which
are among the nights with the lowest aerosol loading — does not behave in any way differently to the
scale height on nights with much higher aerosol loading. From this it was inferred that reference
nights could be treated the same as all other nights when it came to estimating the average scale
height. Fig. 3b shows the distributions of fitted H,., for the summer and winter subsets, from which
the mean winter scale height, and hence reference night scale height, is seen to be Hyer = 1.5 km.
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Figure 3: Fit parameters of good-quality Raman lidar aerosol profiles. In panel (a), grey points show fit
results from all seasons, while coloured profile bins show only the seasonal subsets. Error bars on the profile
bins show the standard error of the mean.
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Figure 4: Changes in air shower energy (left) and Xp,« (right) after application of the reference night aerosol
correction. Error bars show the standard error of the mean.

4. The reference night aerosol correction

The result of the stereo energy balance cross-check was an upper limit of 0.01 on the potential
systematic bias in VAOD at h,s. We created a new VAOD uncertainty component to account
for this systematic by applying a VAOD correction of Tyer(fref) = 0.005 £ 0.005 with scale height
H,er = 1.5km. This increases all VAOD measurements while also setting the systematic uncertainty
on VAOD to at least £0.005 at h,s. The new VAOD systematic uncertainty is larger than 0.005
due to the consideration of the FD and laser calibration systematics, but overall still smaller than its
historical value. We applied the correction and renewal of systematic uncertainties to the complete
database of VAOD measurements at Auger. Changes to E and Xy« with the new VAOD database are
small but significant. Fig. 4 shows the changes in air shower energy and depth of shower maximum.
Energy increases by 2 % to 4 % on average across the range from 3 x 10'3 eV to 10%° eV, while Xax
increases by 2 gcm™2 to 4 gcm™2. Fig. 5 shows the new systematic uncertainties in these parameters
due to aerosols. The new systematic uncertainty on energy is 2 % to 4 %, which is smaller than
the previous 3 % to 6 % [7]. This decrease can be attributed to an improved understanding of the
magnitude of relevant uncertainty sources. The previous systematic uncertainty on Xpyax due to
aerosols was a few per cent, and the new systematic uncertainty is comparable to this.
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Figure 5: New systematic uncertainties in air shower energy (left) and Xy, (right) after renewal of the
VAOD correlated (systematic) uncertainty to include reference night aerosols. Error bars show the standard
error of the mean.

5. Conclusion

The stereo energy balance technique was used to place an upper limit of 0.01 on the mean bias
in VAOD at 4.5 km ASL, which is due to an uncertainty on whether the reference nights used by the
data-normalised method are aerosol free. A separate study of aerosol profiles from the independent
Raman lidar system inferred the mean scale height of aerosols on reference nights. These were
combined to create a reference night aerosol correction. The VAOD can be said to be within 0.005
of the true value on average, the mean VAOD (after correction) being 0.045. The reference night
aerosol correction is now integrated into the standard analysis and will be present in all Auger results
going forward, including those in these proceedings. Further studies are pending to cross-check this
analysis which may be able to further refine the applied correction. An upcoming publication will
provide more detail on the reviewed systematic uncertainties and the manner in which the influence
of reference night aerosols was taken into account on statistical uncertainties as well.
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