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Abstract.
The Pierre Auger Observatory’s Fluorescence Detector (FD) consists of 27 telescopes arranged in four sites
around the perimeter of the 3000 square kilometre Surface Detector (SD). Cosmic ray extensive air showers are
viewed via the nitrogen fluorescence light they induce in the atmosphere. Careful treatment of light attenuation
processes must be made, especially given that some showers are viewed at distances in excess of 30 km. Of
particular importance is the attenuation due to scattering by aerosol particles, a challenging topic given that
aerosol concentrations can vary on time-scales of hours. At the Auger Observatory, the vertical distribution
of aerosols is measured hourly with a series of bi-static lidar systems (consisting of central laser facilities and
each of the FD sites), and three times per night with a Raman lidar system. In this contribution we describe
the use of aerosol profiles in the analysis of air shower data, in particular in the estimation of the cosmic ray
primary energy, and the depth of shower maximum, Xmax. We also demonstrate how statistical and systematic
uncertainties in the aerosol concentrations propagate through to a contribution to energy and Xmax uncertainties.

1 Introduction

An observatory for ultra-high energy cosmic rays (UHE-
CRs) requires an enormous collecting area and reliable
methods for assigning arrival directions, energy and es-
timates of primary mass. The Pierre Auger Observatory
satisfies these criteria with a surface detector (SD) cov-
ering an area of 3000 square kilometres, and a comple-
mentary fluorescence detector (FD) which views the at-
mosphere above the surface array during clear, moonless
nights. The Observatory is located in western Argentina
in the province of Mendoza on an elevated plain with an
altitude of approximately 1400 m [1].

The atmosphere is both the target for the incoming pri-
mary cosmic rays and the detection medium. The exten-
sive air shower (EAS) initiated by the cosmic ray has a
footprint at ground level of tens of square kilometres al-
lowing for SD estimates of arrival direction and energy.
The longitudinal development of the EAS may be ob-
served with the FD via nitrogen fluorescence light. This
rather weak light signal (at least compared with Cherenkov
light) is emitted isotropically and in proportion to the ion-
isation energy deposited by the shower in the atmosphere.
Of importance to Auger is the emission band from 300-
400 nm accessible to the photomultipliers of the FD tele-
scopes [2]. The most energetic EAS can be observed in
fluorescence light at distances even beyond 30 km.

There is no significant atmospheric absorption of this
wavelength band in the troposphere, the layer containing
the bulk of the EAS. (Ozone absorbs in this band, but its
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effect is only important at higher altitudes). This leaves
scattering as the prime mechanism for attenuation of the
fluorescence light - scattering by molecules (Rayleigh
scattering) and by aerosols. Attenuation by Rayleigh scat-
tering is the strongest, but this can be calculated precisely
enough with a model of the atmospheric density profile
(available, for example, every three-hours via the Global
Data Assimilation System, GDAS [3]). Aerosol scatter-
ing is weaker but nonetheless important for precise EAS
measurements (see Figure 1), with the added difficulty that

Figure 1. For a vertical shower at 20 km distance, we show the
Rayleigh and aerosol transmission factors from a point on the
shower axis (specified by the height above ground, here at 1400
m.a.s.l.) to the FD. For a wavelength of 358 nm (a particular
fluorescence band), and VAOD(3km) = 0.04, a typical value.
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aerosol concentrations can change rapidly with time. The
vertical distribution of aerosols determines the shape of
the blue line in Figure 1; if this is measured incorrectly,
it can not only affect energy measurements, but also the
shape of the shower’s longitudinal profile, and hence the
measurement of the depth of maximum Xmax. A program
of aerosol monitoring is therefore of key importance.

2 Measurements of aerosols

Auger’s primary tools for measuring the effect of aerosols
are the central laser facilities (the CLF and XLF) [4].
These facilities fire 6.5 mJ pulses of 355 nm laser light ver-
tically into the atmosphere, and the scattered light is de-
tected at the four FD sites 26 km to 30 km away. This cou-
pling of vertical lasers and FD telescopes makes a series of
bi-static lidar systems capable of determining the vertical
distribution of aerosol attenuation. Two different analy-
sis methods are used to extract the vertical aerosol optical
depth as a function of height above the ground, VAOD(h) -
the so-called Data Normalised (DN) and Laser Simulation
(LS) methods [5, 6].

The starting point for both methods is the measured
light signal as a function of elevation in the FD telescope,
and with a similar profile on a “reference Rayleigh night”,
a night with an atmosphere assumed to be free of aerosols.
The DN method uses the ratio of the two light profiles to
derive VAOD(h) and the derivative of the optical depth
known as α(h), the aerosol scattering coefficient (units
m−1). A recent improvement to the algorithm corrects an
earlier simplification that assumed that light was scattered
out of the laser beam by the Rayleigh process only, and
another improvement takes account of a contribution of
multiple-scattered light to the measured signal [7, 8].

The LS method finds the best match between the mea-
sured light profile and a library of simulated profiles, gen-
erated with a variety of aerosol density profiles. In the
LS method the reference night light profile is used to nor-
malise the simulations.

A series of 50 vertical laser shots is fired every 15
minutes during FD operation from both the CLF and
the XLF, and analysis is performed to produce hourly-
averaged measurements of VAOD(h) and α(h) for each FD
station. Roughly 90% of hours use the DN approach, with
the remainder coming from the LS analysis.

2.1 Characteristics of aerosols measured at Auger

The distribution of VAOD at 3.5 km above ground level is
shown in Fig. 2 for a period of seven years from three FD
sites. The average value of this quantity is approximately
0.04, and several physics analyses (e.g. energy, Xmax) ap-
ply a cut requiring this quantity to be below 0.1.

The wavelength dependence of the aerosol attenuation
has been measured at the Auger site along a 45 km path us-
ing a broad spectrum light source and a CCD camera (the
Horizontal Attenuation Monitor, HAM [9]). The results
are consistent with a weak wavelength dependence of λ−γ

with an Angstrom coefficient γ = 0.7 ± 0.5. A fixed value

9.2.2. Aerosol Phase Function Monitors
The atmospheric scattering of both fluorescence and Cherenkov

light from extensive air showers occurs over a range of scattering
angles. The scattering angular distribution (phase function) can be
estimated analytically for the atmospheric molecular component.
For the aerosol component this function depends on the size and
shape of the aerosols [76]. The scattering function is characterized
in situ to implement a suitable parametrization of the scattering
behavior by the air shower reconstruction.

The Aerosol Phase Function Monitors use a collimated xenon
flash lamp to direct light between 350 and 390 nm horizontally
across the FD field of view at Coihueco and Los Morados. The FD
measures the light as a function of scattering angle (30–1501). An
analysis including data over several years revealed that a para-
meterization as
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describes the aerosol scattering at the Observatory site reasonably
well. The first term is a Henyey–Greenstein function [90], corre-
sponding to forward scattering, and the second term accounts for
the peak at large θ typically found in the angular distribution of
aerosol-scattered light [91]. The quantity g describes the asym-
metry of scattering, and f determines the relative strength of the
forward and backward scattering peaks. An average value of the
phase function asymmetry parameter g of 0:5670:10 is used in

the Auger air shower analysis for nights with Mie scattering. For
clear nights without any aerosols, g is set to zero. To also allow for
very small aerosol content during almost clear nights, causing only
small asymmetries in the phase function, an uncertainty of 0.2 is
estimated and attached to the value of g equals zero.

9.2.3. Horizontal Attenuation Monitor
The wavelength dependence of the aerosol attenuation is

modeled by a falling power law with an exponential parameter
γ. The value of γ varies inversely with the typical size of the aerosol
particles. In the limit of clean air, γ � 4. At the Observatory, γ is
obtained by the Horizontal Attenuation Monitor (HAM). The HAM
consists of a high intensity discharge lamp installed close to the FD
site at Coihueco. Light from this lamp is measured by a filtered
CCD camera at the Los Leones FD site, about 45 km away [76]. Total
horizontal atmospheric attenuation is measured over this path at
five wavelengths between 350 and 550 nm. The data indicate that
the atmosphere of the Observatory is quite desert-like with weak
wavelength dependence. An average γ of about 0.7 with an RMS of
0.5 is used as a parameter in the air shower reconstruction.

9.3. Installations for clouds and extinction

9.3.1. Cloud identification
The presence of clouds can alter the observed optical signatures

of an EAS and reduce the aperture of the FD. Clouds can attenuate
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Fig. 30. Difference of locally measured radiosonde data according to GDAS profiles versus height for all radio soundings performed in 2009 and 2010 (solid black dots). In
addition, the difference of the same radiosonde data to according monthly mean profiles (open red squares) are plotted. The monthly mean profiles used for this comparison
are those developed at the end of 2008, representing a totally independent dataset of local records than the plotted radiosonde data [77].
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Figure 2. Distribution of VAOD 3.5 km above ground at 355 nm
from three Auger sites over a period of 7 years [1]. Most physics
analyses require this quantity to be < 0.1.

of γ = 0.7 is used in analysis (see below for the resulting
systematic uncertainty in shower energy).

As explained below, another important parameter of
aerosol scattering is its angular dependence, described
by the normalised differential scattering cross-section (or
“phase function”) P(θ) = σ−1dσ/dΩ, the probability per
unit solid angle of a scattering angle of θ. In analysis, we
assume a form of the phase function known as a modified
Henyey-Greenstein function (see [9]) with two parameters
determining the strength of forward and back-scattering.
Experimentally, we have observed the phase function us-
ing two aerosol phase-function monitors (APFs) near the
Coihueco and Los Morados FD sites. An APF is a colli-
mated xenon flash lamp which fires a light pulse horizon-
tally across the field of view of the FD telescopes. The
telescopes then measure the scattered light at scattering
angles ranging from 30◦ to 150◦. The measured inten-
sity as a function of angle can be fitted with the sum of
Rayleigh and aerosol phase functions, see Figure 3. The
implied aerosol phase function is well fitted by the mod-
ified Henyey-Greenstein function, and in analysis we use
fixed values of its parameters, f = 0.4 and g = 0.6, derived
from the means of the measured distributions [10].

3 Reconstruction of shower energy, and
depth of shower maximum

The various steps for the reconstruction of a hybrid air
shower are described in [1]. After the geometry of the
shower axis is determined with the help of timing infor-
mation from the SD station with the largest signal, the
longitudinal development profile is constructed using the
light collected at the FD as a function of time. That light
at the detector consists of four main components: fluores-
cence light, direct Cherenkov light, and Cherenkov light
scattered by the Rayleigh process and by aerosols. The
production of fluorescence and Cherenkov light is funda-
mentally connected, and an analytical approach has been
developed to use all the measured light to derive the longi-
tudinal energy deposit profile dE/dX(X) [11].

Fluorescence light production per unit depth of atmo-
sphere is directly proportional to the energy deposited by
the air shower per unit depth, wi (using the same nota-
tion as [11]). The Cherenkov light production in a given
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aerosol concentrations can change rapidly with time. The
vertical distribution of aerosols determines the shape of
the blue line in Figure 1; if this is measured incorrectly,
it can not only affect energy measurements, but also the
shape of the shower’s longitudinal profile, and hence the
measurement of the depth of maximum Xmax. A program
of aerosol monitoring is therefore of key importance.

2 Measurements of aerosols

Auger’s primary tools for measuring the effect of aerosols
are the central laser facilities (the CLF and XLF) [4].
These facilities fire 6.5 mJ pulses of 355 nm laser light ver-
tically into the atmosphere, and the scattered light is de-
tected at the four FD sites 26 km to 30 km away. This cou-
pling of vertical lasers and FD telescopes makes a series of
bi-static lidar systems capable of determining the vertical
distribution of aerosol attenuation. Two different analy-
sis methods are used to extract the vertical aerosol optical
depth as a function of height above the ground, VAOD(h) -
the so-called Data Normalised (DN) and Laser Simulation
(LS) methods [5, 6].

The starting point for both methods is the measured
light signal as a function of elevation in the FD telescope,
and with a similar profile on a “reference Rayleigh night”,
a night with an atmosphere assumed to be free of aerosols.
The DN method uses the ratio of the two light profiles to
derive VAOD(h) and the derivative of the optical depth
known as α(h), the aerosol scattering coefficient (units
m−1). A recent improvement to the algorithm corrects an
earlier simplification that assumed that light was scattered
out of the laser beam by the Rayleigh process only, and
another improvement takes account of a contribution of
multiple-scattered light to the measured signal [7, 8].

The LS method finds the best match between the mea-
sured light profile and a library of simulated profiles, gen-
erated with a variety of aerosol density profiles. In the
LS method the reference night light profile is used to nor-
malise the simulations.

A series of 50 vertical laser shots is fired every 15
minutes during FD operation from both the CLF and
the XLF, and analysis is performed to produce hourly-
averaged measurements of VAOD(h) and α(h) for each FD
station. Roughly 90% of hours use the DN approach, with
the remainder coming from the LS analysis.

2.1 Characteristics of aerosols measured at Auger

The distribution of VAOD at 3.5 km above ground level is
shown in Fig. 2 for a period of seven years from three FD
sites. The average value of this quantity is approximately
0.04, and several physics analyses (e.g. energy, Xmax) ap-
ply a cut requiring this quantity to be below 0.1.

The wavelength dependence of the aerosol attenuation
has been measured at the Auger site along a 45 km path us-
ing a broad spectrum light source and a CCD camera (the
Horizontal Attenuation Monitor, HAM [9]). The results
are consistent with a weak wavelength dependence of λ−γ

with an Angstrom coefficient γ = 0.7 ± 0.5. A fixed value

9.2.2. Aerosol Phase Function Monitors
The atmospheric scattering of both fluorescence and Cherenkov

light from extensive air showers occurs over a range of scattering
angles. The scattering angular distribution (phase function) can be
estimated analytically for the atmospheric molecular component.
For the aerosol component this function depends on the size and
shape of the aerosols [76]. The scattering function is characterized
in situ to implement a suitable parametrization of the scattering
behavior by the air shower reconstruction.

The Aerosol Phase Function Monitors use a collimated xenon
flash lamp to direct light between 350 and 390 nm horizontally
across the FD field of view at Coihueco and Los Morados. The FD
measures the light as a function of scattering angle (30–1501). An
analysis including data over several years revealed that a para-
meterization as
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describes the aerosol scattering at the Observatory site reasonably
well. The first term is a Henyey–Greenstein function [90], corre-
sponding to forward scattering, and the second term accounts for
the peak at large θ typically found in the angular distribution of
aerosol-scattered light [91]. The quantity g describes the asym-
metry of scattering, and f determines the relative strength of the
forward and backward scattering peaks. An average value of the
phase function asymmetry parameter g of 0:5670:10 is used in

the Auger air shower analysis for nights with Mie scattering. For
clear nights without any aerosols, g is set to zero. To also allow for
very small aerosol content during almost clear nights, causing only
small asymmetries in the phase function, an uncertainty of 0.2 is
estimated and attached to the value of g equals zero.

9.2.3. Horizontal Attenuation Monitor
The wavelength dependence of the aerosol attenuation is

modeled by a falling power law with an exponential parameter
γ. The value of γ varies inversely with the typical size of the aerosol
particles. In the limit of clean air, γ � 4. At the Observatory, γ is
obtained by the Horizontal Attenuation Monitor (HAM). The HAM
consists of a high intensity discharge lamp installed close to the FD
site at Coihueco. Light from this lamp is measured by a filtered
CCD camera at the Los Leones FD site, about 45 km away [76]. Total
horizontal atmospheric attenuation is measured over this path at
five wavelengths between 350 and 550 nm. The data indicate that
the atmosphere of the Observatory is quite desert-like with weak
wavelength dependence. An average γ of about 0.7 with an RMS of
0.5 is used as a parameter in the air shower reconstruction.

9.3. Installations for clouds and extinction

9.3.1. Cloud identification
The presence of clouds can alter the observed optical signatures

of an EAS and reduce the aperture of the FD. Clouds can attenuate
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Fig. 30. Difference of locally measured radiosonde data according to GDAS profiles versus height for all radio soundings performed in 2009 and 2010 (solid black dots). In
addition, the difference of the same radiosonde data to according monthly mean profiles (open red squares) are plotted. The monthly mean profiles used for this comparison
are those developed at the end of 2008, representing a totally independent dataset of local records than the plotted radiosonde data [77].
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Figure 2. Distribution of VAOD 3.5 km above ground at 355 nm
from three Auger sites over a period of 7 years [1]. Most physics
analyses require this quantity to be < 0.1.

of γ = 0.7 is used in analysis (see below for the resulting
systematic uncertainty in shower energy).

As explained below, another important parameter of
aerosol scattering is its angular dependence, described
by the normalised differential scattering cross-section (or
“phase function”) P(θ) = σ−1dσ/dΩ, the probability per
unit solid angle of a scattering angle of θ. In analysis, we
assume a form of the phase function known as a modified
Henyey-Greenstein function (see [9]) with two parameters
determining the strength of forward and back-scattering.
Experimentally, we have observed the phase function us-
ing two aerosol phase-function monitors (APFs) near the
Coihueco and Los Morados FD sites. An APF is a colli-
mated xenon flash lamp which fires a light pulse horizon-
tally across the field of view of the FD telescopes. The
telescopes then measure the scattered light at scattering
angles ranging from 30◦ to 150◦. The measured inten-
sity as a function of angle can be fitted with the sum of
Rayleigh and aerosol phase functions, see Figure 3. The
implied aerosol phase function is well fitted by the mod-
ified Henyey-Greenstein function, and in analysis we use
fixed values of its parameters, f = 0.4 and g = 0.6, derived
from the means of the measured distributions [10].

3 Reconstruction of shower energy, and
depth of shower maximum

The various steps for the reconstruction of a hybrid air
shower are described in [1]. After the geometry of the
shower axis is determined with the help of timing infor-
mation from the SD station with the largest signal, the
longitudinal development profile is constructed using the
light collected at the FD as a function of time. That light
at the detector consists of four main components: fluores-
cence light, direct Cherenkov light, and Cherenkov light
scattered by the Rayleigh process and by aerosols. The
production of fluorescence and Cherenkov light is funda-
mentally connected, and an analytical approach has been
developed to use all the measured light to derive the longi-
tudinal energy deposit profile dE/dX(X) [11].

Fluorescence light production per unit depth of atmo-
sphere is directly proportional to the energy deposited by
the air shower per unit depth, wi (using the same nota-
tion as [11]). The Cherenkov light production in a given

atically between these FD sites. In contrast, optical depths mea-
sured at nearly equal altitudes, such as Los Leones and Los Mor-
ados (1420 m), are quite similar.

Unlike for the molecular atmosphere, it is not possible to as-
sume a horizontally uniform distribution of aerosols across the
Observatory. To handle the non-uniformity of aerosols between
sites, the FD reconstruction divides the array into aerosol ‘‘zones”
centered on the midpoints between the FD buildings and the CLF.
Within each zone, the vertical distribution of aerosols is treated
as horizontally uniform by the reconstruction (i.e., Eq. (2) is
applied).

5.2. Scattering measurements

Aerosol scattering is described by the phase function PaðhÞ,
and the hybrid reconstruction uses the functional form given
in Eq. (10). As explained in Section 3.2.3, the aerosol phase func-

tion for each hour must be determined with direct measure-
ments of scattering in the atmosphere, which can be used to
infer the backscattering and asymmetry parameters f and g of
PaðhÞ.

At the Auger Observatory, these quantities are measured by two
Aerosol Phase Function monitors, or APFs, located about 1 km from
the FD buildings at Coihueco and Los Morados [22]. Each APF uses a
collimated Xenon flash lamp to fire an hourly sequence of 350 nm
and 390 nm shots horizontally across the FD field of view. The
shots are recorded during FD data acquisition, and provide a mea-
surement of scattering at angles between 30� and 150�. A fit to the
horizontal track seen by the FD is sufficient to determine f and g.
The APF light signal from two different nights is depicted in
Fig. 11, showing the total phase function fit and PaðhÞ after the
molecular component has been subtracted.

The phase function asymmetry parameter g measured at Coihu-
eco between June 2006 and July 2008 is shown in Fig. 12. The value
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Figure 3. APF light intensity as a function of scattering angle for two nights, one essentially aerosol-free (left), and one more typical
(right) [9]. Data are fitted with a sum of phase functions: molecular (Rayleigh) Pm(θ) and aerosol Pa(θ). Note the predominant
forward-scattering peak in Pa(θ) in the right-hand plot.

depth interval is proportional to the number of electrons
and positrons with energies above the Cherenkov thresh-
old energy, Nc

i . Importantly, wi and Nc
i are related by a

function describing the energy loss of an electron of en-
ergy E, and the energy distribution of electrons as a func-
tion of shower age, both straightforward to evaluate with
very little model dependence (see [11] for references).

Each of the four light components also have an angu-
lar dependence for emission (including the isotropic emis-
sion of the fluorescence). The angular distributions of
scattered Cherenkov light are governed by the differen-
tial scattering cross-sections (phase functions) related to
Rayleigh and aerosol scattering. We use the Rayleigh
phase function from Bucholtz [9, 12] and the modified
Henyey-Greenstein function for aerosols (section 2.1).

The goal of the profile reconstruction is to explain
the received light at the telescope as the sum of these
four components, thus yielding a solution for the energy
deposit profile along the shower axis, dE/dX(X). The
aerosol information is used in two ways. It is used to
calculate the aerosol attenuation of the light along vari-
ous paths (e.g. from the shower axis to the telescope,
or the attenuation of the growing Cherenkov beam along
the shower axis). The aerosol scattering coefficient α and
the phase function are also used to calculate the amount
of aerosol-scattered Cherenkov light expected at the tele-
scope from a particular point. An example (rather nice)
shower profile is shown in Figure 4. The reconstructed
dE/dX(X) points are fitted with a Gaisser-Hillas (G-H)
profile to take account of energy deposit outside the tele-
scope field of view. The G-H function is then integrated
over depth to get the “calorimetric” energy of the cas-
cade, and the peak of the profile is Xmax used in mass-
composition studies. The primary cosmic ray energy is
determined by adding a small (∼ 15%) “invisible” energy
correction to the calorimetric energy [13].

4 Statistical and systematic uncertainties

4.1 Errors relating to VAOD

The measured laser light profiles are accompanied with
“correlated” and “uncorrelated” errors (listed in Table 1),

Correlated Uncorrelated
Relative FD calibration 2% 4%
Relative laser energy (CLF) 1 − 2.5% 2%
Relative laser energy (XLF) 1% 2%
Reference clean night 3% -
Atmospheric variations - ∼ 3%

Table 1. Errors relevant to the calculation of VAOD from
CLF/XLF laser profiles at the FD. See text and [14] for details.

which propagate through to systematic and statistical er-
rors in the VAOD, and to quantities such as shower energy
and Xmax. Correlated errors are correlated across a sample
of EAS, while uncorrelated errors could vary in magnitude
and sign from one EAS to the next.

Since both methods for measuring the VAOD (DN and
LS) use a reference night, we are not sensitive to system-
atic errors in the absolute laser or FD calibration, but we
must take care of possible drifts in the relative calibrations
between the reference night and the night in question. This
is the origin of the “correlated” errors in the first three rows
of Table 1. The “uncorrelated” errors for these rows relate
to statistical uncertainties in the FD calibration during the
night, and of the laser pulse energy. A 3% correlated error
relates to the statistical uncertainty of the light profile on
the reference night; and an additional uncorrelated error
relates to the statistical variation of the four quarter-hour
average light profiles taken over a given hour. This is mea-
sured and is typically ∼ 3%. See [14] for a plot of a typ-
ical VAOD profile including correlated and uncorrelated
errors.

The correlated VAOD errors lead to a systematic error
in shower energy which is energy dependent, ranging from
3 − 6% (from 1018 eV to the highest energies). The uncor-
related VAOD errors also lead to a 3 − 6% contribution to
the resolution of energy measurements [15].

4.2 Other aerosol uncertainties

Other aerosol-related uncertainties have also been prop-
agated through to systematic uncertainties in shower en-
ergy. Uncertainties in the shape of the aerosol phase func-
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10.5. Profile reconstruction

Once the geometry of the shower is known, the light collected at
the aperture as a function of time can be converted to the energy
deposited by the shower as a function of slant depth. For this
purpose, the light attenuation from the shower to the detector needs

to be accounted for and all contributing light sources need to be
disentangled: fluorescence light [81], direct and scattered Cherenkov
light [103,104] as well as multiply scattered light [105–107].

The proportionality between the fluorescence intensity and the
energy deposit is given by the fluorescence yield. A good knowl-
edge of its absolute value as well as its dependence on wavelength,
temperature, pressure and humidity is essential to reconstruct the
longitudinal profile. We use the most precise of the measurements
available to date (cf. [108]) as provided by the Airfly Collaboration
[109,110].

The Cherenkov and fluorescence light produced by an air shower
are connected to the energy deposit by a linear set of equations and
therefore the shower profile is obtained by an analytic linear least
squares minimization [111]. Due to the lateral extent of air showers,
a small fraction of shower light is not contained within the optimal
light collection area. To correct this, the universal lateral fluores-
cence [112] and Cherenkov light [113] distributions must be taken
into account. The full longitudinal energy deposit profile and its
maximum ðdE=dXÞmax at depth X ¼ Xmax are estimated by fitting a
Gaisser–Hillas function [114]:

f GHðXÞ ¼
dE
dX

� �

max

X�X0

Xmax�X0

� �ðXmax �X0Þ=λ

eðXmax �XÞ=λ ð8Þ

to the photoelectrons detected in the PMTs of the FD cameras. For
this purpose, a log-likelihood fit is used in which the number of
photoelectrons detected by the PMTs of the FD cameras is com-
pared to the expectation from Eq. (8) after folding it with the light
yields, atmospheric transmission, lateral distributions and detector
response. The two shape parameters X0 and λ are constrained to
their average values to allow for a gradual transition from a two- to
a four-parameter fit depending on the observed track length and
number of detected photons of the respective event (cf. [111]).

Finally, the calorimetric energy of the shower is obtained by
integrating Eq. (8) and the total energy is estimated by correcting
for the “invisible energy” carried away by neutrinos and high
energy muons [115]. An example of the measured light at aperture
and the reconstructed light contributions, and energy deposit
profile is shown in Fig. 34(a) and (b).

11. SD event reconstruction

The reconstruction of the energy and the arrival direction of the
cosmic rays producing air showers that have triggered the surface
detector array is based on the sizes and times of signals registered
from individual SD stations. At the highest energies, above 10 EeV,
the footprint of the air shower on the ground extends over more
than 25 km2. By sampling both the arrival times and the deposited
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Fig. 32. Geometry of an air shower within the shower detector plane.

Fig. 33. Geometry reconstruction of an event observed by four telescopes and the
surface detector.
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Fig. 34. Example of a reconstructed shower profile. (a) Light at aperture. (b) Energy deposit.
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Figure 4. An example of shower profile reconstruction. The left plot shows the light received at the telescope aperture as a function of
time, with the reconstructed direct and scattered Cherenkov contributions indicated, as well as a small contribution of multiple-scattered
light. The difference between the “total” and the named components is the reconstructed fluorescence light at the aperture. On the right
is the reconstructed energy deposit profile, together with a fit of the Gaisser-Hillas function. From [1].

tion lead to a systematic of 1%, and uncertainties in the
wavelength dependence of aerosol scattering contribute a
systematic of only 0.5%. All of the aerosol uncertainties
mentioned here contribute to the overall systematic un-
certainty in energy (along with calibration, fluorescence
yield, reconstruction etc.) of 14%, and a typical statistical
uncertainty of 17 − 12% (energy dependent) [15].

For Xmax, the systematic effects of all atmospheric pa-
rameters have been combined, and are shown as a function
of energy in Figure 5. The atmosphere is the dominating
source of the systematic at the highest energies, contribut-
ing between approximately −4 and +8 g/cm2. The aerosol
contribution to the Xmax resolution is up to 10 g/cm2 at the
highest energies, a significant contributor to the total reso-
lution of 15 g/cm2 at those energies [16].

5 Conclusions
We have discussed the primary techniques used to char-
acterise the distribution of light-attenuating aerosol par-
ticles above the Pierre Auger Observatory, and how that
information is used to correct fluorescence detector ob-
servations of EAS energy and Xmax. Unfortunately, it has
not been possible to describe other techniques used at the
Observatory for aerosol characterisation. Luckily, two of
those methods, the Raman Lidar and FRAM, are being
presented separately at this conference [17, 18].

the Xmax scale uncertainty are discussed in the following.
The full covariance matrix of the Xmax scale uncertainty is
available at [89].
f. Detector calibration The uncertainties in the relative

timing between the FD sites and SD stations, the optical
alignment of the telescopes and the calibration of the
absolute gains of photomultipliers of the cameras have
been found to give only a minor contribution to the Xmax
scale uncertainty. Their overall contribution is estimated to
be less than 3 g=cm2 by evaluating the stability of the Xmax
reconstruction under a variation of the relative timing by its
uncertainty of �100 ns [90], using different versions of the
gain calibration and by application of an independent set of
alignment constants (cf. Sec. VI A).
g. Reconstruction The reconstruction algorithms

described in Sec. III are tested by studying the average
difference between the reconstructed and generated Xmax
for simulated data. The Xmax bias is found to be less than
3.5 g=cm2 and is corrected for during data analysis. The
dependence of the results on the particular choice of
function fitted to the longitudinal profile has been checked
by replacing the Gaisser-Hillas function from Eq. (5) by a
Gaussian distribution in shower age s ¼ 3X=ðX þ 2XmaxÞ,
yielding compatible results within 4 g=cm2 for either of the
variants proposed in [91] and [92]. Furthermore, we tested
the influence of the constraints hX0i and hλi used in the
Gaisser-Hillas fit by altering their values by the standard
deviations given in Sec. III, which changes the Xmax on
average by less than 3.7 g=cm2. Since the values obtained
in these three studies (bias of simulated data, Gaussian in
age and variation of constraints) are just different ways of
assessing the same systematic effect, we do not add them in
quadrature but assign the maximum deviation of 4 g=cm2

as an estimate of the Xmax scale uncertainty originating
from the event reconstruction.
In addition to this validation of the reconstruction of the

longitudinal shower development, we have also studied our

understanding of the lateral distribution of fluorescence
and Cherenkov light and its image on the FD cameras.
For this purpose, the average of the light detected outside
the collection angle ζopt in data is compared to the amount
of light expected due to the point spread function of the
optical system and the lateral distribution of the light from
the shower. We find that the fraction of light outside ζopt is
larger in data than in the expectation and that the ratio
of observed-to-expected light depends on shower age.
The corresponding correction of the data during the
reconstruction leads to a shift of Xmax of þ8.3 g=cm2 at
1017.8 eV which decreases to þ1.3 g=cm2 at the highest
energies. Since the reason for the mismatch between the
observed and expected distribution of the light on the
camera is not understood, the full shift is included as a one-
sided systematic uncertainty. With the help of simulated
data we estimated the precision with which the lateral-light
distribution can be measured. This leads to a total uncer-
tainty from the knowledge of the lateral-light distribution
of þ4.7

−8.3 g=cm2 at 1017.8 eV and þ2.1
−1.3 g=cm2 at the highest

energies.
h. Atmosphere The absolute yield of fluorescence-light

production of air showers in the atmosphere is known with
a precision of 4% [71]. The corresponding uncertainty of
the relative composition of fluorescence and Cherenkov
light leads to an uncertainty on the shape of the recon-
structed longitudinal profiles and an Xmax uncertainty of
0.4 g=cm2. Moreover, the uncertainty in the wavelength
dependence of the fluorescence yield introduces an Xmax
uncertainty of 0.2 g=cm2. The amount of multiply scattered
light to be taken into account during the reconstruction
depends on the shape and size of the aerosols in the
atmosphere. In [93] the systematic effect on the Xmax scale
has been estimated to be ≤ 2 g=cm2. The systematic
uncertainty of the measurement of the aerosol concentra-
tion and its horizontal uniformity are discussed in
[46,48,83]. They give rise to an energy-dependent system-
atic uncertainty of Xmax, since high-energy showers can
be detected at large distances and have a correspondingly
larger correction for the light transmission between the
shower and the detector. Thus, at the highest energies
the Xmax scale uncertainty is dominated by uncertainty of
the atmospheric monitoring, contributing þ7.8

−4.2 g=cm2 in the
last energy bin.

B. Xmax moments

The systematic uncertainties of hXmaxi and σðXmaxÞ
are dominated by the Xmax scale uncertainty and by the
uncertainty of the Xmax resolution, respectively, which have
been discussed previously (Secs. VIII and VI).
In addition, the uncertainties of the parameters of the

Xmax acceptance, Eq. (7), are propagated to obtain the
corresponding uncertainties of the moments leading to
≤ 1.5 g=cm2 and ≤ 2.7 g=cm2 for hXmaxi and σðXmaxÞ,
respectively.

FIG. 7. Systematic uncertainties in the Xmax scale as a function
of energy.

A. AAB et al. PHYSICAL REVIEW D 90, 122005 (2014)

122005-14

Figure 5. Systematic uncertainty in Xmax as a function of energy.
The aerosol uncertainties are the major part of the curves labelled
“atmosphere” [16].
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