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Abstract: Several methods are used to detect night-time cloud cowrtbe 3000 krf Pierre Auger Observa-
tory, including lidars and laser sources. Here, we destvibemethods. Infrared cloud cameras, installed at each
of the four fluorescence detector sites, detect the presd#robeud within the fields of view of each fluorescence
telescope every 5 minutes. Operating since 2002, an upgeoadgroved hardware is underway. Secondly, a
method has been implemented to use GOES-12 and GOES-1l#esatel identify night-time clouds over the
Observatory. It has been validated using the Observat@srdral Laser Facility, which determines cloud cover
above this facility. We develop cloud probability maps foe 3000 kr of the Observatory twice per hour and
with spatial resolution of 2.4 km by 5.5 km and a database thithcloud probabilities for further analysis.

Keywords: Pierre Auger Observatory, ultra-high energy cosmic raysoapheric monitoring, clouds,
satellites.

1 Introduction will be discussed in Sectidn 2.4. What follows is a discus-

The Pierre Auger Observatory employs several system§'°n on the current analysis for the original cameras.
capable of detecting night-time cloud over the 3006 km 1 Original Infra-red Cameras
viewed by the observatory’s fluorescence detectors, includz'. . . 9 .

ing two laser facilities within the array and lidar systerhs a Nitially installed at the Pierre Auger Observatory were

the fluorescence detector (FD) sitel [1,12, 3]. Clearly,alou four Raytheon Cor_ltroIIR 20008 mfra.—red camgras._The
is capable of attenuating fluorescence light from parts o ameras were designed to measure infra-red light in the

air showers, resulting in dips in the measured longitudi- 14 um wavelength band, suitable for distinguishing
arm clouds from the cold clear sky. Images captured by

nal development profiles. In contrast, if a shower passe o cameras consist of 330240 pixels spanning a A&
through a cloud layer, its intense Cherenkov beam may bé < . | P panning
6° field of view. Every five minutes during FD opera-

scattered by the cloud resulting in artreasein light re- fion the cameras capture so-callield-of-viewimage se-

Sﬁ;?gr?:aﬁagllfrnizgizfgn?:rggg‘rio}r\hﬁi(jcilr?:ldsggcﬁgilopo I(?uences, which consist of five images covering the fields
9 PO ot view of the six FD telescopes. Each of the field-of-view

files, t_he depth of ;hower maximum and primary pa.rt'desequences are used to evaluate the cloud conditions within
energies, but also in searches for any effects of exotic pafns'fie|q of view of each FD pixel at the time of image
t'dle %r:_ysms on air sdhower dtevelli)pmelnt.d detect thcapture. Additionally, dull-sky sequence of images is ac-

n IS paper we discuss two k€y cloud detection methy, iraq every fifteen minutes which views the entire hemi-
ods which are used by the Observatory. The strength o phere above the FD site; the purpose being to aid shift-

our cloud detection lies in our ability to combine measureqnerators in determining real-time weather conditions nea
ments from instruments with different capabilities. each FD site.

2.2 Image Artefacts

2 Infra-red Cloud Cameras ) : .
) B ] Over time, the quality of each camera deteriorates due to

The Pierre Auger Observatory utilizes infra-red camerasgonstant exposure to weather as well as simple wear and
located on the roof of each of the four main FD buildings tear. Some image artefacts develop during operation which
to observe the night-time sky conditions over the array. Becan be removed by periodic flat-fielding of the cameras.
ing co-located with the fluorescence detectors, it is possiviore difficult to handle are certain artefacts that have de-
ble to directly associate cloud camera pixel direction®iwit veloped for some of the cameras.
FD pixel directions, thus flagging detected showers that \jsible to some degree in most cameras is a consistent
may be affected by cloud. Conservatively, showers may beurved streaking artefact, possibly caused by a displace-
disregarded if cloud is detected within any FD pixel view-ment of the internathopperwheel during the panning of
ing an event, or alternatively cloud camera data (givingthe camera (Fid.1, left). Despite the artefacts retaining a
cloud directior) may be combined with lidar or Central unvarying shape from image to image, their baseline inten-
Laser Facility data on clouleightto locate the cloud in  sity appears to vary sporadically over long time scales as
three dimensional space. well being dependent on the local temperature at the cam-

Each camera was installed shortly after the corresponra, making it hard to apply a numerical correction for the
ing FD building was completed, between 2004 and 2007artefacts. The development of these streaking artefasts ha
Beginning in early 2013, each of the four infra-red cam-made previous algorithms, which utilise local weather con-
eras are being replaced by new radiometric cameras, whiatlitions to estimate an expected camera signal for a clear
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Figure 1: Left Raw image from dield-of-viewsequence 50
taken from Coihueco on 2009/07/19 at 08:25 URight PSR G AR el i s VYN
The same image after having a clear sky template imag Variance

removed from it. A signal threshold is then applied to

create a binary cloud mask which is then mapped to the FIFrigure 2: Distribution of the maximum section variance

telescope pixels. from the difference of consecutive images in time. A no-
ticeable peak can be seen which is associated with clear
sky images. Applying a cut corresponding to the tail of the

sky, largely ineffective. For this reason we have developegeak can be used to distinguish clear and cloudy images.

a new method which can account for the most serious of

artefacts yet still provide reliable cloud information.

2.3 Cloud Mask Generation length band with a field of view of 50x 37.5° and pro-

We have developed a new technique which can discrimiduce images consisting of 384288 pixels (Figurél3). The
nate between pixels observing clear or cloudy sky withindesign of these new cameras prevents the occurrence of
poor-quality images. The technique relies upon building &he main artefacts associated with the existing cameras,
library of clear sky images which can be used as templatewhile also enabling absolute infra-red brightness temper-
to be removed from each cloud covered image. The differature measurements of the sky. The cameras will be con-
ence between the clear and cloudy images should result ifiolled using new LabView based software, to perform the
enhancement of the cloud affected pixels. same image capture sequences as described in Sgcfion 2.1.
To first determine which images are clear of cloud, eachgjng LabView for the hardware control system will allow

field-of-view sequence is compared to the next sequencg greater level of automation to be implemented into the

of images in time. Any S|gn|f_|cant difference petween theimage capture and camera calibration processes.
two sets of images may indicate that cloud is present. A

small difference indicates the images may be clear. B®2.5 Future Work

splitting the difference images intox m sections, small  The radiometric nature of the new cameras will allow for
changes can be detected to provide higher precision ife\ cloud detection techniques. Of particular interest is
discriminating between clear sky and cloud. . the comparison of observed infra-red brightness temper-
Figure[2 ShOWS. the .dIStrIbUtIO.n of the maximum varl- 5 res with simulations using GDAS (Global Data As-
ance from all sections in many difference images. A clear '

peak can be seen associating with images with a low ma;_imilation System)[[4] atmospheric profile data and atmo-

imum section variance, indicating images that are mos?phenc rad_latlon _transfer software. This will |_ntroduc|:e a
likely clear (no object movement). The tail of this peak Canatn_1ospher|c profile depend_ent cloud _detectlon threshold,
be used to differentiate between clear and cloudy image‘é’h'Ch W|Il'help resolve the issue of hlgh. levels of water
when combined with a mean signal cut to account for overvapour being falsely detected as cloud, given that the cam-
cast images. A library of clear images is collected for aéra wavelength range includes a water vapour emission
given (roughly two weeks) FD observation period. band.
For every other image, a weighting algorithm is applied
to find the best match clear-sky template based on similar
temperatures and time-of-day. The difference of the two
images should result in a flat baseline image with areas of
increased signals associated with cloud (Fiddre 1, right).
Applying a simple threshold on the resultant image reveals
the designated cloud and clear pixels. By averaging the
information from each cloud camera pixel which shares
the same direction as an FD pixel, we generatdoad
indexfor each FD pixel which represents the fraction of
cloud in its field of view of that time. The result is a cloud
camera database for use in shower analysis that contains
cloud indices for every FD pixel at five-minute intervals.

2.4 New Infra-red Cameras . _ . .
We are replacing the existing cloud cameras with Gobif 19ure 3: Example of a sky image taken with the radiomet-
384 uncooled radiometric microbolometer array infra-redfic Gobi-384 IR camera at the Los Leones FD site. Tem-
cameras. These cameras operate in thel8 um wave- Peratures range from cooler (blue) to warmer (red).
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3 Satellite Based Cloud Identification

Method 260

3.1 Satellite 250 [
Besides the ground equipment at the Pierre Auger Obser- :
vatory, we have developed a new method to identify night- 240
time clouds|[[5] from satellite images provided by the Geo- g f
stationary Operational Environmental Satellites - GOES o 2301
[6] (GOES-12, which was replaced by GOES-13 in April = I
2010). The satellite is stationed at 75 degrees West longi- 220
tude. Its Imager instrument captures images of the South .
American continent every 30 minutes. Satellite images are 210
produced in one visible band, and four infrared bands cen- 5
tered at wavelengths 3.9, 6.5, 10.7, and 1@r8 and la- 200
beled Band 2, Band 3, Band 4 and Band 6, respectively. T2-T4 [K]

When the pixels from the infrared band are projected on
the ground at the Pierre Auger Observatory, the distance
between the center of each pixel is about 2.4 km longitudiFigure 4: T3 vs. T2-T4 of the CLF pixel in 2007. Open
nally and 5.5 km latitudinally. The visible band resolution blue circles (red stars) were tagged “clear pixels” (“clpud
is higher. pixels”) from the CLF studyXj is the principal axis of the
The raw data are publicly available from the NOAA fitted line.
website [7]. We selected a rectangular region centered at
the Pierre Auger Observatory (S 35.8V 69.6"). These
files contain information for 538 pixels. The data for eachand meteorological conditions of the other 538 pixels are
pixel in each Band i contain the latitude and longitude ofsimilar to the conditions of the CLF pixel.
the pixel center and, after calibration and some calcula- We project the data from Figufé 4 onto the principal
tions, we obtain the pixel brightness temperature Ti. Theaxis X, described by the fitted line to the overall distribu-
brightness temperatures are the basic quantities for clougbn. In Figure®, we show one-dimensional histograms of

determinations. the clear (black thick line) and cloudy (red dashed line on
. . the right) tagged data with respect to the position along the
3.2 Ground-truthing with CLF principal axisXp. Also shown is a clear pixel “normalized”

The most suitable ground instrument of the Auger Obsethistogram (blue thin line on the left) scaled to have the
vatory for comparison with the satellite method is the Censame area as the cloudy pixel histogram. Suitably normal-
tral Laser Facility (CLF). The cloudiness of the pixel en-jzed, these histograms represent probability distriloutio
compassing the CLF can be monitored by the CLF. Everyunctions, yielding the probability of identifying a cloud
15 minutes, the CLF produces a series of 50 vertical lasglear) pixel for a given value of the principal axis coordi-
shots which are observed by all four FD stations. From theyate. Using information from both the reduced clear his-
observed profile, clouds or clear sky over the CLF can bgogram and the cloudy histogram, we assign a cloud prob-
identified. o . o ability for each bin along the principal axi, by dividing
Typically, each satellite image is bracketed in time bytnhe number of cloudy entries by the sum of the cloudy and
two CLF shots, one 9 minutes before and other 6 ming|ear entries.

utes after the timestamp of the satellite image. The CLF
pixel is tagged as “clear pixel” (“cloudy pixel”) if the
two bracketing CLF profiles were both identified as “clear

CLF” (“cloudy CLF") states. This is to eliminate short- AR
term cloud cover changes. 120:_ CLF Cloudy
We used one year of data. For these studies, we arbitrar- v 100F — ]
ily chose data from 2007. 27 ]
o L —— CLF Clear "Normalized"

3.3 Cloud Identification Method @ 8o ]
For our method, we selected the difference between the © 6ok ]
unattenuated brightness temperatures (T2-T4) and the o | ]
highly attenuated brightness temperature (T3). These € a0F .
satellite-based variables show a separation betweenr“clea 2 I ]
pixel” and “cloudy pixel” and only a mildly dependence on 20F 3
ground temperature, minimizing the dependence on dalily, i 1

weekly or seasonal temperature variations of the method. ok =
In Figure[4, we plot T3 vs. T2-T4 using data of the

CLF pixel in 2007. The tagged “clear pixel” (open blue

circles) congregate in the upper left quadrant. The tagged

“cloudy pixel” (red stars) form an anti-correlated linear igure 5: Clear (black thick line), clear “normalized” (blue

feaTuﬁirg;ﬁ%@pggﬁgggifteeﬂtggd for any of the other 538 piXthin line on the left), and cloudy (red dashed line on the
els of the satellite image provided that we can get T2, T:S“ght) tagged distributions on principal X

and T4 for that pixel and we consider that the geographical
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3.4 Applications for the Auger Observatory raw data at NOAA do not include the spatial correction in

We have generated cloud probability maps (see Figlre ghe coordinates of the satellite pixel.

for each satellite image available from all the FD run- Another reason for the overlap could be that the satel-
ning nights since 2004. In addition, using these mapdite may be less sensitive than the CLF to certain types
nightly animated maps were created. These maps (esp@f- clouds such as the opucally thln. clouds. Optically thln
cially the animated versions) are useful in visualizing theclouds are not important for distortions due to absorption,
cloud cover during particular cosmic ray events. This helput could indeed act as side-scatterers. The CLF is a per-
us to distinguish shower profiles distorted by clouds fromf€ct device to simulate such side scattering. It is possi-
unusual shaped shower profiles that could correspond tBl€ by averaging over 50 CLF tracks to detect clouds that

exotic or rare events. would cause a less than significant effect on a single cos-
mic ray event but would still cause a statistically significa
ch_ange to _the avera_ged CLF _profil_e. However, the goal of
20 this study is only to identify night-time clouds and not to

discriminate between cloud type or altitude.

For the atmospheric database, we defined CP = 0 for
clear pixels and CP = 4 for cloudy pixels. With these cuts,
we are conservative for not incorporating false positives.
CP =0, means cloud probabilities for each corresponding
bin of less than 20 %. Using all the bins below this cut, we
get a total cloud probability of 4 %. CP = 4 means cloud
probabilities for each corresponding bin of more than 80
%. Using all the bins above this cut, we get a total cloud
probability of 99 %. However, our method could be applied
with different cuts, depending on the needed goal.

71 FEETE FRETE FETT FTRTE FRTRL FATI FRRTH AN,

0 10 20 30 40 50 60 70 4 Conclusions

Auger Easting [km] We have described two of the four cloud detection meth-
ods employed at the Pierre Auger Observatory. Infra-red
Figure 6: Example of a cloud probability map of the Pierre cloud cameras situated at each of the four fluorescence
Auger Observatory. Pixels are colored in accordance witfsites can directly map cloud directions onto the FD pixel
the gray scale to the right of the maps. Shown are théi!rections which can then be used to veto cloud-affected
borders of the SD (red) and the CLF (red star). air showers. The new GOES-satellite based method pro-
vides straightforward cloud detection over the entireyarra
. . .. that can also be used to veto events. The Observatory re-
__The cloud probabilities for every pixel of the satellite o o the combination all of its cloud detection instru-
images since 2004 are provided in one of the Auger aiMnenis including the central laser facilities and lidars at
spheric databases for further reconstruction analysiseoft e Fp sites, for cloud information. This is especially the

cosmic ray data. In the database, the cloud probability igase for studies very sensitive to cloud effects, such as the

digitized with cloud probability indexes ranging from 0 t0 gearch for exotic physics in the development of air shower
4. For all the cases when the cloud probability of the corregz5cades.
sponding bin is between 0 and 20 %, we consider the pixel
as clear and we assign 0 to the cloud probability index (CP Acknowledgment:This work was in part supported by the De-
= 0). For all the cases when the cloud probability of thepartment of Energy (Contract No. DE-FG02-99ER41107) and
corresponding bin is between 80 and 100 %, we conside®ther agencies involved in funding of the construction and opera-
the pixel as cloudy and we assign 4 to the cloud probabilt—Ion of the Pierre Auger Observatory.
ity index (CP = 4). We assign cloud probability indexes be-
tween 1 and 3 for the intermediate cases. References
Using this database, the plan is to increase the efficienc ] The Pierre Auger Collaboration, J. Abraham et al

of the data analysis cuts for the cloudy nights for the cos* Astroparticle Pr?ysic§3 (2010) 108, N
mic ray analysis. Also, candidates of exotic events will be[2] The Pierre Auger Collaboration, J. Abraham et 3INST8
vetoed, when these events developed within cloudy pixels. (2013) 4009.

[3] L. Valore for the Pierre Auger CollaboratioMeasuring

3.5 Reliability of the method Atmospheric Aerosol Attenuation at the Pierre Auger

T . . . Observatorythis conference.
As we can see in Figufé 5, there is a small overlap in the diga] The Pierre Auger Collaboration, J. Abreu et al.,

tributions. One contribution to the overlap may come from Astroparticle Physic85 (2012) 591.

the fact that the CLF data and the satellite image are ndf] J. Chirinos for the Pierre Auger Collaboratidaur. Phys. J.
precisely simultaneous. Another cpntribution comes fro ]Pg8é257|g2rgjle%)t %%ience, http://goes. gsfc.nasa.gov .

the fact that the CLF laser beam illuminates an area lesg] NOAA CLASS,

than 100 m across as compared to the size of square kilo- http://www.class.ncdc.noaa.gov/saa/products/welcome .
meters of the satellite pixel. The rare clouds higher than

the maximum field of view of the FD (14 km) contribute

to this overlap since they can be identified by the satellite

but not by the CLF. The spatial uncertainty in the satellite

pixel location could contribute also to the overlap sinee th
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