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Abstract. Clouds in the • eld of view of the • uorescence detectors a   ffect the detection of the extensive air
showers. Several remote sensing techniques are used to detect night-time clouds over the 3000 km2 of the
Pierre Auger Observatory. Four lidars at the • uorescence detector s  ites are performing different patterns of
scans of the surrounding sky detecting clouds. Two laser facilities (CLF and XLF) are shooting into the sky
delivering cloud cover above them every 15 minutes. Four IR cameras detect the presence of clouds within
the FOV of the • uorescence detectors every 5 minutes. A method using GO  ES-12 and GOES-13 satellites
identi• es night-time clouds twice per hour with a spatial resolution of 2.4 km by  5.5 km over the Observatory.
We upload all this information into several databases to be used for the reconstruction of cosmic ray events and
to • nd exotic events. 

1 Introduction

As part of the atmospheric studies for the Pierre Auger Ob-
servatory [1], remote sensing of night-time clouds in the
• eld of view of the Fluorescence Detectors (FD) is very 
important for the correct extraction of cosmic ray infor-
mation by reconstructing an accurate longitudinal shower
pro• le. For this task we have been accumulating di  fferent
types of atmospheric data for the last 10 years.

The Auger Observatory employs a number of ground-
based instruments, the Central Laser Facility (CLF) [2],
the eXtreme Laser Facility (XLF), four monostatic lidars
[3], and four infra-red cloud cameras [4]. Also, a satellite-
based remote sensing technique [5] for identi• cation of 
night-time clouds using GOES12/13 satellite images over
the southern hemisphere has been developed inside the
Collaboration.

2 Clouds and longitudinal shower pro• les 

Clouds can have a signi• cant impact on the reconstruction 
of cosmic ray induced air showers affecting the detected
longitudinal shower pro• le. Two possible scenarios can 
occur, depending on the location of the cloud:

• Case A: If a cloud is in the • eld of view of an FD station, 
blocking the view of some part of the development of an
extensive air shower, the • uorescence light is attenuated 
inside that cloud. This causes a decrease or even ab-
sence of the detected • uorescence light at the FD station 
and a drop in the corresponding reconstructed longitudi-
nal shower pro• le (see left graph in Fig. 1). 
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• Case B: If a cloud is in the path of the development
of an extensive air shower, the normally forward di-
rected Cherenkov light is scattered inside the cloud, and
some part of it arrives at a FD station. This scattered
Cherenkov light causes an enhancement of the detected
light and a peak in the corresponding reconstructed lon-
gitudinal shower pro• le (see right graph in Fig. 1). 

Figure 1. Up: Case A. Down: Case B. For both graphs the black
squares are the data and the red line is the reconstructed pro• le. 

For a proper reconstruction of air showers in terms
of depth of shower maximum and energy of the primary
particle, the longitudinal pro• le has to be determined cor- 
rected by cloud effects else exotic air shower events could
be mimicked. Therefore, several techniques are used in
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Clouds vs. fluorescence profiles of air showers 
- fluorescence profiles
 - energy measurement
 - depth of maximum -> composition 

- clouds
 - dip (absorption) or bump (scattering)
 - affect data quality
 - mimic anomalous showers
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Figure 3. An example of an infra-red cloud camera image of the field of view of a fluorescence detector site. The warmer cloud is
clearly visible against the colder clear night sky. Overlaid is the pattern of FD pixel fields of view for the six telescopes at this site,
covering 180◦ in azimuth and approximately 30◦ in elevation. The database used in shower analysis contains an index indicating cloud
coverage for every FD pixel, updated every 5 minutes during the night.

the spectrum across the entire band and our ability to ac-
count for the quenching [1].

4.2 Vertical Profiles of Density, Temperature and
Water Vapour

Knowledge of the atmospheric conditions as a function of
height within the troposphere is required for a number of
analysis tasks. We have already described their use in ac-
counting for the fluorescence yield. The vertical density
profile is also used to convert height of a point on the
shower track (from the geometrical reconstruction of the
shower) into slant depth X (in g/cm2), and in the calcula-
tion of Rayleigh scattering transmission from the shower
to the detector.
For a period of six years from 2002-2008 the Auger

Observatory undertook a comprehensive campaign of ra-
diosonde balloon launches at the site to characterise the
seasonal dependence of the vertical atmospheric profiles,
resulting in local monthly models of air density, tem-
perature and humidity. More recently we have switched
to using data from the Global Data Assimilation System
(GDAS), available since the beginning of 2005. GDAS
provides information on the density, temperature and hu-
midity profiles every three hours at points on the globe
separated by 1 degree in latitude and longitude, includ-
ing a point near the north-east boundary of the Auger Ob-
servatory, see figure 1. Auger has used its long-term ra-
diosonde measurements to validate the coincident GDAS
profiles [13]. Typically there is agreement to within 1 de-
gree in temperature, 0.5 hPa in pressure, and 0.3 hPa in
water vapour pressure at all relevant heights. GDAS thus
provides profiles of sufficient accuracy every three hours,
much more frequently than would be possible with any lo-
cal radiosonde campaign.

4.3 Cloud Detection

The transmission of fluorescence and Cherenkov light
from the shower to the detector can be affected by molec-
ular and aerosol scattering, and by cloud. The effect of
ozone absorption below 300 nm is negligible because of

the FD optical bandpass filters have essentially no trans-
mission at the relevant wavelengths. We have described
above how GDAS density profiles are used to determine
Rayleigh attenuation, and the next section will detail our
aerosol measurements. Here we outline the several ways
cloud is monitored.

The CLF and XLF laser facilities are the primary in-
struments for aerosol measurements but a by-product of
that analysis is the minimum cloud-base height every hour.
In addition, scanning elastic lidar stations at each of the
four FD sites have been used to provide cloud height and
cloud optical depth in a 45◦ cone in the vicinity of those
sites on an hourly basis. Data from both the CLF/XLF and
elastic lidars are accessed during shower analysis via calls
to custom MySQL databases.

Complementary information is provided by scanning
infra-red cameras, again one per FD site, which image the
FD telescope fields of view (FOV) every 5 minutes and the
entire sky every 15 minutes. In 2013 the cameras, having
been in operation since 2002, were updated to new mod-
els with better stability and sensitivity [6]. The Gobi-384
uncooled microbolometer array cameras operate in the 8-
14 µm range, and automatically scan the sky on pan-and-
tilt platforms. They are radiometric cameras, meaning that
they measure an absolute infra-red brightness temperature,
allowing us to distinguish between warm cloud and cold
clear night sky. The full-sky images are used for FD op-
erator information, and the FOV images are processed for
another MySQL database used in shower analysis, where
a cloud cover index is listed for every FD pixel, updated
every 5 minutes. Figure 3 shows an example FOV scan
overlaid with the FD pixel pattern from one FD site.

We also access data from the GOES-12 and GOES-
13 satellites for a broad overview of the cloud condi-
tions above the Observatory [6]. A database is maintained
with cloud probability maps derived from the satellite data
twice per hour, with spatial resolution of 2.4 km by 5.5 km.
The quality of this information has been validated by our
ground based measurements [14].

Finally, the FRAM telescope scans the tracks of in-
teresting air showers soon after observation to check for
cloud and aerosols [5].
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Clouds above the Pierre Auger Observatory
- Lidars at each FD station
 - not in FD field of view
 
- CLF/XLF, satellite data
 - limited information for FD field of view

- IR cloud cameras
 - pixel-per-pixel coverage in FD field of view
 - discontinued

- new method using FD sky brightness in development

n.b.: FD field of view
2°–30° above horizon (+HEAT)
180° in azimuth



All Sky Camera
ATMOHEAD WORKSHOP, 2013

Figure 5: An example of analysis of partly cloudy night sky. The image on the left shows RAW image of the sky. The
image on the right shows the analysis results, the yellow crosses indicate the detected stars, green circles catalog stars and
red circles represent catalog stars without detected pairs - the region covered by cloudiness. The red circle indicates the
limiting zenith angle (60◦).

Figure 6: Left: Fog or haze affects the visibility of night sky, the nearby tower is not visible (the visibility fades with the
fog/haze). Right: Lens of the ASC covered with water drops.

View publication stats

Aerosol Measurement using Wide-field Photometry 13

Figure 6. Examples of plots used to select clear scans for aerosol analysis from data taken at La Palma. Top left: a very clear
scan (VAOD compactible with zero). Top right: a borderline acceptable scan with the best fit giving VAOD around 0.6. Bottom
left: several light clouds, unacceptable scan. Bottom right: large clouds, unacceptable scan. The colors of the points indicate
the mean RMS deviation of stars in an altitude bin from the preliminary fit, the green arrows show the altitude coverage of
images (to show whether a gap is due to clouds or missing coverage) and stars in red were marked for rejection as outliers. Note
that these are the results of the prelimiary analysis used for scan selection and the spread of the values for individual stars is
larger than in the final fit used for the determination of VAOD.

with the error reported by Tycho2 catalogue for the B magnitude while the latter is compared with the mean error
that the IRAF software associates to the measurements of the star brightness. A systematic difference between the

mean magnitude difference and the Tycho2 error is somewhat expected as there is additional uncertainty in the color
correction and it can be modeled by adding a systematic error of 0.0025B. The fact that the RMS is larger than the
error reported by the IRAF software means that our measurements are affected by other sources of noise in addition

to the uncertainty in the background estimation and the Poissionian fluctuations of the light flux that are already
considered by IRAF when calculating the error on its measurement. These may be related to insufficient flat-fielding
but preliminary tests show that at least a part of the effect is due to the dependence of the flux on the sub-pixel

position of the star centroid (the stars’ PSF are too sharply peaked near the camera center, and the CCD we use
employs a microlens raster array in order to improve pixel fill factor). This additional error is modelled by adding an
extra error term of 0.028 independent from the star brightness.
Overall, we can associate to each star measurement the error as (Fig. 7)

σ2 = σ2
Tycho,N + σ2

phot + 0.0282 + (0.0025B)2 (14)

Cloud detection using stars
- All-sky cameras: instantaneous full sky coverage but low 
resolution close to the horizon 

- FRAMs: high resolution, but only 7°×7° field of view
 - triggered on interesting showers to cover apparent path
 - only on 2 out of 4 FD stations
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B filter k=0.3
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ASC 6 mag (zenith)
(30 second FD FoV)
FRAM 13 mag (zenith)
(~ 1 hour FD FoV)
framNG 11 mag (zenith)
(30 second FD FoV)

B filter k=0.3
R filter k=0.15
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CMOS imaging sensors
- CCD in astronomy since 1970s
 - low noise, good homogeneity
 - long readout times

- CMOS developed 1990s
 - mostly consumer electronics
  - short readout times 
 - in astronomy since ~2009

- improved noise and homogeneity to compete with CCD

- time domain applications: rapid optical transients, sky 
surveys, space debris, meteors ...

-  CMOS taking over lower-end astronomy cameras
  - testing of CCD vs. CMOS at Cohuieco FRAM
 



• Characterization of cameras with CMOS detectors in the laboratory
• Darks, flat fields at different wavelengths, response to spot and fringe pattern 

illumination, sub-pixel sensitivity variations.
• Will study: linearity, uniformity, high/low gain transitions, effects caused by 

microlenses, bias level and gain stability
• Goal: fixing calibration and linearity issues, fixing firmware issues, application to the 

data from robotic telescopes
• Equipment: monochromator, lasers, optical table + standard opt. tools,
dark box, thermovac chamber, calibrated photodiode & SiPM, etc.

Laboratory for characterisation of photosensors at FZU
- monochromator, laser, optical table, dark box, vacuum chamber, calibrated diodes, radiation source...

- study linearity, uniformity, low/high gain transition, bias level, gain stability ... 

- development of advanced calibration and data processing methods





HW example: 
- MII CMOS C5A-100M (16bit Sony IMX461 sensor 43.8×23.9 mm)
- full chip readout 0.66 seconds
- Nikon Z 58/0.95 - FoV 40.6°×31°
- 100 megapixel, 13 arcseconds/pixel



Camera+lens fit in a sphere r = 20 cm 
- rotating azimuthal table + altitude movement 
 - HEAT + better self-calibration

- camera+lens 5 kg, enclosure max 20 kg (under intensive design)

- targetting FD roof = no extra infrastructure costs

Fast readout = short exposures
 - 1–3 s, stacking if needed
 - no star tracking
 -> no equatorial mount



framNG: the last word in star-based cloud monitoring
- a small optical device to monitor clouds in FD FoV using star detection
- can provide full FD FoV coverage twice a minute
- camera/lens/FoV/exposure/filter ... to be optimized (extensive testing in Prague)
- advances in CMOS detectors now allow efficient and affordable implementation
 - camera+lens ~20k EUR (depends on lens choice)
 - enclosure+azimuthal movement ~15k EUR vs. ~50k EUR for classic FRAM

Further possibilities:
 - aerosols (VAOD measurement)
 - sky background (variance predictions)
 - exotic atmospheric phenomena?
 - astronomy - variable sources, transients

- raw data volume ~ 1.5 TB/night from 1 framNG (4 framNGs = 1/4 Vera C. Rubin)
 - storage/transfer unrealistic = real-time processing needed for all applications

- cross-checks with FD background method and possibly IR cloud cameras 
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