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The task
• 3000 square kilometres

• surface and fluorescence detectors (SD, 
FD)

• FD sets energy scale of Observatory; 
systematic uncertainty 14%

• Most atmospheric tasks related to FD, but 
SD needs some atmospheric corrections

2



Xth Rencontres du Vietnam, Quy Nhon August 20143

Reconstructing the air shower



FD (hybrid) Reconstruction
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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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Key FD Systematic Uncertainties
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SYSTEMATIC 
UNCERTAINTIES ON 

THE SD ENERGY SCALE  

 FD uncertainties correlated  
between different showers 
propagate entirely to SD 

energies 

Total ≈ 14% 

~ independent 
of energy 

Absolute fluorescence yield 3.4% 

Fluores. spectrum and quenching param. 1.1% 

Sub total (Fluorescence Yield) 3.6% 
Aerosol optical depth 3% ÷ 6% 

Aerosol phase function 1% 

Wavelength dependence of aerosol scattering 0.5% 

Atmospheric density profile 1% 

Sub total (Atmosphere) 3.4% ÷ 6.2% 
Absolute FD calibration 9% 

Nightly relative calibration  2% 

Optical efficiency  3.5% 

Sub total (FD calibration)  9.9% 
Folding with point spread function 5% 

Multiple scattering model 1% 

Simulation bias 2% 

Constraints in the Gaisser-Hillas fit 3.5% ÷ 1% 

Sub total (FD profile rec.)  6.5% ÷ 5.6% 
Invisible energy 3% ÷ 1.5% 
Statistical error of the SD calib. fit 0.7% ÷ 1.8% 
Stability of the energy scale   5% 
TOTAL 14% 

Energy (ICRC 2013)

atmosphere, the fluorescence and surface detector. The
simulated events are reconstructed with the same algorithm
as the data and the same selection criteria are applied.
The acceptance is calculated from the ratio of selected to
generated events.
The shape of the longitudinal energy-deposit profiles

of air showers at ultrahigh energies is, to a good approxi-
mation, universal, i.e., it does not depend on the primary-
particle type or details of the first interaction [77].
Therefore, after marginalizing over the distances to the
detector and the arrival directions of the events, the
acceptance depends only on Xmax and the calorimetric
energy, but not on the primary mass or hadronic interaction
model. For practical reasons, and since the calorimetric
energies of different primaries with the same total energy
are predicted to be within !3.5% [78], we studied the
acceptance as a function of total energy and Xmax.
In the lower panel of Fig. 5 an example of the acceptance

with and without fiducial field-of-view cuts is shown. Since
for the purpose of the measurement of the Xmax distribution
only the shape of the acceptance is important, the curves
have been normalized to give a maximum acceptance
of 1. For comparison, the distribution of Xmax after the
full selection is shown in the upper panel of the figure. As
can be seen, the acceptance after application of fiducial cuts
is constant over most of the range covered by the selected
events. The acceptance without fiducial selection exhibits
a constant part too, but it does not match the range of

measured events well because it starts to depart from unity
already at around the mode of the measured distribution.
Numerically, the Xmax acceptance can be parametrized

by an exponentially rising part, a central constant part and
an exponentially falling part,

εrelðXmaxÞ ¼

8
>><

>>:

eþ
Xmax−x1

λ1 ;Xmax ≤ x1;

1 ; x1 < Xmax ≤ x2;

e−
Xmax−x2

λ2 ;Xmax > x2;

ð7Þ

with energy-dependent parameters ðx1; λ1; x2; λ2Þ that are
listed in Table II. The uncertainties given in this table are a
combination of statistical and systematic uncertainties. The
former are due to the limited number of simulated events
and the latter are an estimate of the possible changes of
the acceptance due to a mismatch of the optical efficiency,
light production and atmospheric transmission between
data and simulation. The energy scale uncertainty of 14%
[61] gives an upper limit on the combined influence of
these effects and therefore the systematic uncertainties have
been obtained by reevaluating the acceptance for simulated
events with an energy shifted by !14%.

VI. THE RESOLUTION OF Xmax

Besides the acceptance, another important ingredient
in the measurement equation, cf. Eq. (4), is the Xmax
resolution which determines the broadening of the original
distribution by the statistical fluctuations of Xrec

max around
the true Xmax. The energy evolution of the Xmax resolution
is shown in Fig. 6 where the band denotes its systematic
uncertainty. As can be seen, the total Xmax resolution is
better than 26 g=cm2 at 1017.8 eV and decreases with
energy to reach about 15 g=cm2 above 1019.3 eV. In the
following we briefly discuss the individual contributions to
the Xmax resolution.

FIG. 5. Upper panel: Measured Xmax distribution [full selection,
19.0 < lgðE=eVÞ < 19.1]. Lower panel: Relative acceptance
after quality cuts only (open markers) and after quality and
fiducial cuts (filled markers). The parametrizations with Eq. (7)
are indicated by lines.

FIG. 6. Xmax resolution as a function of energy. Bands denote
the estimated systematic uncertainties.
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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)
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• competition between excitation and quenching

• quenching by nitrogen, oxygen and water

• temperature dependence includes collision probability & 
cross-sections

• AIRFLY measurements of coefficients, now much better 
known

FD ENERGY SCALE 
fluorescence photons 

dE 
dX 

energy 
deposit 

Fluorescence yield!
!

Atmosphere!
!

FD calibration!

up to 30 km 

⇒ Ecal =
dE
dX
dX∫

slant depth 
X [g/cm2]  

⇒ Einv
E = Ecal +Einv

2"

dE/dX reconstruction!
!

Invisible energy (ν, µ, ..)!

Improvements in each sector of the reconstruction:!
!

  impact on the energies!
  systematic uncertainties correlated and uncorrelated among  
     different showers (crucial to correctly propagate the FD    
     uncertainties to SD energies) 

Fluorescence yield and the atmosphere

2.2. Temperature measurements

A special temperature chamber was constructed for the
temperature measurements; see Fig. 1. It consisted of a stainless
steel pipe with two horizontal arms and one vertical arm. The
electron beam entered and exited the chamber through 100mm
thick aluminum windows. One horizontal arm had a stainless
steel plate blankoff, and the other had the same quartz window as
the pressure chamber. The gas length traversed by the electron
beam in the temperature chamber was approximately 220 mm.

The vertical arm of the temperature chamber contained feed-
thrus for five sensors: two relative humidity (moisture) sensors
(Sensorika HS 2Ta [14]), a pressure sensor (Sensortechnics
BT/PTU7000 [16]), and two temperature sensors (Sensorika Pt
10000 [14]). The humidity and pressure sensors were located near
the vacuum flange with the feed-thrus, about 120 mm above the
beam line. One temperature sensor was near beam height, but
offset perpendicular to the beam and away from the quartz
window about 3 cm, and the other was approximately 70 mm
above beam height. Signals from all sensors were collected in a
portable data acquisition system including a calibrated signal
converter, and then sent to a PC to monitor the chamber
conditions.

The temperature chamber body was enclosed in a polystyrene
box with aluminum supporting structure. The box was filled with
dry ice ðCO2Þ for cooling of the chamber down to #40 $C. A 2 m
long strip heater (48 V, 325 W) wrapped around the chamber body
was used to regulate the temperature inside.

In order to avoid buildup of frost on the quartz window, a
protective drum and pipe were added to the temperature
chamber. These covered the window and end of the optical fiber.
Boil-off gas from a liquid nitrogen dewar was continuously fed
through the protective drum and pipe system.

The same remotely controlled vacuum and gas handling
system, silica core optical fiber, Faraday cup, and spectrograph
were used as for the humidity measurements.

Measurements were performed by filling the chamber at room
temperature with % 1000 hPa of dry air. The temperature was
changed after sealing the chamber, thus keeping the air density
constant. We checked that the pressure and temperature were
indeed proportional during the measurements. An uncertainty of
2% on the beam current also applies to the temperature
dependence measurements.

3. Temperature dependence

Fluorescence yield measurements were performed in the
temperature range between 240 and 310 K in dry air. After
allowing for temperature to stabilize in the chamber, a fluores-
cence spectrum was taken. The fluorescence band intensities were
estimated by integrating the CCD counts in a wavelength interval
around each band. A detailed account of the procedure can be
found in Ref. [6]. For each fluorescence band l, the corresponding
fluorescence signal SairðlÞ was obtained from the ratio of the
number of counts in the band interval to the beam current.

The temperature dependence of the fluorescence signal of the
313.6, 337.1, 353.7 and 391.4 nm bands is shown in Fig. 2, together
with the result of a fit to the data (full lines) with the following
ansatz in Eq. (1):

HlðTÞ
HlðT0Þ

¼
T
T0

! "al
. (3)

The w2=n df of the fits was around 0.5. The dashed lines in
Fig. 2 represent the expectations for al ¼ 0, that is no
temperature dependence of the collisional cross-sections, which
has been so far assumed in the application of fluorescence yield
measurements to fluorescence detection of ultra high energy
cosmic rays. The fitted values of al are reported in Table 1. The
AIRFLY measurements show a sizable temperature dependence of
the fluorescence yield, contrary to the usual assumption. Also, the
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Fig. 2. Temperature dependence of the air fluorescence signal for the 313.6, 337.1, 353.7 and 391.4 nm bands. Uncertainties are given by the quadrature sum of the
statistical uncertainty on the fluorescence signal with the uncertainty on the beam current. Full lines are the result of a fit with a temperature dependence model for the
collisional cross-sections, while dashed lines are the expectations for no temperature dependence of the collisional cross-sections.
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value of al appears to depend on the wavelength band, with the
391.4 nm band being significantly different from the others.

4. Humidity dependence

Fluorescence yield measurements were performed for relative
humidity ranging from 0% to almost 100% corresponding to water
vapor partial pressures ph up to about 25 hPa. After allowing
humidity to stabilize in the chamber, a fluorescence spectrum was
taken. For each fluorescence band l, the corresponding fluores-
cence signal SairðlÞ was obtained from the ratio of the number of
counts in the band interval to the beam current. The beam current
was measured several times during the run with a Faraday cup
placed inside the beam pipe. The measured fluorescence signal as
a function of the water vapor partial pressure ph for the 313.6,
337.1, 353.7 and 391.4 nm bands is shown in Fig. 3, together with
the result of a fit to the data using Eq. (2). The fitted values of the
water vapor collisional quenching pressure p0H2O are reported in
Table 1. Notice that the quenching effect of water vapor is not
negligible, resulting in about 20% decrease of the fluorescence
yield for RH ¼ 100%.

5. Implications for the fluorescence detection of ultra high
energy cosmic rays

Experiments employing the fluorescence technique for the
detection of ultra high energy cosmic rays have so far assumed
al ¼ ph ¼ 0 in the treatment of fluorescence yield. The AIRFLY
results presented in Sections 3 and 4 do not support this
assumption. In fact, neglecting temperature and humidity effects
on the fluorescence yield introduces a sizeable bias in the energy
estimation of EAS. In Fig. 4, the ratio of the fluorescence yield with
al from Table 1 to the one with al ¼ 0 is shown as a function of
altitude. All yields were normalized to have the same value at
ground level, and the U.S. 1976 Standard Atmosphere [17] was
used to calculate the pressure and temperature at a given altitude.
It appears from Fig. 4 that neglecting the temperature dependence
results in an overestimation of the fluorescence yield by an
amount going up to $ 20% for the 391.4 nm band.

We also investigated the bias introduced by neglecting the
humidity effect on the fluorescence yield. We expect the effect to
be more important for satellite experiments which will detect
showers over the oceans. In Fig. 5, the ratio of the fluorescence
yield with p0H2O from Table 1 to the one with ph ¼ 0 is shown as a
function of altitude, assuming a humidity profile over oceans as
given in Ref. [18]. The effect of humidity is sizeable up to about
5 km altitude.

A full estimate of the effect of neglecting temperature and
humidity in the fluorescence yield on the EAS energy measure-
ment would need a detailed study, including the EAS energy
deposit as a function of altitude, the wavelength dependent
attenuation of the emitted fluorescence light in the atmosphere
and the sensitivity of the fluorescence detectors. This goes beyond
the scope of this paper. On the other hand, the experimental
accuracy on the energy estimation of EAS with the fluorescence
detection technique asks for a systematic uncertainty on the
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Table 1
Summary of measured temperature and humidity dependence parameters for a
selected group of air fluorescence bands

l (nm) al p0H2O (hPa)

313.6 %0:09& 0:10 1:21& 0:13
337.1 %0:36& 0:08 1:28& 0:08
353.7 %0:21& 0:09 1:27& 0:12
391.4 %0:80& 0:09 0:33& 0:03
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Fig. 3. Air fluorescence signal as a function of water vapor partial pressure (relative humidity on the top axis) for the 313.6, 337.1, 353.7 and 391.4 nm bands.
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The pressure dependence of the spectrum lines was fitted with
Eq. (9), and good agreement between model and data was found.
As an example, the measured I353:7 for the 2P(1,2)-transition is
shown in Fig. 4. The deviation from a constant line reflects the
difference in the quenching reference pressures.

Notice that the calibration of the spectral response of the
spectrograph only affects the fitted value of the parameter C. This
reduces systematic uncertainties, although the uncertainty of p0337

needs to be propagated. The measured quenching reference
pressures are summarized in Table 2. Due to limited counting
statistics, the reference pressures of nine weak lines could not be
measured. The measured reference pressure of spectrum lines that
share the same initial state and whose contamination by other lines
is small are similar. This confirms the expectation of Section 2.

6. Discussion

The set of AIRFLY measurements summarized in this paper
yields the most comprehensive parametrization of the pressure
dependence of the fluorescent spectrum. A detailed discussion on
the application of AIRFLY data to the fluorescence detection
technique of EAS is found in Ref. [6].

The AIRFLY spectrum is significantly more precise compared to
prior experiments, which were limited by coarser spectrograph
resolution [9] or relied on optical filters [7,8]. For comparison with
previous measurements, the total fluorescence yield between 300
and 400 nm can be used, because this was also measured by
Refs. [12,13] with broad-band optical filters. The ratio of the total
fluorescence yield in the range 300–400 nm as measured by other
experiments to the one measured by AIRFLY is shown as a
function of altitude in Fig. 5. All yields were normalized to have
the same value at ground level. The total yields of Bunner [9] and
Belz et al. [12] are in very good agreement with AIRFLY, but
Kakimoto et al. [7], Nagano et al. [8], and Colin et al. [13] present
significant deviations, which reflect the systematically higher
values of p0 measured by these experiments.

7. Conclusions

A high-resolution measurement of the fluorescence spectrum
of molecular nitrogen excited by 3 MeV electrons has been made
in dry air. The intensities of 34 clearly identified spectral lines
have been reported and were found to be in good agreement with
theoretical predictions using Einstein coefficients.

The pressure dependence of the fluorescence spectrum in dry air
has been measured from a few hPa to atmospheric pressure.
Particular care was taken to avoid the bias introduced by secondary
electrons escaping the field of view, by using ratios of measured
intensities as a function of pressure. Quenching reference pressures of
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Table 2
Collisional quenching reference pressures in dry air at 293 K

Band l (nm) p0airðlÞ (hPa)

2P(0,0) 337.1 15:89# 0:73
2P(0,1) 357.7 15:39# 0:25# 0:72
2P(0,2) 380.5 16:51# 0:48# 0:72
2P(0,3) 405.0 17:8# 1:5# 0:8

2P(1,0) 315.9 11:88# 0:31# 0:62
2P(1,1) 333.9 15:5# 1:5# 0:7
2P(1,2) 353.7 12:70# 0:34# 0:64
2P(1,3) 375.6 12:82# 0:45# 0:62
2P(1,4) 399.8 13:6# 1:1# 0:6
2P(1,5) 427.0 6:38# 0:68# 0:43

2P(2,0) 297.7 17:3# 4:0# 0:8
2P(2,1) 313.6 12:27# 0:78# 0:64
2P(2,2) 330.9 16:9# 3:5# 0:76
2P(2,3) 350.0 15:2# 3:7# 0:7
2P(2,4) 371.1 14:8# 1:9# 0:7
2P(2,5) 394.3 13:7# 3:3# 0:7
2P(2,6) 420.0 13:8# 4:0# 0:7

2P(3,1) 296.2 18:5# 5:0# 0:8
2P(3,2) 311.7 18:7# 3:8# 0:8
2P(3,3) 328.5 20:7# 2:6# 0:8

1N(0,0) 391.4 2:94# 0:58# 0:31
1N(0,1) 427.8 2:89# 0:64# 0:30

1N(1,1) 388.5 3:9# 1:7# 0:3

GH(0,4) 346.3 21# 10# 1
GH(0,6) 387.7 7:6# 1:6# 0:5

Quoted uncertainties are statistical and the propagated uncertainty of p0airð337Þ,
respectively.
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on atmospheric conditions translates to an atmospheric depen-
dence of the reconstructed cosmic ray energy and the depth of
shower maximum, the latter being an indicator for the mass of
the primary cosmic ray particle. Even short-term variations of
the atmosphere may introduce noticeable effects on these recon-
structed parameters.

Besides the fluorescence emission, the pressure, temperature
and humidity profiles of the atmosphere are important for other
aspects of the reconstruction of data collected by the FD. These in-
clude the conversion between geometrical altitudes and atmo-
spheric depth; the treatment of Cherenkov emission from air
showers; and the transmission of the produced photons from the
air shower to the FD:

! The air shower development is governed by the interactions and
decays of the secondary particles. These processes are largely
determined by the atmospheric depth X, the total column den-
sity of atmospheric matter traversed by the air shower at a
given point. X is calculated by integrating the density of air from
the top of the atmosphere, along the trajectory of the shower
through the gas. The observation of the longitudinal shower
profiles by fluorescence telescopes is based on geometrical alti-
tudes h. Thus, geometrical altitudes must be converted into
atmospheric depth by taking into account the actual air density
profile q(h) at the site of the Observatory, and the zenith angle h
of the trajectory of the shower,

Xðh0Þ ¼
1

cos h

Z 1

h0

qðhÞdh: ð1Þ

! The secondary particles in extensive air showers travel faster
than the speed of light in air. As a result, they induce the emis-
sion of Cherenkov light in a narrow, forward-beamed cone.
Some of this light in the UV range may be – depending on the
shower geometry relative to the FD telescope – detected
together with the fluorescence light. To effectively subtract
the Cherenkov photons from the total number of photons
detected, the amount of Cherenkov light emitted by the air
shower must be estimated. The Cherenkov yield depends on
the refractive index n of the air, which itself depends on the
wavelength of the emitted light as well as the temperature,
pressure and humidity [11,12]. Parameterized formulae for
the refractive index of dry air, CO2 and water vapor are used
to calculate a total refractive index,

ntot % 1 ¼ ðndry % 1Þ &
qdry

qair
þ ðnCO2 % 1Þ &

qCO2

qair

þ ðnw % 1Þ & qw

qair
: ð2Þ

The refractive index of each component is weighted with its den-
sity, which can be calculated using the number density and the mo-
lar mass of the constituent. Finally, the effect of the decreasing
number density with altitude is parameterized [13] as a function
of pressure p and temperature # in !C,

nair % 1 ¼ ðntot % 1Þ & p & 1þ p & ð61:3% #Þ & 10%10

96095:4 & ð1þ 0:003661 & #Þ
: ð3Þ

! Between the production of fluorescence and Cherenkov light in
the air shower and the detection at the FD telescope, the light is
scattered by molecules in the atmosphere. The transmission of
light depends on the Rayleigh cross section [14],

rRðk;p; T; eÞ ¼
24p3

k4 & N2 &
n2

air % 1
n2

air þ 2

! "2

& Fairðk;p; eÞ; ð4Þ

where k is the wavelength in m and N the atmospheric molecular
density, measured in molecules per m%3. Fair is the King factor that

accounts for the anisotropy in the scattering introduced by non-
spherical scatter centers, which depends slightly on pressure and
humidity. The refractive index nair depends on several atmospheric
state variables, see Eq. (3).

The last three itemized effects on the reconstruction of
extensive air showers can be taken sufficiently into account by
using a proper description of the atmospheric state, e.g., the local
atmospheric monthly models derived from multi-year meteorolog-
ical balloon radio soundings (see Section 3). They affect the recon-
struction results of air shower data, mainly primary energy and
position of shower maximum, only by marginally broadening the
uncertainties without any significant systematic shifts.

However, in the case of the earlier discussed fluorescence emis-
sion process and its atmospheric variability, systematic alterations
of the reconstruction results may be seen together with increased
uncertainties, even for short-term variations of the atmospheric
parameters. Finally, after this discussion on atmospheric influences
on FD analysis, it should be noted that uncertainties in the surface
detector signals introduced by varying atmospheric conditions
close to the ground are well understood and quantified [4].

3. Validity of radio soundings

Since August 2002, meteorological radio soundings have been
performed above the Pierre Auger Observatory to measure alti-
tude-dependent profiles of atmospheric variables, mainly pressure,
temperature, and relative humidity. Regular measurements were
done until December 2008 in order to collect data for all months.
After applying selection criteria, 261 profiles from the middle of
2002 until the end of 2008 could be used to build the new Malar-
güe Monthly Models [3]. Starting in March 2009, the radio sound-
ings became part of the rapid atmospheric monitoring system
known as the Balloon-the-Shower (BtS) program [6,15]. A fast on-
line air shower reconstruction with subsequent quality selections
is used to trigger the launch of a weather balloon by a local
technician.

A procedure was developed to find the period of time for which
the data measured during the ascent of a weather balloon give a
good description of the atmospheric conditions at the Pierre Auger
Observatory. The 3-dimensional atmospheric conditions before
and after a weather balloon ascent are unknown but data from lo-
cal weather stations may help to identify stable periods or trends
towards rapidly changing conditions. Every active weather station
is used as an independent source of data, no matter how many sta-
tions contribute information during the period of the weather bal-
loon ascent. For each station, the maximum variations of the
temperature, the pressure, and the humidity are obtained for the

t start
balloon t balloon

burst t validity
end t

min

Q

maxQ

Q

t start
validity

Fig. 1. Schematic drawing of the procedure to find an extended time period of
validity for data from weather balloons based on data measured by ground-based
weather stations for typical atmospheric conditions. For details see text.

P. Abreu et al. / Astroparticle Physics 35 (2012) 591–607 595

The molar masses for dry air, water vapor and CO2 are 0.02897,
0.04401 and 0.01802 kg mol!1, respectively. The volume percentage
of CO2 is taken as 385 ppmv, the percentage of water uw is the par-
tial pressure e of water vapor divided by the pressure p, and dry air
makes up the rest, udry ¼ 1!uw !uCO2

. The atmospheric depth can
be calculated by integrating the air density in kg m!3 downward
along a vertical track in the atmosphere, starting at infinity

Xðh0Þ ¼
Z 1

h0

qdh: ð10Þ

Here, the atmospheric depth is calculated in kg m!2. In the astro-
particle community, the unit g cm!2 is more common and will be
used in this paper.

Since the GDAS data only go up to around 25–30 km, we have to
approximate the atmospheric depth at the top of the data profile
using X = p/g and integrate numerically from that height down to

ground level. g is the gravitational acceleration with dependence
on altitude and geographical latitude [23],

gðh;UÞ ¼ g0ðUÞ ! ð3:085462 % 10!4 þ 2:27 % 10!7 % cosð2UÞÞ

% hþ ð7:254 % 10!11 þ 1:0 % 10!13 % cosð2UÞÞ % h2

! ð1:517 % 10!17 þ 6 % 10!20 % cosð2UÞÞ % h3; ð11Þ

where g is in cm s!2 and g0(U) is the acceleration at sea level with
dependence on latitude,

g0ðUÞ ¼ 980:6160 % ð1! 0:0026373 % cosð2UÞ þ 0:0000059

% cos2ð2UÞÞ: ð12Þ

The integration is done by interpolating the density every 200 m
and using the trapezoidal rule to approximate the integral.

For the simulation and reconstruction of air showers, the
description of the atmospheric parameters should ideally range
from ground level to the top of the atmosphere. GDAS provides
data between about 1400 and 30,000 m. All profiles are extended
up to 100,000 m – the approximate boundary to outer space –
using the US Standard Atmosphere 1976 [19] which describes
the conditions above 30,000 m reasonably well. Below 1400 m,
pressure, atmospheric depth, density, and water vapor pressure
are exponentially extrapolated down to 1000 m based on the low-
est two data points. The temperature profile is extrapolated line-
arly. Both extensions are outside the field of view of all FD stations.

5. GDAS vs. local measurements

To validate the quality of the GDAS data and to verify its appli-
cability for air shower reconstructions at the Auger Observatory,
GDAS data are compared with local measurements – atmospheric
soundings with weather balloons and ground-based weather sta-
tions. The new Malargüe Monthly Models (nMMM) are also shown
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in some comparisons as a reference since they were the standard
profiles used in reconstructions until recently.

5.1. GDAS vs. soundings with weather balloons

Local atmospheric soundings have been performed above the
array of the observatory since 2002, but not on a regular basis. In
the beginning, several week-long campaigns of launches were per-
formed. Then, a pre-determined schedule was used to coordinate
launches during and between dark periods with FD data taking
and finally, with the BtS program, soundings are triggered by par-
ticularly high-energy events during FD data taking only. Most of
the balloons were launched from the Balloon Launching Station
(BLS, see Fig. 4). To provide a set of atmospheric data for every
measured air shower, the soundings were averaged to form
monthly mean profiles. The current version of these Malargüe
Monthly Models (nMMM) were compiled in early 2009. The mod-
els on average describe the atmosphere reasonably well, but show
considerable fluctuations when compared to the actual sounding
data [3]. The uncertainties of the profile for each variable are given
by the standard error of the variation within each month together
with the absolute uncertainties of the sensors measuring the corre-
sponding quantity. For atmospheric depth profiles, a piecewise fit-
ting procedure is performed to ensure a reliable application of
these parameterizations to air shower simulation programs. An
additional uncertainty is included which covers the quality of the
fitting procedure.

In Fig. 6, the GDAS data are compared with the measured radio-
sonde data between 2005 and 2008. The comparison between the
radiosonde data and the monthly mean profiles is also shown.
The monthly mean profiles are averaged from the sounding data
until end of 2008, thus, they fit local sounding data of this period
very well, see red squares in Fig. 6. The error bars denote the RMS
of the differences at each height. The wave-like shape in the

difference graph for the atmospheric depth X is driven by the
piecewise parameterization of X in the nMMM. Above around
5 km, the GDAS data deviate only marginally from the measured
data (black dots in Fig. 6). Closer to the ground, slightly larger differ-
ences become apparent. The measured temperature is consistently
higher than the model temperature. However, this might be caused
by two problems acting in the same direction. For our local radio
soundings, the temperature sensor might be quite often not prop-
erly acclimatized to outside conditions but is affected by the inside
temperature of the Balloon Launching Station. It takes some min-
utes to overcome this effect during which time the weather balloon
is already launched. When compiling the nMMM, only temperature
data at 1600 m a.s.l. and above were taken from the radio sound-
ings. To extrapolate to lower altitudes, a fit to these sounding data
combined with data from local weather stations at 1401 m, 1420 m,
1423 m, 1483 m, and 1719 m was performed. However, data from
the weather stations might also be influenced by the direct surface
conditions beneath, since they are not standardized meteorological
stations. It is also possible that the GDAS model does not adequately
describe the heated surface of the elevated plain of the Pampa Ama-
rilla and tends to assume free-atmosphere conditions. The pressure
data of both models are in good agreement. The water vapor pres-
sure fits almost perfectly, although the model values close to
ground are both too low compared to real data which can be traced
back to the difficult handling of humidity in general. In particular,
the pressure differences propagate into the atmospheric depth
where we see deviations from the measured data on the same scale
as for the monthly mean profiles.

In the comparison displayed in Fig. 7, only radiosonde data from
2009 and 2010 are used in order to illustrate the strength of the
GDAS model data. The nMMM are completely independent of this
set of radio soundings. The most obvious changes compared with
Fig. 6 are the worse descriptions of actual radio soundings with
monthly mean profiles. Even though the uncertainties become lar-
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we concentrate on this part in the following. It is known that vary-
ing atmospheric conditions alter the fluorescence light production
and transmission [3]. The transmittance of the actual atmosphere
is regularly measured during FD shifts and made available for air
shower reconstructions via databases. The light production has to
be calculated analytically during the reconstruction procedure.
Its strong atmosphere-dependence as described in Section 2 is ap-
plied in the air shower reconstruction analysis.

6.1. Data reconstruction

The following analysis is based on three sets of reconstructions.
The first set, FY, is the until recently standard reconstruction of the
Pierre Auger Observatory. The fluorescence yield is calculated with
its atmosphere-dependence as described in [25], along with the
monthly mean profiles (nMMM) obtained for the site of the Auger
Observatory. For the second set, FYmod, all currently known atmo-
spheric effects in the fluorescence calculation are taken into ac-
count. Together with the standard atmosphere-dependence, the
temperature-dependent collisional cross sections and humidity

quenching are included ([7] and references therein). Parameteriza-
tions for these two effects are taken from AIRFLY [8] and later con-
ference contributions by the AIRFLY collaboration. Again, the
nMMM are used. The third set, FYGDAS

mod , also explores the efficiency
of the full atmosphere-dependent fluorescence description, but
here the atmospheric nMMM are exchanged with the new 3-
hourly GDAS data.

Comparing the reconstruction sets with each other, the varia-
tion of the reconstructed primary energy E of air showers and
the position of shower maximum Xmax can be determined, see
Fig. 12. In the two upper figures, the binned difference of E and
Xmax is displayed, and the dependences on energy and month of
these differences are shown in the figures in the middle and bot-
tom, respectively.

Using GDAS data for the reconstruction instead of nMMM af-
fects the reconstructed primary energy only slightly. The mean of
the difference FYGDAS

mod minus FYmod is 0.4% with an RMS of 1.4%
(Fig. 12, top left, solid black line). For the reconstructed Xmax, only
a small shift of !1.1 g cm!2 is found with an RMS of 6.0 g cm!2

(Fig. 12, top right, solid black line). However, comparing the full
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we concentrate on this part in the following. It is known that vary-
ing atmospheric conditions alter the fluorescence light production
and transmission [3]. The transmittance of the actual atmosphere
is regularly measured during FD shifts and made available for air
shower reconstructions via databases. The light production has to
be calculated analytically during the reconstruction procedure.
Its strong atmosphere-dependence as described in Section 2 is ap-
plied in the air shower reconstruction analysis.

6.1. Data reconstruction

The following analysis is based on three sets of reconstructions.
The first set, FY, is the until recently standard reconstruction of the
Pierre Auger Observatory. The fluorescence yield is calculated with
its atmosphere-dependence as described in [25], along with the
monthly mean profiles (nMMM) obtained for the site of the Auger
Observatory. For the second set, FYmod, all currently known atmo-
spheric effects in the fluorescence calculation are taken into ac-
count. Together with the standard atmosphere-dependence, the
temperature-dependent collisional cross sections and humidity

quenching are included ([7] and references therein). Parameteriza-
tions for these two effects are taken from AIRFLY [8] and later con-
ference contributions by the AIRFLY collaboration. Again, the
nMMM are used. The third set, FYGDAS

mod , also explores the efficiency
of the full atmosphere-dependent fluorescence description, but
here the atmospheric nMMM are exchanged with the new 3-
hourly GDAS data.

Comparing the reconstruction sets with each other, the varia-
tion of the reconstructed primary energy E of air showers and
the position of shower maximum Xmax can be determined, see
Fig. 12. In the two upper figures, the binned difference of E and
Xmax is displayed, and the dependences on energy and month of
these differences are shown in the figures in the middle and bot-
tom, respectively.

Using GDAS data for the reconstruction instead of nMMM af-
fects the reconstructed primary energy only slightly. The mean of
the difference FYGDAS

mod minus FYmod is 0.4% with an RMS of 1.4%
(Fig. 12, top left, solid black line). For the reconstructed Xmax, only
a small shift of !1.1 g cm!2 is found with an RMS of 6.0 g cm!2

(Fig. 12, top right, solid black line). However, comparing the full
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Comparing GDAS with radiosondes 2005-2008
black: sonde - GDAS 

red: sonde - monthly models

Black:  effect of using GDAS rather than monthly models (ignore red)
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Optical attenuation
• Attenuation due to Rayleigh and aerosol scattering, 

and cloud
• negligible absorption (ozone)
• Molecular: GDAS
• Aerosols: Central laser facilities, Raman lidar, 

FRAM, (elastic lidars)
• Cloud: IR cameras, GOES satellite (10km2), 

scanning elastic lidars, FRAM

which excites the nitrogen molecules [4] are reported elsewhere.
The status of the measurement of the absolute yield of the 337 nm
band is also presented at this Workshop [5]. In this paper, we
summarize our published results [6] on the pressure dependence
of the fluorescence spectrum.

Previous experiments [7,8] employed interference filters to isolate
spectral lines, making use of sophisticated procedures to disentangle
multiple lines within the filter range, or had a coarse spectral
resolution [9]. AIRFLY has measured the air fluorescence spectrum in
the range 280–430 nm with high resolution. Measurements with a
grating spectrograph at the Chemistry electron Van de Graaff
accelerator have been combined with precise photomultiplier (PMT)
measurements of the most prominent spectral line at 337 nm at the
Argonne Wakefield Accelerator. Both accelerators are based at the
Argonne National Laboratory, near Chicago, USA. The gas was
controlled in a cylindrical chamber with quartz windows that allowed
the fluorescent light to be detected by the spectrograph or PMT.
A detailed account of the experimental method is given in Ref. [6].

2. Fluorescence yield

Electrons passing through air excite molecular nitrogen
directly as well as through secondary electrons produced along
their path. This excitation is assumed to be proportional to the
energy deposited in the gas. Excited nitrogen molecules then
either radiate fluorescent light or relax due to quenching, e.g.
intermolecular collisions. A more detailed description of the
fluorescence process is given in Ref. [10].

Both the collisional quenching and the energy deposited by
electrons are dependent on the gas density, and thus on the
pressure p. The number of fluorescence photons emitted by a
given volume of gas can be written [6] in its simplest form as

Ngas / Egas
depYgasðpÞ / p #

f N2

1þ
p

p0gas

(1)

where YgasðpÞ is the fluorescence yield (measured in photon/MeV
of energy deposited), f N2

is the fraction of nitrogen molecules
(100% for N2 and 79% for air) and p0gas is the collisional quenching
reference pressure.

The parameter p0 is defined as the pressure at which collisional
quenching and fluorescent emission are equally likely. It can be
expressed as

p0N2
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pmN2

kT
p

4t0sNN
(2)

with the molecular mass of nitrogen mN2
, the Boltzmann constant

k, the thermodynamic temperature T, the lifetime of the excited
state t0 and the nitrogen–nitrogen collisional cross section sNN.
This model for fluorescence yield and quenching reference
pressure is the most simple one, neglecting internal molecular
processes and three body quenching processes. For the sake of
simplicity, collisional cross sections are here considered constant.

In air, excited nitrogen molecules will also suffer collisions
with oxygen molecules. The effective quenching reference
pressure in air may then be written as [6]

1
p0air

¼
0:79
p0N2

þ
0:21
p0O2

(3)

for an air mixture made of 79% nitrogen and 21% oxygen. The
parameter p0O2

has the same dependencies of Eq. (2), with sNN

replaced by the nitrogen–oxygen collisional cross section sNO.
In this paper, we will not interpret the measurements in terms of

collisional cross sections, but rather use the quenching reference
pressure for each band as a phenomenological description of the data.

On the other hand, Eq. (2) provides useful predictions that may be
tested by our measurements. The quenching reference pressure p0 is
inversely proportional to the lifetime of the excited state, which does
not depend on properties of the final state. Thus, band heads that
share the initial state should have the same quenching reference
pressure, assuming no contamination of lines by nearby transitions.

3. The fluorescence spectrum

The air fluorescence spectrum was measured at the Argonne
Chemistry Van de Graaff facility. The accelerator provided a DC
current of & 10mA of 3 MeV electrons. The fluorescent light was
focused by a mirror into an optical fiber, and then recorded by the
spectrograph. Lead shielding around the fluorescence chamber
and the spectrograph reduced background. A very low background
level in the measured fluorescence spectrum was determined in
wavelength regions without spectral lines and subtracted.

Fig. 1 shows the highly resolved fluorescence spectrum as
recorded by AIRFLY. Major band heads are labeled according to
their electronic transition, initial, and final vibrational state. The
area under the spectrum is normalized to unity. Relative
intensities, Il, of all observed band heads in air at 800 hPa and
293 K, normalized to 2P(0,0), are given in Table 1. The spectrum

ARTICLE IN PRESS

Fig. 1. Air fluorescence spectrum excited by 3 MeV electrons at 800 hPa. Labels
indicate 21 major transitions.

Table 1
Relative intensities of observed band heads in air at 800 hPa and 293 K

Trans. l (nm) Il ð%Þ Trans. l (nm) Il ð%Þ

2P(3,1) 296.2 5:16' 0:29 GH(0,5) 366.1 1:13' 0:08
2P(2,0) 297.7 2:77' 0:13 2P(3,5) 367.2 0:54' 0:04
GH(6,2) 302.0 0:41' 0:06 2P(2,4) 371.1 4:97' 0:22
GH(5,2) 308.0 1:44' 0:10 2P(1,3) 375.6 17:87' 0:63
2P(3,2) 311.7 7:24' 0:27 2P(0,2) 380.5 27:2' 1:0
2P(2,1) 313.6 11:05' 0:41 2P(4,7) 385.8 0:50' 0:08
2P(1,0) 315.9 39:3' 1:4 GH(0,6) 387.7 1:17' 0:06
GH(6,3) 317.6 0:46' 0:06 1N(1,1) 388.5 0:83' 0:04
2P(4,4) 326.8 0:80' 0:08 1N(0,0) 391.4 28:0' 1:0
2P(3,3) 328.5 3:80' 0:14 2P(2,5) 394.3 3:36' 0:15
2P(2,2) 330.9 2:15' 0:12 2P(1,4) 399.8 8:38' 0:29
2P(1,1) 333.9 4:02' 0:18 2P(0,3) 405.0 8:07' 0:29
2P(0,0) 337.1 100 2P(3,7) 414.1 0:49' 0:07
GH(0,4) 346.3 1:74' 0:11 2P(2,6) 420.0 1:75' 0:10
2P(2,3) 350.0 2:79' 0:11 1N(1,2) 423.6 1:04' 0:11
2P(1,2) 353.7 21:35' 0:76 2P(1,5) 427.0 7:08' 0:28
2P(0,1) 357.7 67:4' 2:4 1N(0,1) 427.8 4:94' 0:19

All lines are normalized to the 2P(0,0)-transition at 337.1 nm.

M. Ave et al. / Nuclear Instruments and Methods in Physics Research A 597 (2008) 41–4542
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Cloud Masks

Threshold

Fit to the minimum values 

A partially cloudy night, showing the sky 
temperature as a function of zenith angle. Fitting to 
the minimum values is a fit to the clearest parts of 
the sky.

The camera images, also showing the positions of the FD pixels.

The cloud mask is created by mapping the cloud coverage onto the FD pixels.
Each pixel is assigned a value from 0 (clear) to 5 (totally cloudy).

Typical molecular and aerosol VODs
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Figure 2: The vertical profile of the molecular optical depth at 355 nm (dots), shown together with
the measured vertical profiles of the aerosol optical depth in case of high, average, and low aerosol
attenuation of the light. Height is measured above the ground.

extinction αaer(z) from the ground to a point at altitude h observed at an elevation angle ϕ2, assum-
ing a horizontally uniform aerosol distribution (cf. figure 4),

Taer(λ ,h) = exp
!

−
" h

0
αaer(z)dz/sinϕ2

#

= exp [−(τaer(h)/sinϕ2)]. (2.5)

Hourly measurements of τaer(h) are performed at each FD site using the data collected from the
CLF.

Similar to the aerosol transmission factor, the molecular transmission factor for UV light at
355 nm can be calculated using the same geometry,

Tmol(h) = exp [−(τmol(h)/sinϕ2)]. (2.6)

In figure 2, the vertical profile of the molecular optical depth τmol(h) is compared with mea-
sured aerosol profiles τaer(h) (eq. (2.5)) in case of high, average and low aerosols attenuation
of light in the air. We define “high” aerosol attenuation when τaer(5km) > 0.1, “average” when
0.04 < τaer(5km) < 0.05 and “low” when τaer(5km) < 0.01. Considering an emission point P1 at
an altitude of 5 km and a distance on ground of 30 km from the FD, the quoted high, average and
low values correspond to transmission factors of Taer < 0.54, 0.73 < Taer < 0.78 and Taer > 0.94,
respectively. The steps seen in the τaer profiles are due to multiple aerosol layers at different al-
titudes. For the calculation of the molecular optical depth profile, monthly averaged temperature,
pressure, and humidity profiles for the location of the Observatory were used. The 12 resulting
τmol profiles were averaged, the fluctuations introduced by the varying atmospheric state variables
throughout the year are very small, comparable to the size of the points in Fig 2. On the other hand,
the aerosol attenuation can vary between clear and hazy conditions within a few days, making the
constant monitoring of the aerosol optical depth necessary.

– 5 –
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smaller than the extinction due to molecules [11–13]. However,
the variations in aerosol conditions have a greater effect on air
shower measurements than variations in p; T , and u, and during
nights with significant haze, the light flux from distant showers
can be reduced by factors of 3 or more due to aerosol attenuation.
The vertical density profile of aerosols, as well as their size, shape,
and composition, vary quite strongly with location and in time, and
depending on local particle sources (dust, smoke, etc.) and sinks
(wind and rain), the density of aerosols can change substantially
from hour to hour. If not properly measured, such dynamic condi-
tions can bias shower reconstructions.

2.3. The Pierre Auger Observatory

The Pierre Auger Observatory contains two cosmic ray detec-
tors. The first is a Surface Detector (SD) comprising 1600 water
Cherenkov stations to observe air shower particles that reach the
ground [14]. The stations are arranged on a triangular grid of
1.5 km spacing, and the full SD covers an area of 3000 km2. The
SD has a duty cycle of nearly 100%, allowing it to accumulate
high-energy statistics at a much higher rate than was possible at
previous observatories.

Operating in concert with the SD is a Fluorescence Detector (FD)
of 24 UV telescopes [15]. The telescopes are arranged to overlook
the SD from four buildings around the edge of the ground array.
Each of the four FD buildings contains six telescopes, and the total
field of view at each site is 180! in azimuth and 1.8!–29.4! in ele-
vation. The main component of a telescope is a spherical mirror of
area 11 m2 that directs collected light onto a camera of 440 hexag-
onal photomultipliers (PMTs). One photomultiplier ‘‘pixel” views
approximately 1.5! ! 1.5! of the sky, and its output is digitized at
10 MHz. Hence, every PMT camera can record the development
of air showers with 100 ns time resolution.

The FD is only operated during dark and clear conditions, when
the shower UV signal is not overwhelmed by moonlight or blocked
by low clouds or rain. These limitations restrict the FD duty cycle to
"10–15%, but unlike the SD, the FD data provide calorimetric esti-
mates of shower energies. Simultaneous SD and FD measurements
of air showers, known as hybrid observations, are used to calibrate
the absolute energy scale of the SD, reducing the need to calibrate
the SD with shower simulations. The hybrid operation also dramat-
ically improves the geometrical and longitudinal profile recon-
struction of showers measured by the FD, compared to showers
observed by the FD alone [16–19]. This high-quality hybrid data
set is used for all physics analyses based on the FD.

To remove the effect of atmospheric fluctuations that would
otherwise impact FD measurements, an extensive atmospheric
monitoring program is carried out at the Pierre Auger Observatory.
A list of monitors and their locations relative to the FD buildings
and SD array are shown in Fig. 1. Atmospheric conditions at ground
level are measured by a network of weather stations at each FD site
and in the center of the SD; these provide updates on ground-level
conditions every 5 min. In addition, regular meteorological radio-
sonde flights (one or two per week) are used to measure the alti-
tude profiles of atmospheric pressure, temperature, and other
bulk properties of the air. The weather station monitoring and
radiosonde flights are performed day or night, independent of
the FD data acquisition.

During the dark periods suitable for FD data-taking, hourly
measurements of aerosols are made using the FD telescopes, which
record vertical UV laser tracks produced by a Central Laser Facility
(CLF) deployed on site since 2003 [20]. These measurements are
augmented by data from lidar stations located near each FD build-
ing [21], a Raman lidar at one FD site, and the eXtreme Laser Facil-
ity (or XLF, named for its remote location) deployed in November
2008. Two Aerosol Phase Function Monitors (APFs) are used to

determine the aerosol scattering properties of the atmosphere
using collimated horizontal light beams produced by Xenon flash-
ers [22]. Two optical telescopes – the Horizontal Attenuation Mon-
itor (HAM) and the (F/ph)otometric Robotic Telescope for
Atmospheric Monitoring (FRAM) – record data used to determine
the wavelength dependence of the aerosol attenuation [23,24]. Fi-
nally, clouds are measured hourly by the lidar stations, and infra-
red cameras on the roof of each FD building are used to record
the cloud coverage in the FD field of view every 5 min [25].

3. The production of light by the shower and its transmission
through the atmosphere

Atmospheric conditions impact on both the production and
transmission of UV shower light recorded by the FD. The physical
conditions of the molecular atmosphere have several effects on
fluorescence light production, which we summarize in Section
3.1. We treat light transmission, outlined in Section 3.2, primarily
as a single-scattering process characterized by the atmospheric
optical depth (Sections 3.2.1 and 3.2.2) and scattering angular
dependence (Section 3.2.3). Multiple scattering corrections to
atmospheric transmission are discussed in Section 3.2.4.

3.1. The effect of weather on light production

The yields of light from the Cherenkov and fluorescence emis-
sion processes depend on the physical conditions of the gaseous
mixture of molecules in the atmosphere. The production of Cher-
enkov light is the simpler of the two cases, since the number of
photons emitted per charged particle per meter per wavelength
interval depends only on the refractive index of the atmosphere
nðk; p; TÞ. The dependence of this quantity on pressure, tempera-
ture, and wavelength k can be estimated analytically, and so the ef-
fect of weather on the light yield from the Cherenkov process are
relatively simple to incorporate into air shower reconstructions.

The case of fluorescence light is more complex, not only because
it is necessary to consider additional weather effects on the light
yield, but also due to the fact that several of these effects can be
determined only by difficult experimental measurements (see
[26–29] and references in [30]).

Fig. 1. The surface detector stations and Fluorescence detector sites of the Pierre
Auger Observatory. Also shown are the locations of Malargüe and the atmospheric
monitoring instruments operating at the Observatory (see text for details).

112 J. Abraham et al. / Astroparticle Physics 33 (2010) 108–129
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Figure 4: Laser-FD geometry. The light is scattered out of the laser beam at a height h at an
angle θ .

defined and the corresponding period referred to as a CLF epoch. The length of an epoch varies
between a few months and one year.

The CLF fires 50 vertical shots at 0.5 Hz repetition rate every 15 minutes during the FD
data acquisition. Specific GPS timing is used to distinguish laser from air shower events. The
direction, time, and relative energy of each laser pulse is recorded at the CLF and later matched to
the corresponding laser event in the FD data.

An upgrade [13] to the CLF is planned for the near future. This upgrade will add a backscatter
Raman LIDAR receiver, a robotic calibration system, and replace the current flash lamp pumped
laser by a diode pumped laser.

4 CLF data analysis

The light scattered out of the CLF laser beam is recorded by the FD (see figure 4 for the laser-FD
geometry layout). The angles from the beam to the FD for vertical shots are in the range of 90◦

to 120◦. As the differential scattering cross section of aerosol scattering is much smaller than the
Rayleigh scattering cross section in this range, the scattering of light is dominated by well-known
molecular processes. Laser tracks are recorded by the telescopes in the same format used for air
shower measurements. In figure 5, a single 7 mJ CLF vertical shot as recorded from the Los Leones
FD site is shown. In the left panel of figure 6, the corresponding light flux profile for the same event
is shown. In figure 6, right panel, an average profile of 50 shots is shown.

Laser light is attenuated in the same way as fluorescence light as it propagates towards the
FD. Therefore, the analysis of the amount of CLF light that reaches the FD can be used to infer
the attenuation due to aerosols. The amount of light scattered out of a 6.5 mJ laser beam by the
atmosphere is roughly equivalent to the amount of UV fluorescence light produced by an EAS of
5×1019 eV at a distance to the telescope of about 16 km, as shown in figure 7. Also shown is the
more attenuated light profile of an almost identical shower at a larger distance.

Besides determining the optical properties of the atmosphere, the identification of clouds is
a fundamental task in the analysis of CLF laser shots. Clouds can have a significant impact on
shower reconstruction.
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Both laser facilities are controlled by Single Board Computers (SBC) that can be operated and
programmed remotely. These facilities are powered by solar panels that charge a battery bank.
Local data produced during a run are transferred daily to a remote server.

2.1 The upgraded CLF

After nearly a decade of service, the CLF [5] was substantially upgraded during the first half
of 2013 (Figure 2):

• A back-scatter Raman LIDAR receiver was installed.

• The original flash lamp pumped laser was replaced by a solid state laser.

• A newer GPS clock system improves the timing resolution from 100 to 20 ns.

• The original 20 ft shipping container was replaced by a newer 40 ft unit with tighter doors
and better insulation. A 2000 liter thermal reservoir coupled to the optical table was added
to reduce thermal variations.

• The better sealed container features a separate room for the laser system to reduce the dust
accumulation. This is important because dust accumulation on optical components increases
the systematic uncertainty of laser energy delivered into the sky.

• A robotic system for automatic energy and polarization calibrations was added.

Figure 2: (Left) Replacing the old CLF container. (Right) The CLF after the upgrade was completed.

2.2 The energy + polarization calibration system

The relative energy of every laser shot is measured by a monitoring energy probe that collects
a small percentage of the total laser shot energy (Emonitoring). A second probe is temporarily posi-
tioned over the beam, for absolute energy calibrations (Ecalibration). A Calibration Factor (CF) is
calculated by averaging the ratio of the calibration and monitoring probes for 13 shots:

CF =
1
13

·
13

Â
i=1

✓
Ecalibration

Emonitoring

◆
. (2.1)
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The Upgraded CLF Carlos Medina-Hernandez

The calibration system provides CF measurements as frequently as needed for vertical and
steered modes (Figure 3). The system also includes a second energy probe for cross calibrations.
An identical calibration system was installed in the XLF at the time of its construction.

Figure 3: The calibration stage. (Left) A schematic diagram of the calibration system components on the
optical table. (Right) The calibration system as fabricated.

Before the upgrade, absolute calibrations were performed manually at time intervals that
ranged from a couple of months to one year. The available CF measurements were linearly fit
to provide a calibration function for different epochs. Epochs correspond to dates where the hard-
ware was changed or the optics were cleaned. The calibration function is corrected to account for
the amount of light captured by the probe that is not delivered into the sky, because of scattering off
dust that had accumulated on the tilted mirror. The CF distributions before and after the upgrade
(Figure 4) demonstrate the improvement in the stability of the laser energy delivered to the sky and
the frequency of the CF measurements.

Figure 4: (Left, pre-ugrade) CF are shown in circles. Black lines represent fit functions including cor-
rections and blue lines represent epochs. (Right, post-upgrade) CF are measured every day. Calibration
functions and fits are no longer required.

A laser beam without net polarization is preferred because the atmospheric scattering is sym-
metric to the beam axis. To achieve this, the CLF uses polarization randomizers. The calibration

4
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Figure 5: A 7 mJ CLF vertical event as recorded by the Los Leones FD site (distance 26 km). Left
panel: ADC counts vs. time (100 ns bins). The displayed data are for the marked pixels in the right
panel. Right panel: Camera trace. The color code indicates the sequence in which the pixels were
triggered.

0 100 200 300 400 500 600 700 800 900 10000

50

100

150

200

250

P
h

o
to

n
s

 a
t 

A
p

e
rt

u
re

ADC time bins [100 ns]
0 100 200 300 400 500 600 700 800 900 10000

50

100

150

200

250

P
h

o
to

n
s

 a
t 

A
p

e
rt

u
re

ADC time bins [100 ns]

Figure 6: Left: The light flux profile of a single CLF vertical shot seen from the Los Leones FD
site. The same event as shown in figure 5 is used. Right: 50 shots average profile.

In figure 8, examples of various hourly profiles affected by different atmospheric conditions are
shown. The modulation of the profile is due to the FD camera structure, in which adjacent pixels are
complemented by light collectors. A profile measured on a night in which the aerosol attenuation
is negligible is shown in panel (a). Profiles measured on nights in which the aerosol attenuation
is low, average and high, are respectively shown in panels (b), (c) and (d). As conditions become
hazier, the integral photon count decreases. The two bottom profiles (e) and (f) represent cloudy
conditions. Clouds appear in CLF light profiles as peaks or holes depending on their position. A
cloud positioned between the CLF and the FD can block the transmission of light in its travel from
the emission point towards the fluorescence telescopes, appearing as a hole in the profile (e). The
cloud could be positioned anywhere between the CLF and the FD site, therefore its altitude cannot
be determined unambiguously. A cloud directly above the CLF appears as a peak in the profile,
since multiple scattering in the cloud enhances the amount of light scattered towards the FD (f).
In this case, it is possible to directly derive the altitude of the cloud from the peak in the photon
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Figure 4: Laser-FD geometry. The light is scattered out of the laser beam at a height h at an
angle θ .

defined and the corresponding period referred to as a CLF epoch. The length of an epoch varies
between a few months and one year.

The CLF fires 50 vertical shots at 0.5 Hz repetition rate every 15 minutes during the FD
data acquisition. Specific GPS timing is used to distinguish laser from air shower events. The
direction, time, and relative energy of each laser pulse is recorded at the CLF and later matched to
the corresponding laser event in the FD data.

An upgrade [13] to the CLF is planned for the near future. This upgrade will add a backscatter
Raman LIDAR receiver, a robotic calibration system, and replace the current flash lamp pumped
laser by a diode pumped laser.

4 CLF data analysis

The light scattered out of the CLF laser beam is recorded by the FD (see figure 4 for the laser-FD
geometry layout). The angles from the beam to the FD for vertical shots are in the range of 90◦

to 120◦. As the differential scattering cross section of aerosol scattering is much smaller than the
Rayleigh scattering cross section in this range, the scattering of light is dominated by well-known
molecular processes. Laser tracks are recorded by the telescopes in the same format used for air
shower measurements. In figure 5, a single 7 mJ CLF vertical shot as recorded from the Los Leones
FD site is shown. In the left panel of figure 6, the corresponding light flux profile for the same event
is shown. In figure 6, right panel, an average profile of 50 shots is shown.

Laser light is attenuated in the same way as fluorescence light as it propagates towards the
FD. Therefore, the analysis of the amount of CLF light that reaches the FD can be used to infer
the attenuation due to aerosols. The amount of light scattered out of a 6.5 mJ laser beam by the
atmosphere is roughly equivalent to the amount of UV fluorescence light produced by an EAS of
5×1019 eV at a distance to the telescope of about 16 km, as shown in figure 7. Also shown is the
more attenuated light profile of an almost identical shower at a larger distance.

Besides determining the optical properties of the atmosphere, the identification of clouds is
a fundamental task in the analysis of CLF laser shots. Clouds can have a significant impact on
shower reconstruction.
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• 355nm frequency-tripled YAG laser
• ~ 6 μJ per pulse
• 50 shots every 15 minutes
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Figure 9: Examples of light profiles and vertical aerosol optical depth τaer measured with the FD
at Los Morados during an average night (top) and with the laser passing through a cloud (bottom).
The height is given above the FD, the light profile was normalized to a laser shot of 1 mJ. The
black traces in left panels represent the hourly profiles, the red traces the reference clear nights. In
the right panels, the thick black line represents τmeasaer , the red line τfitaer. The upper and lower traces
correspond to the uncertainties. In the bottom right panel, the estimated cloud height is indicated
by the vertical blue dotted line.

and σsyst,clear in quadrature, along with the height correction,

σsyst =
1

1+ cscϕ2

!

(σsyst,hour)2+(σsyst,clear)2. (4.3)

Two separate profiles are then generated corresponding to the values of τmeasaer ±σsyst, as shown on
the right panels of figure 9.

The statistical uncertainty σstat is due to fluctuations in the quarter hour profiles and is consid-
ered by dividing the RMS by the mean of all quarter hour profiles at each height. These statistical
uncertainties are assigned to each bin of the τmeasaer ±σsyst profiles. These two profiles are then pro-
cessed through the same slope fit procedure and integration as τmeasaer (see section 4.2.2) to obtain
the final upper and lower bounds on τfitaer.

4.3 Laser simulation analysis

4.3.1 Atmospheric model description

The atmospheric aerosol model adopted in this analysis is based on the assumption that the aerosol
distribution in the atmosphere is horizontally uniform. The aerosol attenuation is described by
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measurements). The CLF fires sets of 50 vertical shots every 15 minutes. For each set, an average
profile is built.

Clouds are then marked by comparing the photon transmission Taer (see eq. (2.5)) of the quarter
hour profiles Tquarter to the clear profile Tclear bin by bin. A ratio Tquarter/Tclear of less than 0.1
indicates a hole in the profile that is caused by a cloud between the laser beam and the FD. A
ratio larger than 1.3 indicates that the laser beam passed through a cloud directly above the CLF
causing a spike in the profile. In both cases, the minimum cloud height hcloud is set to the height
corresponding to the lower edge of the anomaly. Only bins corresponding to heights lower than
this cloud height are used for the optical depth analysis. Hours are marked as cloudy only if clouds
are found in at least two quarter hour sets, see figure 9. If there are no such discontinuities, then
hcloud is set to the height corresponding to the top of the FD camera field of view.

After hcloud is determined, a preliminary full hour profile is made by averaging all the available
quarter hour profiles. One or more quarter hour profiles can be missing due to the start or stop of FD
data taking, heavy fog, or problems at the CLF. Only one quarter hour profile is required to make
a full hour profile. Outlying pixels that triggered randomly during the laser event are rejected and
a new full hour profile is calculated. To eliminate outliers in single bins that can cause problems
in the optical depth analysis, the quarter hour profiles are subjected to a smoothing procedure by
comparing the current profile to the preliminary full hour profile. After multiple iterations of this
procedure, the final full hour profile is constructed.

The maximum valid height hvalid of the profile is then determined. If there is a hole in the
profile of two bins or more due to the rejection of outliers or clouds, hvalid is marked at that point.
As with hcloud, if no such holes exist, then hvalid is set to the height corresponding to the top of the
FD camera field of view. If hvalid is lower than hcloud, the minimum cloud height is set to be the
maximum valid height. Points above hvalid are not usable for data analysis.

4.2.2 Aerosol optical depth calculation

Using the laser-FD viewing geometry shown in figure 4, and assuming that the atmosphere is
horizontally uniform, it can be shown [14] that the vertical aerosol optical depth is

τaer(h) = −
sinϕ1 sinϕ2
sinϕ1+ sinϕ2

!

ln
!

Nobs(h)
Nmol(h)

"

− ln
!

1+
Saer(θ ,h)
Smol(θ ,h)

""

, (4.1)

where Nmol(h) is the number of photons from the reference clear profile as a function of height,
Nobs(h) is the number of photons from the observed hourly profile as a function of height and θ
is defined in figure 4. Saer(θ ,h) and Smol(θ ,h) are the fraction of photons scattered out of the
laser beam per unit height by aerosols and air molecules, respectively. S(θ ,h) is the product of
the differential cross section for scattering towards the FD multiplied by the number density of
scattering centers. For vertical laser shots (ϕ1 = π/2), Saer(θ ,h) is small compared to Smol(θ ,h)
because typical aerosols scatter predominately in the forward direction. Thus the second term in
eq. (4.1) can be neglected to first order and eq. (4.1) becomes

τaer(h) =
lnNmol(h)− lnNobs(h)

1+ cosecϕ2
. (4.2)
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“Data normalised” (DN) method

P. Abreu et al. (Pierre Auger Collab), JINST 8 P04009 (2013)



Aerosol Phase Function (APF) Monitor 
(one use - checking reference nights) 
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Fig. 3. The APF pulse as seen by the Coihueco FD. The light travels from right
to left, and each PMT Cluster observes 30◦ in azimuth. Note that the projection of
the approximately horizontal APF beam onto the spherical FD surface results in a
curved track.

Fig. 4. Scheme of the location of the Coihueco APF light source relative to the
Coihueco FD. Located at the center is the Coihueco FD with its field of view in-
dicated. The value of α is 26◦ and β is 38◦, measured from the North. The shot
direction γ is about 24◦.

3 Determination of the Aerosol Phase Function

The signal from the APF light source observed by the ith pixel of a fluorescence
detector can be expressed as

Si = I0 · Ti ·
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In this equation, I0 is the light source intensity; Ti is the transmission factor
e−ri/Λtot which accounts for light attenuation from the beam to the pixel; ri

is the distance from the beam to the detector; Λtot, Λm, and Λa are the total,
molecular, and aerosol extinction length, respectively; and σ−1

m dσm/dΩ and
σ−1

a dσa/dΩ are the normalized differential molecular and aerosol scattering
cross sections, respectively, which are identical to the phase functions Pm(θ)
and Pa(θ). The integral of Pm(θ) and Pa(θ) over all solid angles is equal to 1.
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Fig. 6. Two examples for APF data fits on different days. In the upper plot (June
28, 2006, 5:12 am local time) aerosols are visible. Data are fit to the function given
in Eq. 7. The phase function in the lower plot (July 2, 2006, 3:12 am local time) is
consistent with pure Rayleigh scattering. Data are fit to Eq. 7, with B = 0, f = 0,
and g = 0. Error bars for both plots are the standard deviation of the 5 APF events.
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Near-horizontal collimated xenon flash lamps 
at two FD sites

BenZvi et al., Astropart Phys. 28, 312 (2008) 
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Figure 10: Left: Four out of the 1 121 simulated profiles of a monthly grid (red), superimposed
to a measured profile (blue). Right: The four aerosol profiles corresponding to the simulated CLF
profiles. In order, from top to bottom, τaer(h) profiles on the right correspond to CLF profiles on
the left from bottom to top.

reference clear night R as defined in section 4.1 returns the normalization constant that fixes the
relative energy scale between measured and simulated laser profiles. Using this normalization
procedure, the dependence on FD or CLF absolute calibrations is avoided and only the relative
uncertainty (daily fluctuations) of the laser probes (3%) and FD calibration constants (3%) must
be taken into account. This procedure is repeated for each CLF epoch data set. Average measured
profiles are scaled by dividing the number of photons in each bin by the normalization constant of
the corresponding epoch before measuring the aerosol attenuation.

4.3.3 Optical depth determination and cloud identification

For each quarter hour average profile, the aerosol attenuation is determined obtaining the pair
Lbestaer , Hbestaer corresponding to the profile in the simulated grid closest to the analyzed event. The
quantification of the difference between measured and simulated profiles and the method to iden-
tify the closest simulation are the crucial points of this analysis. After validation tests on sim-
ulations of different methods, finally the pair Lbestaer and Hbestaer chosen is the one that minimizes
the square difference D2 between measured and simulated profiles computed for each bin, where
D2 = [∑i(Φ

meas
i −Φsimi )2] andΦi are reconstructed photon numbers at the FD aperture in each time

bin. In figure 11, an average measured profile as seen from Los Leones compared to the simu-
lated chosen profile is shown. The small discrepancy between measured and simulated profiles,
corresponding to boundaries between pixels, has no effect on the measurements.

Before the aerosol optical depth is determined, the average profile is checked for integrity and
for clouds in the field of view in order to establish the maximum altitude of the corresponding
aerosol profile. The procedure for the identification of clouds works on the profile of the difference
in photons for each bin between the measured profile under study and the closest simulated profile
chosen from the grid. With this choice, the baseline is close to zero and peaks or holes in the
difference profile are clearly recognizable. The algorithm developed uses the bin with the highest
or lowest signal and the signal-to-noise ratio to establish the presence of a cloud and therefore
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Figure 11: A measured CLF profile (blue) together with the chosen simulated (red).

determines its altitude. The quarter hour information on the minimum cloud layer height needed in
the aerosol attenuation characterization is then stored.

If the average profile under study shows any anomaly or if a cloud is detected between the laser
track and the FD, it is rejected. If a cloud is detected above the laser track, the profile is truncated
at the cloud base height and this lower part of the profile is reanalyzed, since the first search for
clouds only identifies the optically thicker cloud layer. If a lower layer of clouds is detected in the
truncated profile, or the cloud height is lower than 5500 m a.s.l., the profile is rejected.

If no clouds are detected (either in the whole average profile or in the lower part), the pair Lbestaer ,
Hbestaer , together with the maximum height of the profile are stored and the procedure is completed.
The quarter hour τaer(h) profile is calculated according to eq. (4.5) together with the associated
statistical and systematic uncertainties. The information is stored, and the quarter hour τaer(h)
profiles are averaged to obtain the hourly vertical aerosol optical depth profile and the aerosol
extinction profile αaer(h).

4.3.4 Determination of uncertainties

Uncertainties on the vertical aerosol optical depth τaer(h) are due to the choice of the reference clear
night, to the assumption that a parametric model can be adopted to describe the aerosol attenuation,
to the relative uncertainty of nightly FD calibration constants — converting ADC counts to photon
numbers — and CLF calibration constants — converting laser probe measurements to laser energy,
and to the method used to choose the best matching simulated profile.

To estimate the total uncertainty, the different contributions mentioned above are evaluated and
summed in quadrature. The uncertainty on the choice of the reference clear night and the relative
FD and CLF calibrations directly affect the light profile, therefore they are summed in quadrature to
estimate their total contribution to the uncertainty on the photon profile, which is then propagated

– 17 –

“Laser Simulation” (LS) method

For technical reasons (normalisation of simulations),  
this method also requires use of a reference (clear) night.

P. Abreu et al. (Pierre Auger Collab), JINST 8 P04009 (2013)
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Figure 12: Correlation between τaer(5 km) obtained with the Laser Simulation and the Data Nor-
malized procedures (a) for the year 2008 (compatibility of results is equivalent in the other years).
The dashed line is a diagonal indicating perfect agreement, the solid line is a fit to the data. Also
shown is the vertical aerosol optical depth profile τaer(h) above ground from Laser Simulation
(blue) and Data Normalized (red) analyses in atmospheric conditions with a low (b), average (c),
and high (d) aerosol concentration together with the corresponding uncertainties. The laser data
was recorded with the FD at Los Leones on July 8th, 2008 between 8 and 9 a.m., April 4th, 2008
between 4 and 5 a.m., and January 5th, 2008 between 3 and 4 a.m. local time, respectively.

systematic uncertainties. Also shown in figure 12 are examples for the τaer(h) profiles estimated
with the two analyses for conditions with low, average and high aerosol attenuation, respectively.

The high compatibility of the two analyses guarantees a reliable shower reconstruction using
aerosol attenuation for the highest possible number of hours. Nearly six years of data have been
collected and analyzed (from January 2005 to September 2010). Long term results are shown in
the following figures. In the left column of figure 13, the time profile of the vertical aerosol optical
depth measured 5 km above ground using the Los Leones, Los Morados and Coihueco FD sites is
shown. The Loma Amarilla FD site is too far from the CLF to obtain fully reliable results. The XLF
is closer and will produce aerosol attenuation measurements for Loma Amarilla in the near future.
Values of τaer(5 km) measured during austral winter are systematically lower than in summer.

– 19 –
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Figure 13: Vertical aerosol optical depth τaer 5 km above the ground, measured with the Los
Leones (top), Los Morados (middle) and Coihueco (bottom) FD sites. Left column: Hourly mea-
surements of τaer versus time. Right column: Distribution of hourly measurements of τaer. Average
values are very similar.

In the right column of figure 13, the τaer(5 km) distribution over six years is shown for aerosol
attenuation measurements using the FD sites at Los Leones, Los Morados and Coihueco. More
than 5000 hours of aerosol profiles have been measured with each FD. The average τaer(5 km)
measured with different FD sites are compatible. The average value measured above Coihueco is
slightly smaller due to the higher position (∼ 300 m) of the Coihueco FD site with respect to Los
Leones and Los Morados.
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• We exploit stereo-views of showers to check assumptions 
of atmospheric attenuation (HiRes “stereo-balance”)

• Even hybrid events can be used to check EFD/ESD as a 
function of the distance to the FD.

17

Cross-checks



Cross-checks 
Raman LIDAR receiver 

(since Nov. 2013 at CLF site)

• uses 355nm YAG at CLF
• runs 3 times per night (12 minute integration time)
• running reliably, comparisons in progress

18

The Upgraded CLF Carlos Medina-Hernandez

system measures the net polarization, by rotating a polarization beam-splittering cube in front of
the calibration probes, and by measuring the CF . The data points are fit to the function:

P0 +(P1 · sin(q +P2)). (2.2)

The energy variations due to polarization for 6 months of data are presented in Figure 5 (left).
The fitting function is presented in Figure 5 (right) in polar coordinates and overlapping a circle
of radius P0 that represents a beam without polarization. The maximum deviation of the fitted line
from the circle at angles facing the four FD sites is no larger than 1%.

Figure 5: (Left) Six months of polarization calibration data. Blue points represent energy measurements at
eight different rotation angles of the polarization analyzer. The red line represents the fit function. (Right)
Data and fit line are presented in polar coordinates. The black circle of radius P0 represents a beam without
net polarization. The four green stars represent the directions toward the four FD sites.

2.3 The Raman LIDAR

The Raman LIDAR measures the back-scatter light from the laser to obtain t(z,t) indepen-
dently [6]. The system has three channels: one for elastic scattering, one for Raman scattering off
N2 molecules, and one for Raman scattering off water vapor (Figure 6).

Figure 6: (Left) A picture of the Raman LIDAR optical components. (Right) Examples of hourly t(z,t)
during a clear and a typical night with aerosols.

5

C. Medina-Hernandez et al. ICRC2015



Surface detector energy - P,T dependence 

• Shower rates above a given 
assumed energy threshold show 
diurnal and seasonal variations

• due to 
• density (ρ ~ P/T) related 

changes to the Moliere radius 
(most important)

• shower attenuation with 
increasing P 

• can be corrected empirically 
using weather station data (5 
min latency)

• particularly important in broad 
scale anisotropy studies, where  
harmonic amplitudes are ~ 1%  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A. Horneffer bd, M. Hrabovský z,y, T. Huege ah, M. Hussain bl, M. Iarlori ao, A. Insolia at,
F. Ionita ch, A. Italiano at, S. Jiraskova bd, M. Kaducak by, K.H. Kampert ag, T. Karova y,
P. Kasper by, B. Kégl ac, B. Keilhauer ah, E. Kemp q, R.M. Kieckhafer cc, H.O. Klages ah,
M. Kleifges ai, J. Kleinfeller ah, R. Knapik bw, J. Knapp bs, D.-H. Koang ae, A. Krieger b,
O. Krömer ai, D. Kruppke-Hansen ag, D. Kuempel ag, N. Kunka ai, A. Kusenko cg,
G. La Rosa av, C. Lachaud ab, B.L. Lago v, P. Lautridou af, M.S.A.B. Leão u, D. Lebrun ae,
P. Lebrun by, J. Lee cg, M.A. Leigui de Oliveira u, A. Lemiere aa, A. Letessier-Selvon ad,
M. Leuthold ak, I. Lhenry-Yvon aa, R. López ay, A. Lopez Agüera bq, K. Louedec ac,
J. Lozano Bahilo bp, A. Lucero aw, R. Luna García ac, H. Lyberis aa, M.C. Maccarone av,
C. Macolino ao, S. Maldera aw, D. Mandat y, P. Mantsch by, A.G. Mariazzi e, I.C. Maris al,

0927-6505/$ - see front matter ! 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.astropartphys.2009.06.004

Astroparticle Physics 32 (2009) 89–99

Contents lists available at ScienceDirect

Astroparticle Physics

journal homepage: www.elsevier .com/ locate/ast ropart

with a new analysis in preparation

01/2005 08/2005 03/2006 09/2006 04/2007 10/2007 05/2008
0.4

0.5

0.6

0.7

0.8

Ra
te

 o
f e

ve
nt

s [
da

y-1
 km

-2
]

0 5 10 15 20
Hour of the day (UTC)

0.56

0.57

0.58

0.59

0.60

0.61
0.62

Ra
te

 o
f e

ve
nt

s [
da

y-1
 km

-2
]

2% amplitude

10% amplitude



Conclusions
• the challenge of monitoring the atmosphere over 3000 square kilometres is 

achieved with a suite of instruments
• measurement redundancy is important!
• creative use of air shower data for cross-checks is fruitful
• work continues to improve understanding, cross-check our assumptions and 

results
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