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Abstract. A subset of all of the showers observed by the
Auger experiment will be measured by both the ground array
and the fluorescence detectors. These specialhybrid events
will be used to set the shower energy scale (based on the
fluorescence detector determination of the shower energies)
and to measure the shower energy resolution for the exper-
iment. The largest uncertainties in the fluorescence mea-
surement come from uncertainties in the atmospheric trans-
mission, air Cherenkov subtraction, light multiple-scattering
and cloud corrections to the fluorescence data. The Auger
program of atmospheric monitoring, formulated to minimize
these uncertainties, is summarized.

1 Air Shower Measurements by Fluorescence Detectors

Extreme high energy (EHE) cosmic rays produce extensive
air showers in the atmosphere. Approximately 50 parts per
million of the deposited energy is isotropically re-radiated
in fluorescence emission at near-UV wavelengths:290 ∼
440nm. Fluorescence detectors measure the cascade by ob-
serving the shower grow in brightness, reach maximum and
then decrease in brightness. The integral of the longitudinal
development profile reveals the total electromagnetic shower
energy.

Atmospheric corrections to Auger fluorescence data can
be understood by noting that the atmosphere, in addition to
being the showering medium for the primary cosmic ray, is
an essential part of the readout system. Thus, like any com-
ponent of a readout system, the atmosphere must be cali-
brated, the calibration monitored with time and the atmo-
spheric calibrations input to the analysis of the fluorescence
data. To minimize the atmospheric uncertainties, fluores-
cence experiments are located in dry desert areas with typ-
ically excellent visibility.

The Auger energy measurements will depend on the pre-
cision of the air fluorescence measurements which, in turn,
depend on several uncertainties. Two of these, the fraction
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of detectable shower energy (Song et al., 1999) and the frac-
tion of electromagnetic energy loss (in air) that appears as
fluorescence light (Kakimoto et al., 1996), contribute∼ 5%
and∼ 10% systematic uncertainties respectively to the flu-
orescence energy measurement. The other major uncertain-
ties come from the calibration of the absolute efficiency of
the fluorescence telescopes and from the precision of various
atmospheric transmission, air Cherenkov subtraction, light
multiple-scattering and cloud corrections to the fluorescence
data. The Auger program of atmospheric monitoring, formu-
lated to minimize these uncertainties, is summarized below.

2 Atmospheric Characterization and Corrections
in Auger

The observed light intensity after scattering,I, can be related
to the light intensity of the (isotropic) fluorescence source,
I0, as follows:

I = I0 · Tm · T a · (1. + H.O.) · dΩ
4π

whereTm andT a are the transmission factors for themolec-
ular andaerosolscattering,H.O. is a higher order correction
(also known as multiple-scattering or aureole) anddΩ is the
solid angle subtended by the observing telescope. Uncertain-
ties in the source light intensity will arise from uncertainties
in each of the (correction) factors in the expression. As the
shower energy is proportional to the fluorescence light sig-
nal, the relative uncertainty in the reconstructed shower en-
ergy,E, is the same as the combined relative uncertainty in
the transmission.

Rayleigh scattering describes the scattering of light in a
pure or molecular atmosphere, and Mie scattering describes
the scattering of light on much larger scattering centers in the
atmosphere called aerosols. In practice the Rayleigh scatter-
ing related corrections, while large, can be made with pre-
cision using conventional atmospheric data: the temperature
and pressure at the fluorescence detectors, and the adiabatic
model for the atmosphere (Martin et al., 1999). In contrast
the corrections related to Mie scattering, while typically less
than the Rayleigh corrections, area priori unknown. Thus
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Fig. 1. Transmission factor,Tm, for Rayleigh scattering on the
molecular atmosphere. Curves are shown for Auger fluorescence
telescope viewing angles from3◦ ∼ 31◦ to the horizon.

most of the atmospheric monitoring is focused on the aero-
sol (Mie scattering) component.

The transmission corrections depend on the Rayleigh and
Mie total scattering cross sections and on the integral of the
scatterer densities. This is summarized in Sect. 2.1 below.
The air Cherenkov (Cassiday et al., 1990) and multiple scat-
tering (H.O.) corrections depend on the differential scatter-
ing cross sections and on the local density of scatterers. The
measurement and monitoring of the Mie aerosol phase func-
tion (normalized differential scattering cross section) is sum-
marized in Sect. 2.2 below.

2.1 Transmission Correction

It is instructive to review the form of the Rayleigh trans-

mission factor (which causes the apparent intensity from a

source to decrease exponentially with travel distance through

the atmosphere). The multiplicativemolecular transmission

is given by:

Tm ≡ Tm(z, α, λ) = e−
∫ z

0

ρm(z)dz
Λm(λ)

· 1
sin(α)

wherez is the vertical height of the light source above the
fluorescence telescope.ρm(z) is the air density andα is the
elevation angle of the light path. FinallyΛm(λ) = 2974 ·
( λ

400nm )4 gm/cm2 is the Rayleigh extinction length (Flowers
et al., 1969). At an Auger site altitude of∼ 1500m, this cor-
responds toΛm(λ) ∼ 18.4 km at 360nm (approximate mid-
dle of Auger fluorescence detector wavelength acceptance).

The molecular transmission,Tm, factors into a height-
wavelength dependentmolecular optical depth:

τm(z, λ) =
∫ z

0

ρ(z)dz
Λm(λ)

Fig. 2. Transmission factor,T a, for Mie scattering on aerosols in
the atmosphere. The aerosols are described by a horizontal extinc-
tion length,Λa(360nm) = 20km and an exponential scale height,
ha = 1200m. Curves are shown for Auger fluorescence telescope
viewing angles from3◦ ∼ 31◦ to the horizon.

and into a slant factor, 1
sin(α) , where z

sin(α) is the full length
of the light path. This factorization reflects the 1-dimensional
nature of the molecular atmosphere. The further factorization
of τm(z, λ) into a height dependent part,

∫ z
0
ρ(z)dz, and into

a wavelength dependent part,1Λm(λ) , reflects the fact that the
composition of the molecular atmosphere is independent of
height.

The 1-dimensional Rayleigh atmosphere provides a guide
to model the multiplicative (Mie)aerosol transmissionwhere
we now usẽρa(z) = ρa(z)/ρa(0) as the normalized density
of aerosolsversusaltitude. It is typical, but not essential, to
parameterizẽρa(z) as ρ̃a(z) = e−z/ha ; ha is the aerosol
(vertical) scale height.Λa(λ) is the aerosol extinction length
as a function of wavelength measured at the height of the
fluorescence telescopes.

Representative examples of molecular (Rayleigh) and aer-
osol (Mie) transmission factors are shown in Fig. 1 and 2
respectively. The transmission factors depend on the view-
ing angle of the fluorescence telescope,α, and the horizontal
distance of the light source from the fluorescence detector
site. The molecular and aerosol transmission curves look
different for two reasons: the horizontal extinction lengths
are (slightly) different,Λm ∼ 18.4km versusΛa = 20km,
and the vertical scale heights areverydifferent,hm ∼ 7.5km
versusha = 1.2km (Sokolsky 1996). While any given air
shower may be viewed over a wide range of viewing angles
the energy measurement is most sensitive in the direction of
shower maximum. In this case fluorescence detector viewing
angles,α ≈ 10◦, are rather typical.

Implicit in this aerosol model are two assumptions which
while true for the molecular atmosphere may not be true for
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the aerosols. First, that the aerosol vertical variations are
much more important than the horizontal variations;i.e. we
use a 1-dimensional model (not un-typical of the night time
atmosphere in large, desert valleys at locations well away
from the valley walls). Second, that the vertical profile of the
aerosols is the same at all wavelengths in our wavelength in-
terval of interest. Thus we assume that to first order the wave-
length dependence is only in the extinction length,Λa(λ).

In the 1-dimensional model described above, two quan-
tities are to be determined: the aerosol horizontal extinc-
tion length,Λa(λ) at the altitude of the fluorescence detector
sites, and the aerosol optical depth to height,z, above the
fluorescence detectors,τa(z, 355nm). These will be mea-
sured using dedicated instruments. In all cases the measured
quantities include both aerosol and molecular contributions.
The aerosol values are obtained by subtracting the molecular
(Rayleigh) contributions. This is shown explicitly only for
the horizontal extinction length, Sect. 2.1.1.

2.1.1 Horizontal Extinction Length Monitor

The goal of the horizontal extinction length measurement is
to determine the combined Rayleigh and Mie horizontal ex-
tinction length,Λ(λ):

1
Λ(λ)

=
1

Λm(λ)
+

1
Λa(λ)

at several wavelengths,λ, in and near the wavelength accep-
tance of the fluorescence detectors. The measurement are
made at typically one hour time intervals during nights of
fluorescence data taking. For the Auger Southern Observa-
tory three identical (but independent) systems monitor three
very different light paths across the site. Thus they will pro-
vide information on site and instrument related systematic
uncertainties in the horizontal extinction length.

The instruments (for each of the three systems) include
a stable light source viewed by a stable photometer. Mer-
cury vapor lamps are used as they have strong emission lines
into the UV. Transmission measurements are made at wave-
lengths of 365nm, 405nm, 436nm and 546nm. UV sensitive
CCD cameras (Starlight 2000) are used as the photometers.
The procedure (Optec 2000) is to measure the intensity at two
distances from the source: anear measurement a few kilo-
meters from the source and afar measurement∼ 50km from
the source. The photometer is normally positioned at thefar
location. Thenear measurement is made a few times each
year when the photometer is physically moved to a location
nearthe light source.

2.1.2 Optical Depth Monitor

The optical depthversusheight above the fluorescence de-
tectors will be monitored using steerable, backscattered LI-
DARs. Each backscattered LIDAR consists of a pulsed,
355 nm, laser beam and a receiver telescope. The receiver
measures the back-scattered photons as a function of time or

equivalently the intensity of the photonsversusdistance to
the point the light back-scattered. The observed intensity is
given by,

I(z, α) = I0·Tout·Tback·
∑
j

1
Λj(z)

1
σj

(
dσj

dΩ
)180◦ ·∆s·∆Ω

whereI0 is the out-going LIDAR beam intensity,Tout and
Tback are the transmission factors for the (out-going) light
beam and for the scattered (back-coming) light respectively,
Λ(z) are the extinction lengths at heightz, ∆s = c∆t/2
is the length of the scattering region (set by the LIDAR time
bins),∆Ω is the solid angle subtended by the LIDAR mirror,
and 1

σj (dσ
j

dΩ ) are the Rayleigh and Miephase functions. By
taking ratios of backscattered LIDAR measurements,I(z, α),
from the same altitude,z, but at different angles,α, the phase
functions and extinction lengths (which are unknown in the
case of aerosol scattering) cancel and the sum of Rayleigh
(molecular) and Mie (aerosol) optical depths is obtained.

Backscattered LIDARs will be installed at each of the three
fluorescence sites on the periphery of the Auger ground ar-
ray. Comparison of the three LIDAR results will monitor site
and instrument related systematic uncertainties in the optical
depth measurements.

2.2 Aerosol Phase Function Monitor

The observed light from an extensive air shower includes
both the air fluorescence signal plus some Cherenkov light
(mostly in a few degree cone centered on the air shower
axis (Baltrusaitis et al., 1987)). Through scattering of the
Cherenkov light in the air, some of the Cherenkov light ap-
pears as a background in the fluorescence data. To estimate
the fraction of Cherenkov light scattered on aerosols we need
the aerosol extinction length, at heightz above the fluores-
cence detectors, and the aerosol phase function (normalized
aerosol differential scattering cross section) for scattering an-
gles≥ 10◦ (from the initial light direction).

The observed light from an extensive air shower will also
include a contribution of multiple scattered light. This will
be true for the air fluorescence signal and for the Cherenkov
background light. The size of the correction can be reduced
by restricting the time interval (for each photo-tube contribut-
ing to the reconstructed shower) and the angular acceptance
(transverse to the shower axis) of the data used in shower
reconstruction. In making a correction, it is most important
to know the Mie phase function at forward scattering angles
where Mie dominates Rayleigh scattering.

In the constant composition, 1-dimensional model for aer-
osols, it is sufficient to measure the aerosol phase function at
the altitude of the fluorescence detectors. The measurement
can then be made using a near-horizontal, pulsed light beam
directed across the field of view of one of the fluorescence
sites (Tessier et al., 1999). As each fluorescence detector
views∼ 180◦ in azimuth, even a fixed direction light beam
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will allow the aerosol phase function to be measured over
most of the range of scattering angles. This will be done us-
ing a dedicated light source located near at least one of the
Auger fluorescence sites. In addition LIDAR beams, from
one fluorescence site directed across the field of view (and
at near grazing incidence to) adjacent fluorescence sites, pro-
vide a good measurement of the small angle aerosol phase
function.

2.3 Cross Checks

To monitor and to help minimize systematic uncertainties, all
of the atmospheric monitoring measurements are made in at
least two independent ways. For example the horizontal ex-
tinction length measurement, Sect. 2.1.1, will be compared
with horizontal,α = 0◦, LIDAR measurements. The aerosol
optical depth measurement, Sect. 2.1.2, will be compared to
measurements from a dedicated star monitor (Raefert 2001).
In addition lasersidescattered light from the LIDAR at one
fluorescence site will be observed by the fluorescence de-
tector at a different fluorescence site. A comparison of the
predictedversusobserved signal (as a function of time) pro-
vides the essential cross check of the aerosol model and the
ingredients of the model: the horizontal extinction length, the
vertical profile of aerosols and the aerosol phase function.

2.4 Cloud Detection and Monitoring in Auger

The possible presence of cloud while fluorescence observa-
tions are in progress is a cause for concern. The level of cloud
cover is a factor in determining the collecting area available
to the fluorescence detectors. Unlike smaller cosmic ray ex-
periments, it is quite possible that parts of the atmospheric
fiducial volume of the Pierre Auger Observatory will be us-
able while other parts are not. Additionally, the presence of
small, or broken regions of cloud in an otherwise clear sky
can lead to uncertainty in the interpretation of shower pro-
files. The Pierre Auger Project recognized that systematic
cloud monitoring in an objective manner was required. This
has proved possible using infra-red observations at wave-
lengths of about 10µm.

Clouds are in a form of thermal equilibrium with their sur-
rounding atmospheric gas. This is at a temperature somewhat
below that of the ground and they radiate rather like a black
body at wavelengths (of the order of 10µm) appropriate to
that temperature. It is then possible to detect clouds by their
strong infra-red emission, against a much weaker clear sky
background. Such a detector has been described (Clay et al.,
1998) based on a Heimann TPS 534 infra-red sensor element.

As noted above, elevation angles of the order of10◦ will
be typical for Auger observations. The atmosphere itself be-
comes brighter towards the horizon. Experience with the
High Resolution Fly’s Eye is that a temperature resolution at
least as good as 1K is required to efficiently locate cloud at
low altitudes. Clear sky emissivity, and hence the brightness

close to the horizon, is strongly dependent on atmospheric
humidity (Sloan et al., 1955). It is possible to define criteria,
including atmospheric humidity information and sky temper-
atures, which determine the presence of cloud.

In order to make the best use of cloud detectors within the
Pierre Auger Observatory, it is both necessary to know that
clouds exist and to be able to locate them, preferably in alti-
tude as well as in plan. We are currently examining the use
of commercial infra-red imaging cameras to be sited at the
three fluorescence sites on the periphery of the Auger ground
array. These have temperature resolutions better than 1K.
Image processing would determine the existence and angular
location of clouds and triangulation between detectors would
determine the cloud position in three dimensions. These are
likely to be combined with vertical-viewing single pixel ra-
diometers at a subset of the ground array detectors which will
help to define cloud front locations at large distances from the
cameras.

3 Summary

The major uncertainties in the fluorescence detector mea-
surement of air shower energies were reviewed and the Auger
atmospheric monitoring procedures summarized. The Auger
monitoring goal is to limit the atmospheric contributions to
the shower energy uncertainty to∼ 10%.
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