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Techniques for Measuring Aerosol Attenuation
using the Central Laser Facility
at the Pierre Auger Observatory

The Pierre Auger Collaboration *

ABSTRACT. The Pierre Auger Observatory in Malargiie, Argentina, isigieed to study the prop-
erties of ultra-high energy cosmic rays with energies abb®€ eV. It is a hybrid facility that
employs a Fluorescence Detector to perform nearly caldrimmeasurements of Extensive Air
Shower energies. To obtain reliable calorimetric inforimatfrom the FD, the atmospheric condi-
tions at the observatory need to be continuously monitorgthd data acquisition. In particular,
light attenuation due to aerosols is an important atmospleerrection. The aerosol concentration
is highly variable, so that the aerosol attenuation needietevaluated hourly. We use light from
the Central Laser Facility, located near the center of theepnlatory site, having an optical signa-
ture comparable to that of the highest energy showers @etdxt the FD. This paper presents two
procedures developed to retrieve the aerosol attenuatitmooescence light from CLF laser shots.
Cross checks between the two methods demonstrate thatsrésuh both analyses are compati-
ble, and that the uncertainties are well understood. Thesomrements of the aerosol attenuation
provided by the two procedures are currently used at thedPmger Observatory to reconstruct
air shower data.
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1. Introduction

Direct measurements of primary cosmic rays at ultra-higérgies (above I8 eV) above the at-
mosphere are not feasible because of their extremely low Tibe properties of primary particles
— energy, mass composition, arrival direction — are deddmd the study of cascades of sec-
ondary particles of Extensive Air Showers (EAS), origingtifrom the interaction of cosmic rays
with air molecules. The Pierre Auger Observatdry [1] in Argea (mean altitude about 1400 m
a.s.l.) combines two well-established techniques: théaSerDetector, used to measure photons
and charged patrticles produced in the shower at ground; lthelFluorescence Detector, used to
measure fluorescence light emitted by air molecules exbyeskecondary particles during shower
development. The Fluorescence Detector (D) [2] consisB#tdelescopes located at four sites
around the perimeter of the Surface Detector (SD) arrays drily operated during clear nights
with a low illuminated moon fraction. The field of view of a gie telescope is 30in azimuth,
and 1.5 to 3Q° in elevation. Each FD site covers T80 azimuth. The hybrid feature and the large
area of 3000 krhof the observatory enable the study of ultra-high energyniosays with much
better precision and much greater statistics than any guewexperiment.

The fluorescence technique to detect EAS makes use of theppl@@ as a giant calorimeter
whose properties must be continuously monitored to ensusdiable energy estimate. Atmo-
spheric parameters influence both the production of fluemse light and its attenuation towards
the FD telescopes. The molecular and aerosol scatteringegses that contribute to the overall
attenuation of light in the atmosphere can be treated segharén particular, aerosol attenuation of
light is the largest time dependent correction appliedrdygir shower reconstruction, as aerosols
are subject to significant variations on time scales asg l#fl one hour. If the aerosol attenuation is
not taken into account, the shower energy reconstructibiaised by 8 to 25% in the energy range
measured by the Pierre Auger Observatdty [3]. On averag# @0all showers have an energy
correction larger than 20%, 7% of showers are corrected berian 30% and 3% of showers are
corrected by more than 40%. Dedicated instruments are wseuwbhitor and measure the aerosol
parameters of interest: the aerosol extinction coefficiegf(h), the normalized differential cross
section — or phase functionP{6), and the wavelength dependence of the aerosol scatteang, p
rameterized by the Angstrom coefficignt

At the Pierre Auger Observatory, molecular and aerosotegag in the near UV are measured
using a collection of dedicated atmospheric monitpfs [3je©f these is the Central Laser Facility
(CLF) [] positioned close to the center of the array, as shawFig.[]. A newly built second
laser station, the eXtreme Laser Facility (XLF), positidmerth of the CLF, has been providing an
additional test beam since 2009. The two systems produiwatald 355 nm vertical and inclined
laser shots during FD data acquisition. These laser fiesiliire used as test beams for various
applications: to calibrate the pointing direction of teleges, for the determination of the FD/SD
time offset, and for measuring the vertical aerosol optitEgth1,e(h) and its differentialoae(h).

An hourly aerosol characterization is provided in the FDdfief view with two independent ap-
proaches using the same CLF vertical laser events. In thefakse, those approaches will be
applied to XLF vertical events. The FRAM robotic telescopesed for a passive measurement of
the total optical depth of the atmosphere, the horizontahattion monitors (HAM) at two of the
FD sites are used to characterize the optical propertidseohtmosphere close to the ground.
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Figure 1. Map of the Pierre Auger Observatory in Argentinat©represent SD stations, which
are separated by 1.5 km. The green lines represent the fieliéwfof the six telescopes of each
of the four fluorescence detectors at the periphery of ther&ly.aThe position of the atmospheric
monitoring devices is shown.

In addition to the CLF and XLF, four monostatic LIDARS [5] afalr Infrared Cloud Cam-
eras [b] — one at each FD site — are devoted to cloud and aemosatoring. During FD data
acquisition, the LIDARs continuously operate outside tiefield of view and detect clouds and
aerosols by analyzing the backscatter signal of a 351 nneg@udser beam. The cloud cameras use
passive measurements of the infrared light and provide tangiof the field of view of every FD
telescope every 5 minutes.

To measure the Aerosol Phase Function (APF), a Xenon flash &nwo of the FD sites
fires a set of five shots with a repetition rate of 0.5 Hz onceyeteur []. The shots are fired
horizontally across the field of view of five out of the six ®depes in each building. The resulting
angular distribution of the signal gives the total scattgmhase functio(8) as a function of the
scattering anglé.

In this paper, we will describe the analysis techniques tsedtimate aerosol attenuation from
CLF laser shots. In Sefl. 2 we will review atmospheric attéonadue to aerosols and molecules.
In Sec.|]3, we will discuss the setup, operation and calitmatif the CLF. Sec[|4 contains the
description of the two analysis methods used to estimatea¢hesol attenuation. Comparisons
between the two methods and conclusions follow in Sec. HJand 6

2. Atmospheric Attenuation

Molecules in the atmosphere predominantly scatter, rdabi@r absorb, fluorescence photons in the
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UV rangé. Molecular and aerosol scattering processes can be treapedately. In the following,
the term “attenuation” is used to indicate photons that eattered in such a way that they do not
contribute to the light signal recorded by the FD. The mdi@cand aerosol attenuation processes
can be described in terms of atmospheric transmission ciefts Tro(A,S) and TaedA, S), indi-
cating the fraction of transmitted light intensity as a ftioie of the wavelengthA and the path
lengths. The amount of fluorescence light recorded at the FD apeltlres) can be expressed in
terms of the light intensity at the sourtgA,s) as

dQ

[(A,8) =10(A,S) - Tmol(A,S) - Taed A,S) - (1+H.O.) - o

(2.1)
where H.O. are higher order corrections due to multipletedag and @ is the solid angle sub-
tended by the telescope aperture as seen from the lightesourc

An accurate measurement of the transmission factors ddiite acquisition is necessary for
a reliable reconstruction of the shower and for proper messants of the physical properties
of the primary particle (energy, mass composition, etc).ilévthe molecular transmission factor
Tmol(A,S) can be determined analytically once the vertical profilestofiospheric temperature,
pressure, and humidity are known, the aerosol transmidawior Tae(A , S) depends on the aerosol
distribution nae((r, h), wherer is the aerodynamic radius of the aerosols ansl the height above
the ground.

The molecular transmission fact®o(A,S) is a function of the total wavelength-dependent
Rayleigh scattering cross sectiamo(A) and of the density profile along the line of sighin
atmospher@m(s),

Tmol(A 73) = exp<_/ Umol()‘ ) nmol(s) dS> : (2.2)
The Rayleigh scattering cross sectiagfo (A ) is
24 /2 —1
onel) = s (FE3) (M) 23)

whereNs is the atmospheric molecular density, measured in molequée m 3, ny, is the refrac-
tive index of the air, andr,;; is the King factor that accounts for the anisotropy in thettecimg
introduced by the non-sphericabNO, molecules [[8].

The atmospheric density profile along the line of sighti(s) is calculated using altitude-
dependent temperature and pressure profiles,

Nmol(S) = N—Rf . %, (2.4)

whereN, is Avogadro’s number an is the universal gas constant.

Temperature, pressure and humidity vertical profiles ofdtreosphere were recorded from
August 2002 to December 2010 by performing an intensive eggmof radiosonde measurements
above the site of the Pierre Auger Observatdiy [9]. A set dfideas taken about every 20 m

1The most absorbing atmospheric gases in the atmosphereane and N@. In the 300 to 400 nm range, the
contribution of their absorption to the transmission fumetis negligible [13].
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during the ascent. The balloons were able to reach altitofi@® km a.s.l. on average. Vertical
profiles are complemented by temperature, pressure anddiyndiata from five ground-based
weather stations. The measured profiles from these lautehesbeen averaged to form monthly
mean profiles (Malarglie Monthly Models) which can be usetiénsimulation and reconstruction
of showers [[9[]3]. Currently, the Global Data Assimilatiops&m (GDAS) is used as a source
for atmospheric profiles. GDAS combines measurements amddsts from numerical weather
prediction to provide data for the whole globe every threarko For the location of the Pierre
Auger Observatory, reasonable data have been availalde dime 2005. Comparisons with on-
site measurements demonstrate the applicability of the fdatir shower analysep ]10].

Aerosol scattering can be described by Mie scattering thetowever, it relies on the assump-
tion of spherical scatterers, a condition that is not alwfajyfilled. Moreover, scattering depends
on the nature of the particles. A program to measure the diloea and nature of aerosols at
the Pierre Auger Observatory is in progress and alreadyywmedi first results, but more study is
needed[[11]. Therefore, the knowledge of the aerosol trassom factorT,e(A,s) depends on
frequent field measurements of the vertical aerosol optieptht,e(h), the integral of the aerosol
extinction aze2) from the ground to a point at altitudeobserved at an elevation angle, assum-
ing a horizontally uniform aerosol distribution (cf. Fig), 4

h
Tae A ;1) = exp(— JA aaer<z>dz/sin¢z> — expl—(Taedh)/ sing)]. (2.5)

Hourly measurements afe(h) are performed at each FD site using the data collected fr@n th
CLF.

o
'S

Vertical Optical Depth T
o
w
I

N

L ._."' aer, high

aer, average
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aer, low
T T T T T T T T T T Il L
6000 8000 10000
Height [m a.g.l.]
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0 2600 - 4(;00 1
Figure 2: The vertical profile of the molecular optical deptt855 nm (dots), shown together with

the measured vertical profiles of the aerosol optical deptase of high, average, and low aerosol
attenuation of the light. Height is measured above the gfoun

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

In Fig.[3, the vertical profile of the molecular optical defthy(h) is compared with measured
aerosol profilesraefh) (Eq. [2.5) in case of high, average and low aerosols attesuati light

in the air. We define “high” aerosol attenuation wheg{5km) > 0.1, “average” when @4 <
Taer(5km) < 0.05 and “low” whentae(5km) < 0.01. Considering an emission point P1 at an al-
titude of 5 km and a distance on ground of 30 km from the FD, ingted high, average and low
values correspond to transmission factor3@f < 0.54, 073 < Taer< 0.78 andT,er > 0.94, respec-
tively. The steps seen in thge, profiles are due to multiple aerosol layers at differenttadiies.
For the calculation of the molecular optical depth profilenthly averaged temperature, pressure,
and humidity profiles for the location of the Observatory &ased. The 12 resulting,q profiles
were averaged, the fluctuations introduced by the varyingpapheric state variables throughout
the year are very small, comparable to the size of the pairf&g[2. On the other hand, the aerosol
attenuation can vary between clear and hazy conditionsiwétew days, making the constant
monitoring of the aerosol optical depth necessary.

3. The Central Laser Facility

The Central Laser Facility, described in detail elsewhltedenerates an atmospheric “test beam”.
Briefly, the CLF uses a frequency tripled Nd:YAG laser, cohtrardware and optics to direct a
calibrated pulsed UV beam into the sky. Its wavelength of 88bis near the center of the main
part of the nitrogen fluorescence spectrynj [12]. The speptrdty of the beam delivered to the
sky is better than 99%. Light scattered from this beam preduracks in the FD telescopes. The
CLF is located near the middle of the array, nearly equidisteom three out of four of the FD
sites, at an altitude of 1416 m above sea level. The distandbge Los Leones (located 1416.2 m
above sea level), Los Morados (1416.4 m), Loma Amarilla 6147n) and Coihueco (1712.3 m)
FD sites are 26.0 km, 29.6 km, 40 km, and 30.3 km, respectivelfig. 3, a picture (left) of the
CLF is shown. The CLF is solar-powered and operated remotely

13 Solar
Panels
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Control, Monitor, Power Optics

COMPUTER Fiber Steered Vertical

To Tank Beam Beam

Volts,

Temp
..... p—
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o S
! '
! '
(R o] '
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Flipper
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Figure 3: Left: The Central Laser Facility. Right: A scheioaif the Central Laser Facility.
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Figure 4: Laser-FD geometry. The light is scattered out ef lser beam at a heightat an
angleé.

The laser is mounted on an optical table that also housesaohthe other optical components.
The arrangement is shown in Fig. 3 (right). Two selectablenbeonfigurations — vertical and
steerable — are available. The steering mechanism cownsist® mirrors on rotating, orthogonal
axes which can direct the beam in any direction above thetori The inclined laser shots can
be used to calibrate the pointing and time offsets of the ésoence telescopes. For the aerosol
analyses described in this paper, only the vertical bearséd.uFor this configuration, the beam
direction is maintained within 0.04kf vertical with full-width beam divergence of less than®.0

The Nd:YAG laser emits linearly polarized light. To perfotime aerosol measurements de-
scribed in this paper, it is convenient, for reasons of syimné use a vertical beam that has no
net polarization. In this case equal amounts of light aréteeal in the azimuthal directions of
each FD site. Therefore, the optical configuration includegolarizing elements that randomize
the polarization by introducing a varying phase shift asribee beam spot. The net polarization of
the fixed-direction vertical beam is maintained within 3%aridom.

The nominal energy per pulse is 6.5 mJ and the pulse width is. 7\fariations in beam
energy are tracked to an estimated accuracy of 3%. Theuwelatiergy of each vertical laser shot
is independently measured by a photodiode and a pyroelqmiobe. The CLF laser energy is
periodically calibrated and optics are cleaned. For eatchade periods a new coherent data set is
defined and the corresponding period referred to &8 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 evEsyminutes during the FD
data acquisition. Specific GPS timing is used to distingléster from air shower events. The
direction, time, and relative energy of each laser pulsed¢smed at the CLF and later matched to
the corresponding laser event in the FD data.

An upgrade [33] to the CLF is planned for the near future. Tipigrade will add a backscatter
Raman LIDAR receiver, a robotic calibration system, andaeg the current flash lamp pumped
laser by a diode pumped laser.

—11 -
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4. CLF Data Analysis

The light scattered out of the CLF laser beam is recorded byF (see Fig[]4 for the laser-FD
geometry layout). The angles from the beam to the FD for e@rshots are in the range of 90
to 120. As the differential scattering cross section of aerosattecing is much smaller than the
Rayleigh scattering cross section in this range, the soagtef light is dominated by well-known
molecular processes. Laser tracks are recorded by thedpes in the same format used for air
shower measurements. In Fjf). 5, a single 7 mJ CLF verticdlahoecorded from the Los Leones
FD site is shown. In the left panel of Fig. 6, the correspogdight flux profile for the same event
is shown. In Fig[J6, right panel, an average profile of 50 skoshown.
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Figure 5: A7 mJ CLF vertical event as recorded by the Los Ledti2 site (distance 26 km). Left
panel: ADC counts vs. time (100 ns bins). The displayed d&tfoathe marked pixels in the right
panel. Right panel: Camera trace. The color code indicaes¢quence in which the pixels were
triggered.
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Figure 6: Left: The light flux profile of a single CLF verticahat seen from the Los Leones FD
site. The same event as shown in [f]g. 5 is used. Right: 50 akietage profile.

Laser light is attenuated in the same way as fluorescencedgyt propagates towards the
FD. Therefore, the analysis of the amount of CLF light thaictees the FD can be used to infer
the attenuation due to aerosols. The amount of light seatteut of a 6.5 mJ laser beam by the
atmosphere is roughly equivalent to the amount of UV fluaase light produced by an EAS of
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5x 10'° eV at a distance to the telescope of about 16 km, as shown i Figlso shown is the
more attenuated light profile of an almost identical shovter larger distance.

Besides determining the optical properties of the atmasphbe identification of clouds is
a fundamental task in the analysis of CLF laser shots. Cla@adshave a significant impact on
shower reconstruction.

250

200[— Air shower [|¥
- 5x10%° eV
C 16 km

detected light [photons/m?/100ns]

150—
- CLF laser

100— 50 shot average
= 30 km

50

500 600 700 800 900 1000
ADC time bins [100 ns]

0 100 200 300 400 °

Figure 7: Comparison between a 50 shot average of vertisah8.UV laser shot from the CLF and
near-vertical cosmic ray showers measured with the FD. ©se ray profile has been flipped in
time so that in both cases the left edge of the profile cormedgdo the bottom of the FD field of
view.

In Fig.[8, examples of various hourly profiles affected byetint atmospheric conditions are
shown. The modulation of the profile is due to the FD cametegire, in which adjacent pixels are
complemented by light collectors. A profile measured on &tniig which the aerosol attenuation
is negligible is shown in panel (a). Profiles measured onteighwhich the aerosol attenuation
is low, average and high, are respectively shown in pang/g¢pand (d). As conditions become
hazier, the integral photon count decreases. The two bgbtafiles (e) and (f) represent cloudy
conditions. Clouds appear in CLF light profiles as peaks éeshdepending on their position. A
cloud positioned between the CLF and the FD can block theitngssion of light in its travel from
the emission point towards the fluorescence telescopesagpg as a hole in the profile (e). The
cloud could be positioned anywhere between the CLF and thsiteDtherefore its altitude cannot
be determined unambiguously. A cloud directly above the @ppears as a peak in the profile,
since multiple scattering in the cloud enhances the amdulighd scattered towards the FD (f).
In this case, it is possible to directly derive the altitudet® cloud from the peak in the photon
profile since the laser-detector geometry is known.

Two independent analyses have been developed to providey lemrosol characterization in
the FD field of view using CLF laser shots from the fixed-dil@ctvertical configuration. To
minimize fluctuations, both analyses make use of averatéfligx profiles normalized to a fixed
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Figure 8: Examples of light profiles measured with the FD a@hGeco under various atmospheric
conditions. The height is given above the FD. The number of@ts at the aperture of the FD is
normalized per mJ of laser energy. Shown are a referencerilglat (a); low (b), average (c) and
high aerosol attenuation (d); cloud between FD and lasgla®r beam passing through cloud (f).

reference laser energy.

e TheData Normalized Analysis based on the comparison of measured profiles with a refer-

ence clear night profile in which the light attenuation is dlwaited by molecular scattering.

e ThelLaser Simulation Analysis based on the comparison of measured light flux profiles to
simulations generated in various atmospheres in which ¢hesal attenuation is described
by a parametric model.

—14—



202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

Measured profiles are affected by unavoidable systematiated to the FD and laser calibra-
tions. Simulated profiles are also affected by systemadiegdad to the simulation procedure. Using
measurements recorded on extremely clear nights wherecolateRayleigh scattering dominates,
CLF observations can be properly normalized without thedrfee absolute photometric calibra-
tions of the FD or laser. We will refer to these nightsreference clear nightsAt present multiple
scattering effects are not included in the laser simulatiote, however the aforementioned nor-
malization includes this effect for Rayleigh scatterinipwaing to take it into account in the Laser
Simulation Analysis.

4.1 Reference clear nights

In reference clear nightghe attenuation due to aerosols is minimal compared to ticertainty
of total attenuation, the scattering is dominated by theeqwhr part. In such a clear night, the
measured light profiles are larger than profiles affecteddsgsol attenuation, indicating maximum
photon transmission. Those profiles have shapes that aneatitohe with a profile simulated under
atmospheric conditions in which only molecular scatteraighe light is used. Reference clear
night profiles are found by comparing measured profiles takited average profiles of 50 CLF
shots in a purely molecular atmosphere at an energy of 6.98idg the Malarglie Monthly Models
described in sectidn 2, the procedure is repeated 12 tiniieg the appropriate atmospheric density
profiles.

The method chosen for the comparison is the unnormalizech&8gbrov-Smirnov test. This
test returns a pseudo-probabifitis that the analyzed profile is compatible with the clear one on
the basis of shape only, without taking into account the mdization. For each profildks and
the ratioR between the total number of photons of the measured profdetam simulated clear
one is calculated. In each CLF epoch, the search for theerederclear night is performed among
profiles having high values ¢%ks andR. A search region is defined by extracting the mean values
Hps, Ur and the RMSop ¢,0r Of the distribution of each parameter. Both parameterseqeired
to be above their average+ g. Profiles belonging to the search region are grouped by night
and nightly averages for the two parameters are comp{Res} and(R). A list of candidate clear
nights with associated pseudo-probabilities and numbpraifies is produced. The night with the
highest(P«s) is selected and — if available — at least 4 candidate profiesweeraged to smooth
fluctuations. Once identified, the associat® is the normalization constant that fixes the energy
scale between real and simulated profiles needed in the Sasedation Analysis. We estimated
the uncertainty introduced by the method chosen to idettiéyreference clear night by varying
the cuts that determine the list of candidate clear nightsthe selection criteria that identify the
chosen reference night in the list. The normalization camtstised to fix the energy scale between
real and simulated CLF profiles changes by less than 3%.

As a final check to verify that the chosen nights are referesiear nights we analyze the
measurement of the aerosol phase function (ARF) [7] forrigiit, measured by the APF monitor
(see Sed.]1). The molecular part of the phase fund®ig8) can be calculated analytically from
temperature, pressure and humidity at ground provided latives stations. After subtraction of the

2the Kolmogorov-Smirnov test calculates probabilitiestitstograms containing counts, therefore here the returned
value is defined as a pseudo-probability.
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molecular phase function, the aerosol phase function msnan a reference clear night, the total
phase function is dominated by the molecular part with atmogsontribution from aerosols. Since
the APF light source only fires approximately horizontathis method to find the reference nights
is insensitive to clouds, so it can only be used as a verifinaif reference nights that were found
using the procedure described in this section. After veiion, the reference night is assumed to
be valid for the complete CLF epoch. In Fig. 8, panel (a), aarayed light profile of a reference
night is shown.

4.2 Data Normalized Analysis
4.2.1 Building hourly laser profiles and cloud identificatian

Using the timing of the event, the time bins of the FD data ameverted to height at the laser
track using the known positions of the FD and CLF. The diffieeein altitude between telescope
and laser station and the curvature of the Earth, which caadeeight difference on the order of
50 m, are taken into account. The number of photons is scaldldet number of photons of a
1 mJ laser beam (the normalization energy is an arbitrarycehthat has no implications on the
measurements). The CLF fires sets of 50 vertical shots eergidutes. For each set, an average
profile is built.

Clouds are then marked by comparing the photon transmigsig(see Eq[ 2]5) of the quarter
hour profilesTquarter to the clear profil€Tgear bin by bin. A ratio Tqyartey/ Telear Of less than 0.1
indicates a hole in the profile that is caused by a cloud betviee laser beam and the FD. A
ratio larger than B indicates that the laser beam passed through a cloud Idiedmive the CLF
causing a spike in the profile. In both cases, the minimumccloeighthgq.q is set to the height
corresponding to the lower edge of the anomaly. Only bineesponding to heights lower than this
cloud height are used for the optical depth analysis. Hougrsrearked as cloudy only if clouds are
found in at least two quarter hour sets, see Fig. 9. If thezenarsuch discontinuities, thégiouq is
set to the height corresponding to the top of the FD camerddieliew.

After hgoug is determined, a preliminary full hour profile is made by aging all the available
quarter hour profiles. One or more quarter hour profiles camissing due to the start or stop of FD
data taking, heavy fog, or problems at the CLF. Only one gudmbur profile is required to make
a full hour profile. Outlying pixels that triggered randondyring the laser event are rejected and
a new full hour profile is calculated. To eliminate outlierssingle bins that can cause problems
in the optical depth analysis, the quarter hour profiles algested to a smoothing procedure by
comparing the current profile to the preliminary full houofile. After multiple iterations of this
procedure, the final full hour profile is constructed.

The maximum valid heighbygiq 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 tmurls, hy4jig is marked at that point.
As with hgoug, if N0 such holes exist, them,gjiq is set to the height corresponding to the top of the
FD camera field of view. Ihyig is lower thanhgg,g, the minimum cloud height is set to be the
maximum valid height. Points aboVg,jiq are not usable for data analysis.

4.2.2 Aerosol optical depth calculation

Using the laser-FD viewing geometry shown in Hig. 4, and mésg that the atmosphere is hori-
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zontally uniform, it can be show [[14] that the vertical esiooptical depth is

_ singusings [, (Ned)) | (1 SedO.h)
wit) =g (" (o) " (M omiom) ) 6

whereNmoi(h) is the number of photons from the reference clear profile asation of height,
Nops(h) is the number of photons from the observed hourly profile asretfon of height and
0 is defined in Fig[]4.Sier(8,h) and Syoi(6,h) are the fraction of photons scattered out of the
laser beam per unit height by aerosols and air moleculepectisely. S(6,h) is the product of
the differential cross section for scattering towards tie riultiplied by the number density of
scattering centers. For vertical laser sh@ks = 11/2), Sie( 6, h) is small compared t&noi(6,h)
because typical aerosols scatter predominately in theai@hairection. Thus the second term in
Eq.[4.1 can be neglected to first order and[Ed. 4.1 becomes

_n Nmol(h) — InNops(h)

Taeh) = 1 osee (4.2)

With these simplifications, the CLF optical depth measur@sdepend only on the elevation angle
of each laser track segment and the number of photons fromltberved track and the reference
clear profile. The aerosol optical depth may be calculatestdy from Eq[4.P.

Taer IS Calculated for each bin in the hourly profile. The opticapth at the altitude of the
telescope is set to zero and is interpolated linearly betvilee ground and the beginning ofs2°
corresponding to the bottom of the field of view of the telgmzo This calculation provides a
first guess of the measured optical depfff®5 assuming that aerosol scattering from the beam
does not contribute to the track profile. While this is trueregions of the atmosphere with low
aerosol contentring?is only an approximation of the truge, if aerosols are present. To overcome
this, Tha2®is differentiated to obtain an estimate of the aerosol ektin axe(h) in an iterative
procedure.

Itis possible to find negative values @fe. They are most likely due to statistical uncertainties
in the fit procedure, or can be due to systematic effects. Adaber is far from the FD site, the
brightest measured laser light profile, after accountingrétative calibrations of the FD and the
laser, occurs during a clear reference night. Howevergtlage uncertainties (see Sgc. 4.2.3) in
the calibrations that track the FD PMT gains and the CLF lasergy relative to the reference
period. Therefore, in some cases it is possible that pargslager light profile recorded during a
period of interest can slightly exceed the correspondirmdilprrecorded during a reference period.
Typically, these artifacts occur during relatively cleanditions when the aerosol concentration is
low. The effect could also happen if a localized scatteregjan, for example a small cloud that
was optically too thin to be tagged as a cloud, remained delaser and scattered more light out
of the beam. However, since negative valuesigf are unphysical, they are set to zero. Since the
integrateda,e, values are renormalized to the measurgi®sprofile, this procedure does not bias
the aerosol profile towards larger values. The remainingegbfa,er are numerically integrated
to get the fit optical deptfl,. The final values fom,eandtfil, can be used for corrections in light
transmission during air shower reconstruction.

In Fig. @, examples of laser ange, profiles are displayed from an average night and from
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Figure 9: Examples of light profiles and vertical aerosolagtdeptht,er measured with the FD
at Los Morados during an average night (top) and with ther lpassing through a cloud (bottom).
The height is given above the FD, the light profile was noreealito a laser shot of 1 mJ. The
black traces in left panels represent the hourly profiles réu traces the reference clear nights. In
the right panels, the thick black line represerf§?s the red linerfit,. The upper and lower traces
correspond to the uncertainties. In the bottom right pathel,estimated cloud height is indicated
by the vertical blue dotted line.

a cloudy night when the laser pulse passed through a cloudhelteft panels the black traces
represent the hourly profiles and the red traces represemnteflerence clear nights. In the right
panelstii®aand rft, measurements as a function of height are shown. The blasle ¢sirf1cas
and tft is overlaid in red. The upper and lower traces corresponcéouncertainties. In the
cloudy night, a large amount of light is scattered by a claading from a height of approximately
7000 m. In the bottom right panel, the minimum height at whadioud was detected is indicated
by a vertical blue line.

4.2.3 Determination of Uncertainties

Systematic uncertainties are due to uncertainty in thdivelaalibration of the FD ), the rela-
tive calibration of the laseid(ss), and the relative uncertainty in determination of the refee clear
profile (oref). A conservative estimate for each of these is 3%. Thesertanckes are propagated
in quadrature for both the hourly profiledysihour) and the clear profiledsystciear). The systematic
uncertainty strongly depends on the height. Thus, the vigwingle from the FD to the laser must
be taken into account. The final systematic uncertainty f#°is calculated by addingsysthour

—18 —



331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

anddsystclear IN quadrature, along with the height correction,

1
Osyst= m \/ (Usysi;hour)2 + (Usystclear)z- (4.3)

Two separate profiles are then generated corresponding teathies ofta; 2>+ Osysy, @s shown on
the right panels of Fid]9.

The statistical uncertaintysiy¢is due to fluctuations in the quarter hour profiles and is abnsi
ered by dividing the RMS by the mean of all quarter hour prefdéeach height. These statistical
uncertainties are assigned to each bin oftfi¢?>+ osys; profiles. These two profiles are then pro-
cessed through the same slope fit procedure and integratigfi’®(see Sed. 4.2.2) to obtain the
final upper and lower bounds af!,.

4.3 Laser Simulation Analysis
4.3.1 Atmospheric Model Description

The atmospheric aerosol model adopted in this analysissiscban the assumption that the aerosol
distribution in the atmosphere is horizontally uniform. €rherosol attenuation is described by
two parameters, thaerosol horizontal attenuation lengthd: and theaerosol scale height H.
The former describes the light attenuation due to aerosajsoaind level, the latter accounts for
its dependence on the height. With this parameterizattom ekpression of the aerosol extinction
0aer(h) and the vertical aerosol optical deptfr(h) are given by

Qaerh) = éer [exp<—H—lr>} , (4.4)
hy

H h h
Taed(n2 — 1) :/h Oaer(h)dh = —i:: [exp(—H—;r> —exp(—ﬁ)] . (4.5)
1

Using Eq[2.b, the aerosol transmission factor along thie pean be written as

H h h
Taed(S) = exp <7Laersaienr ry [exp (— H—:er> —exp <— KZ) ] > , (4.6)

whereh; andh, are the altitudes above sea level of the first and second\attier levels andp,
is the elevation angle of the light past{cf. Fig.4).

The Planetary Boundary Layer (PBL) is the lower part of theagphere directly in contact
with the ground, it is variable in height and the aerosolrattgion of light can be assumed as
constant. The PBL is neglected in this two parameters apprda the near future, thmixing layer
heightwill be introduced as a third parameter to take into accouafBL. In the Data Normalized
Analysis, T4 h) is calculated per height bin in the hourly profile, thereftiis analysis is sensible
to the PBL and takes it into account.

4.3.2 Building quarter-hour CLF profiles and generating a grid of simulations

As described in sectiof] 3, the CLF fires 50 vertical shotsye#®rminutes. The profile of each
individual event of the set is normalized to a reference @nék.s, to compute an average profile
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equivalent toEes for each group of 50 shots. In the following, this averagétligrofile will be
referred to simply as “profile”. A grid of simulations at theference energ¥,es is generated,
fixing the initial number of photons emitted by the simulatexitical laser source. While energy
and geometry of the simulated laser event are fixed, the atineois conditions, defined by aerosol
and air density profiles, are variable and described by meéastwo parameters models. The
aerosol attenuation profile in the atmosphere, accorditigetonodel adopted, is determined setting
values forLaer andHger For this analysis, the grid is generated by varying, from 5 to 150 km

in steps of 2.5 km an#fize from 0.5 km to 5 km in steps of 0.25 km, corresponding to a tofal
1121 profiles. The air density profiles are provided by thedvtgle Monthly Models, as discussed
in Sec[P. Therefore, a total of 13 452 profiles are simulategpooduce the wide range of possible
atmospheric conditions on site. In the left panel of [fig. 40Gneasured CLF profile (in blue) is
shown together with four out of the 1121 monthly CLF simuiapeofiles (in red) used for the
comparison procedure. In the right panel, the four aerosafilps Ta¢(h) corresponding to the
simulated CLF profiles are shown.

o«Oe
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=]

Figure 10: Left: Four out of the 1121 simulated profiles of antindy grid (red), superimposed
to a measured profile (blue). Right: The four aerosol profil@sesponding to the simulated CLF
profiles. In order, from top to bottontaeh) profiles on the right correspond to CLF profiles on
the left from bottom to top.

The relative energy scale between measured and simulaeddeofiles has to be fixed. The
amplitude of CLF light profiles from laser shots fired at thensaenergy depends on the aerosol
attenuation in the atmosphere and on absolute FD and CLPBratidins, that are known within
10% and 7%, respectively. The ratio of the amplitudes of timeiated clear night to the measured
reference clear nighR as defined in Sed. 4.1 returns the normalization constantfittes the
relative energy scale between measured and simulated gasfles. Using this normalization
procedure, the dependence on FD or CLF absolute calibmatmavoided and only the relative
uncertainty (daily fluctuations) of the laser probes (3% &D calibration constants (3%) must
be taken into account. This procedure is repeated for ea¢heépbch data set. Average measured
profiles are scaled by dividing the number of photons in eacho the normalization constant of
the corresponding epoch before measuring the aerosolatien.

—20 -



s 4.3.3 Optical depth determination and cloud identification

s For each quarter hour average profile, the aerosol attemudi determined obtaining the pair
se7  LBESU HPeS corresponding to the profile in the simulated grid closeshtoanalyzed event. The

s quantification of the difference between measured and sidlprofiles and the method to iden-
3o tify the closest simulation are the crucial points of thislgeis. After validation tests on sim-

w0 Ulations of different methods, finally the pdifSSt and HESS! chosen is the one that minimizes
;1 the square differencB? between measured and simulated profiles computed for eachvhere

02 D? = [y;(PMe3S— dS™)2] and P; are reconstructed photon numbers at the FD aperture in each
3  time bin. In Fig[I]L, an average measured profile as seen frosn_keones compared to the sim-
302 Ulated chosen profile is shown. The small discrepancy betwesasured and simulated profiles,
395 corresponding to boundaries between pixels, has no effetttomeasurements.

Measured CLF profile

w
o
o

Chosen simulated CLF profile

N
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o
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Figure 11: A measured CLF profile (blue) together with thesghosimulated (red).

396 Before the aerosol optical depth is determined, the avaragfde is checked for integrity and
397 for clouds in the field of view in order to establish the maximaltitude of the corresponding
398 aerosol profile. The procedure for the identification of dsworks on the profile of the difference
399  in photons for each bin between the measured profile unddy stad the closest simulated profile
a0 chosen from the grid. With this choice, the baseline is closeero and peaks or holes in the
a1 difference profile are clearly recognizable. The algorithieveloped uses the bin with the highest
202 Or lowest signal and the signal-to-noise ratio to estaliiwh presence of a cloud and therefore
a3 determines its altitude. The quarter hour information anrtiinimum cloud layer height needed in
a4 the aerosol attenuation characterization is then stored.

405 If the average profile under study shows any anomaly or if adtle detected between the laser
a6 track and the FD, it is rejected. If a cloud is detected abbeddser track, the profile is truncated
07 at the cloud base height and this lower part of the profile éadyzed, since the first search for
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clouds only identifies the optically thicker cloud layeralfower layer of clouds is detected in the
truncated profile, or the cloud height is lower than 5500 mni.atke profile is rejected.

If no clouds are detected (either in the whole average profile the lower part), the paltBsst
HEest together with the maximum height of the profile are stored e procedure is completed.
The quarter houm,e(h) profile is calculated according to Efg. 4.5 together with tesoaiated
statistical and systematic uncertainties. The inforrmat® stored, and the quarter hotge(h)
profiles are averaged to obtain the hourly vertical aerogical depth profile and the aerosol
extinction profiledaedh).

4.3.4 Determination of Uncertainties

Uncertainties on the vertical aerosol optical depifh) are due to the choice of the reference clear
night, to the assumption that a parametric model can be addptdescribe the aerosol attenuation,
to the relative uncertainty of nightly FD calibration caasts — converting ADC counts to photon
numbers — and CLF calibration constants — converting lasgsgomeasurements to laser energy,
and to the method used to choose the best matching simulaigie p

To estimate the total uncertainty, the different contiifmg mentioned above are evaluated and
summed in quadrature. The uncertainty on the choice of tleeenece clear night and the relative
FD and CLF calibrations directly affect the light profileetiefore they are summed in quadrature to
estimate their total contribution to the uncertainty on pheton profile, which is then propagated
to the aerosol profile. The uncertainty introduced by thehmetused to identify the reference clear
night is quoted at 3% as described in Sed. 4.1; the contoibsitarising from the daily variations
on the FD and CLF calibration constants are both quoted ate3% [4,[2]. Therefore, the total
uncertainty of the number of photons in the profile is less1tb&%. The effect on the aerosol
profile Tae(h) Of this total uncertainty on the light profile is evaluatedibgreasing and decreasing
the number of photons in the current CLF profile by 5.2% andcéeag for the corresponding
Tmin(h) and tnax(h) profiles. At each height, the error bars are giventgys(h) — Tmin(h) and
Tmax(h) — Thesth).

The contribution due to the parametric description of thes@ attenuation of light was de-
termined comparing the hourly vertical aerosol opticaltigpofiles obtained with the Laser Sim-
ulation Analysis to the corresponding profiles obtainechwlite Data Normalized Analysis, which
is not using a parametric model for the aerosol attenuafitiis comparison for each height shows
that aerosol profiles are compatible within 2% at each alétu

The uncertainty related to the method defined to choose thierbatching simulated profile
as a function of the altitude is also estimated. As describe&@bc[4.3]3, the parametar&stand
H2est minimize the quantityD? = [y;(®/® — ®$M)2]. The method is repeated a second time in
order to find the coupl&s!. andHET corresponding to the quanti? nearest td?. This profile
is used to estimates(h), the uncertainty of the aerosol profile. Therefore, the uagety related
to the methodometnod h) associated withrae{h) for each height bin is given by the difference
Tpest h) — Terr(h). This uncertainty is negligible with respect to the prewaentributions.

The Laser Simulation Analysis extrapolates the aerosehattion for each quarter hour CLF
profile; then the four measured aerosol profiles are averageabtain the hourly information
needed for the air shower reconstruction. The same proeeiduadopted to obtain the uncer-
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tainties related to the hourly aerosol attenuation profie.a final step, the hourly uncertainty on
Tael D) is propagated to the aerosol extinctiag(h).

5. Comparison of the two analyses

The two analyses described in this paper independentlyupeobourly aerosol profiles. In the Data
Normalized Analysis, measured laser light profiles are camegh with an averaged light profile of
a reference clear night. The Laser Simulation Analysis isoagdure based on the comparison of
CLF laser light profiles with those obtained by a grid of siatatl profiles in different parameter-
ized atmospheric conditions.

Both analyses have been applied to the whole data set of GeF $aots. A systematic com-
parison of the results shows excellent agreement. Sinaesa@lsrare concentrated in the lower
part of the troposphere, we compare the total vertical a¢mstical depth at 5 km above the FD
which includes most of the aerosols. The correlatiormse{5 km) results of the Data Normalized
Analysis and the results of the Laser Simulation Analysishiswn in Fig[12. The dashed line is
a diagonal indicating perfect agreement between the agmlykhe solid line is an actual fit to the
data. It is compatible with the diagonal. The reliabilitytbk parametric aerosol model adopted
and the validity of both methods can be concluded. In higbs®rattenuation conditions, com-
patible with the presence of a high Planetary Boundary Lahet the Laser Simulation Analysis
does not take into account, the difference between the meshsa (5 km) is within the quoted
systematic uncertainties. Also shown in Hig. 12 are exasnfolethetae(h) profiles estimated with
the two analyses for conditions with low, average and highsa attenuation, respectively.

The high compatibility of the two analyses guarantees alvtdi shower reconstruction using
aerosol attenuation for the highest possible number ofhoNearly six years of data have been
collected and analyzed (from January 2005 to Septemben 2D&fg term results are shown in the
following figures. In the left column of Fig. [L3, the time piefof the vertical aerosol optical depth
measured 5 km above ground using the Los Leones, Los MoradioS@hueco FD sites is shown.
The Loma Amarilla FD site is too far from the CLF to obtain fuleliable results. The XLF is
closer and will produce aerosol attenuation measurementsdma Amarilla in the near future.
Values oftae(5 km) measured during austral winter are systematicallelthan in summer.

In the right column of Fig[ 13, the,e(5 km) distribution over six years is shown for aerosol
attenuation measurements using the FD sites at Los Leowsslbrados and Coihueco. More
than 5000 hours of aerosol profiles have been measured with [Ea. The average&,e(5 km)
measured with different FD sites are compatible. The aweradue 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.

6. Conclusions
Aerosols cause the largest time-varying corrections epgpliuring the reconstruction of extensive

air showers measured with the fluorescence technique. Tieelighly variable on a time scale
of one hour. Neglecting the aerosol attenuation leads t@sibithe energy reconstruction of air
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Figure 12: Correlation betweene(5 km) obtained with the Laser Simulation and the Data Nor-
malized procedures (a) for the year 2008 (compatibilityesfults is equivalent in the other years).
The dashed line is a diagonal indicating perfect agreentleatsolid line is a fit to the data. Also
shown is the vertical aerosol optical depth profilg{(h) above ground from Laser Simulation
(blue) and Data Normalized (red) analyses in atmosphenditons with a low (b), average (c),
and high (d) aerosol concentration together with the cpoeding uncertainties. The laser data
was recorded with the FD at Los Leones on July 8th, 2008 betwemnd 9 a.m., April 4th, 2008
between 4 and 5 a.m., and January 5th, 2008 between 3 and lbeairtime, respectively.

showers by 8 to 25% in the energy range measured by the Piagerfbservatory. This includes
a tail of 7% of all showers with an energy correction largertt30%.

To determine the vertical aerosol optical depth profilegtierPierre Auger Observatory, verti-
cal laser shots from a Central Laser Facility in the centehefSD array are analyzed. The Central
Laser Facility fires 50 vertical shots every 15 minutes dyihe FD data acquisition, covering
the whole FD data taking period. Two methods were developezhalyze the CLF laser shots.
The Data Normalized method compares the measured lasepligfile to a reference clear night,
the Laser Simulation method compares the measured profiteanéet of simulated profiles. In
addition, the minimum cloud heights over the central pathefarray are extracted from the laser
data. The two methods are compared and a very good agreerasribund. Nearly six years of
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Figure 13: Vertical aerosol optical depth.5 km above the ground, measured with the Los Leones
(top), Los Morados (middle) and Coihueco (bottom) FD siteft column: Hourly measurements
of Taerversus time. Right column: Distribution of hourly measuess oft,e,. Average values are
very similar.

data have been analyzed with both methods (from Januaryt@(®&ptember 2010). In air shower
reconstructions, mainly the results of the Data Normalireethod are used. The data from the
Laser Simulation method is used to fill holes in the data sefrevthe Data Normalized method is
not able to produce a result.
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