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Abstract. The thermal infrared cloud camera (IRCCAM) is a prototypsimment that determines cloud fraction continuously
during day and nighttime using measurements of the abstilatenal sky radiance distributions in theué - 14 ym wave-
length range in conjunction with clear sky radiative tranghodelling. Over a time period of two years, the fractiotialid
coverage obtained by the IRCCAM is compared with two comiaemameras (Mobotix Q24M and Schreder VIS-J1006)
sensitive in the visible spectrum, as well as with the autechartial cloud amount detection algorithm (APCADA) wsin
pyrgeometer data. Over the two year period, the cloud frastdetermined by the IRCCAM and the visible sky cameras are
consistent to within 2 oktas (0.25 cloud fraction) for 90 %lué dataset during the day while for day- and nighttime daga t
comparison with the APCADA algorithm yields an agreemer8@®6. These results are independent of cloud types with the
exception of thin cirrus clouds which are not detected asietently by the current cloud algorithm of the IRCCAM. Thean
sured absolute sky radiance distributions also providethential for future applications by combining these measients

with ancillary meteorological data from radiosondes aritboeeters.

1 Introduction

Clouds affect the surface radiation budget and thus theatdirmystem on a local as well as on a global scale. Clouds have
an influence on solar and on terrestrial radiation by abegrlsicattering and emitting radiation. The Intergoverntaidhanel

on Climate Change (IPCC) states that clouds in general aind@lecloud interactions in particular generate consitlkr un-
certainty in climate predictions and climate models (IPCQ13). Having information about cloud fraction on a locallsds

of importance in different fields: for solar power productidue to the fact that clouds cause a large variability in trergy
production (Parida et al., 2011; Mateos et al., 2014; Tzoukas et al., 2016), for aviation and weather forecast orocic
matological studies.

The most common practice worldwide to determine cloud ayercloud base height (CBH) and cloud type from the ground
are human observations (CIMO, 2014). These long-term sefiecloud data allow climate studies to be conducted (e.qg.
Chernokulsky et al., 2017). Cloud detection by human olessris carried out several times per day over a long time gerio
without the risk of a larger data gap due to a technical faibfran instrument. However, even with a reference standzfindedi

by the World Meteorological Organisation (WMO) for human ehrs, the cloud determination is not objective e.g. due to
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varying degrees of experience (Boers et al., 2010). Otlsaddantages of human cloud observations are that the tahmper
olution is coarse and, due to visibility issues, nighttine¢ediminations are difficult. Since clouds are highly vagah space
and time, measurements at high spatial and temporal resolwith small uncertainties are needed (WMO, 2012). Recent
research has therefore been conducted to find an automatetidbtection instrument (or a combination of such) to @pla
human observers (Boers et al., 2010; Tapakis and Charalas\t2013; Huertas-Tato et al., 2017; Smith et al., 2017).

An alternative to detect clouds from the ground by human fagiens is to detect them from space. With a temporal reso-
lution of 5 to 15 minutes, Meteosat Second Generation (MS}stationary satellites are able to detect cloud coverdiipe w
a higher time resolution than is accomplished by human ebsei(Ricciardelli et al., 2010; Werkmeister et al., 20TH)e
geostationary satellite Himawari-8 (Da, 2015) even dedivdoud information with a temporal resolution of 2.5 to 1huaies
and a spacial resolution of 0.5 to 2 km. However, these geostay satellites cover only a certain region of the glabiecum-
polar satellites (i.e. the MODIS satellites Terra and Adggaum and Platnick, 2006; Ackerman et al., 2008)) determioedc
fraction globally, but for a specific region only four timeslay. Satellites cover a larger area than ground-basedimstrts
and are also able to deliver cloud information from regioere few ground-based instruments are available (e.g.dticAr
regions (Heymsfield et al., 2017) or over oceans). Howeveg, td the limited resolution of satellites, small clouds t&n
overlooked (Ricciardelli et al., 2010). Another challemwgiéh satellite data is the ability to distinguish thin cleuffom land
(Dybbroe et al., 2005; Ackerman et al., 2008). Furthermsaggllites collect information mainly from the highestwiddayer
rather than the lower cloud layer closer to the earth’s setf8atellite data are validated and thus supported by drbased
cloud data. Different studies focusing on the comparisothefdetermined cloud fraction from ground and from spaceswer
presented by e.g. Fontana et al. (2013), Wacker et al. (2CH#o et al. (2016), Kotarba (2017).

In general, three automatic ground-based cloud cover me@msmt techniques are distinguished: radiometers, actikenn
instruments and hemispherical sky cameras. Radiometasureethe incident radiation in different wavelength randge-
pending on the wavelength range, the presence of clouds #ieradiation measured at ground level (e.g. Calbo 2@G07];
Mateos Villan et al., 2010). Calbo et al. (2001) and Duirr ahdifona (2004) both present different methodologies ttede
mine cloud conditions from broadband radiometers. Otheugs describe methodologies using instruments with a emall
spectral range. Such instruments are for example the @tfrayrometer CIR-7 (Nephelo) (Tapakis and Charalambid&k3p

or Nubiscope (Boers et al., 2010; Feister et al., 2010; Bet@d, 2017), which both measure in the® - 14 yum wavelength
range of the spectrum. In order to retrieve cloud infornmatidephelo consists of seven radiometers which scan theewhol
upper hemisphere. The Nubiscope consists of one radiomeigrwhich also scans the whole upper hemisphere. Suchna sca
takes several minutes, which is a limitation on the rettiefaloud fraction information when for example fast-mogiclouds
occur (Berger et al., 2005). In general, these instrumedmésigformation about cloud fraction for three differentdds, cloud
types and cloud base height (CBH) (Wauben, 2006). Brocaal €2011) presents a method using data from the tropospheri
water vapour radiometer (TROWARA) to determine cirrus diefrom the measured fluctuations in the sky infrared brigbgn
temperature.

The second group, the column cloud detection instrumeaits] Bser pulses to the atmosphere and measure the bagiextatt
photons. The photons are scattered back by hydrometeolsudscand, depending on the time and the amount of backscat-
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tered photons measured, the cloud base height can be detelntiowever, the laser pulse is not only scattered back by
cloud hydrometeors, but also by aerosols (Liu et al., 20E%amMples of active remote sensing instruments are cloual rad
(Kato et al., 2001; lllingworth et al., 2007; Feister et aD10), lidar (Campbell et al., 2002; Zhao et al., 2014) aridoeters
(Martucci et al., 2010). Due to the narrow beam, a disadegntd these measurement techniques is the lack of instantane
cloud information of the whole upper hemisphere. Boers.€R&10) showed that with smaller integration times therinst
ments tend to give okta values of zero and eight rather themtermediate cloud fractions of 1 to 7 oktas.

The third group of ground-based cloud detection instrusientmprises the hemispherical sky cameras, which often &ave
180° view of the upper hemisphere. The most common all-sky catsdtae commercially available total sky imager (TSI)
(Long et al., 2006). Another pioneering hemispherical dldatection instrument is the whole sky imager (WSI) (Shieldal.,
2013). Whereas the TSI is sensitive in the visible spectrbimWSI acquires information in seven different spectral esrig
the visible and in the near infrared regions. A special wersif the WSI also allows nighttime measurements (FeisteiSmelds,
2005). Other cloud research has been undertaken with Istvemonmercial cameras sensitive in the visible spectrurhef t
wavelength range (e.g. Calbo and Sabburg, 2008; Cazorla 20@8; Kazantzidis et al., 2012; Wacker et al., 2015; Kahal.,
2017). All these hemispherical sky cameras operate weillhgutaytime, but give often limited information during nitjme.
Thus, there is increasing interest in development of clautderas sensitive in the thermal infrared region of the spect
Ground-based thermal infrared all-sky cameras have tharaalge of potentially delivering continuous informatidmoat
cloud coverage, cloud base height and cloud type during ddyaghttime, which in turn is of interest in various fields.

The infrared cloud imager (ICI) is a ground-based sky carserssitive in the &m - 14 um wavelength range and with a
resolution of320 x 240 pixels (Shaw et al., 2005; Thurairajah and Shaw, 2005; SamthToumi, 2008). Another instrument,
the Solmirus all-sky infrared visible analyser (ASIVA) cists of two cameras, one measuring in the visible and ther otte

in the 8um - 13 um wavelength range (Klebe et al., 2014). The whole-sky mefialoud measuring system (WSIRCMS) is an
all-sky cloud camera sensitive in the:é - 14 um wavelength range (Liu et al., 2013). The WSIRCMS consistsrd cam-
eras measuring at the zenith and at eight surrounding positiVith a time resolution of 15 minutes, information abcdaotid
cover, CBH and cloud type are determined. This instrumesatamaaccuracy of0.3 oktas compared to visual observations
(Liu et al., 2013). Redman et al. (2018) presented a reflealivsky imaging system (sensitive in the - 14 um wavelength
range) consisting of a longwave infrared microbolometenea and a reflective sphere (2I0OV). The Sky Insight thermal
infrared cloud imager is an industrial and patented (Begtial., 2015a) product from Reuniwatt. The Sky Insight clondger

is sensitive in the &m - 13 um wavelength range and gives cloud information of the whplgem hemisphere. Their system is
mainly used for cloud cover forecasts up to 30 minutes ahghith is relevant for e.g. global horizontal irradiancesfceists
or optical communication link availability (Bertin et a015b; Liandrat et al., 2017).

The current study describes a newly developed prototygriment, the thermal infrared cloud camera (IRCCAM), thai
sists of a modified commercial thermal camera (Gobi-640EEthat gives instantaneous information about cloud cao bt
for the full upper hemisphere. The time resolution of the GR®/ in the current study is 1 minute during day- and nighttime
It measures in the wavelength range gif® - 14 um. After a developing and testing phase (Aebi et al., 20146bGer et al.,
2015), the IRCCAM is in continuous use at the Physikalisottddrologisches Observatorium Davos/World Radiation€en
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(PMOD/WRC), Davos, Switzerland, since September 2015. R@JAM was developed to provide instantaneous hemi-
spheric cloud coverage information from the ground with ghhiemporal resolution in a more objective way than human
cloud observations. Thus the IRCCAM could be used for differapplications at meteorological stations, at airportato
solar power plants. The performance of the IRCCAM regardiogd fraction is compared with data from two visible allsk
cameras and the automatic partial cloud amount detectgaritim (APCADA) (Durr and Philipona, 2004). In section Bet
instruments and cloud detection algorithms are presefitegl.comparison of the calculated cloud fractions based fierdi
ent instruments and algorithms are analysed and discussedllcand for different cloud classes, times of day and @ess

separately in section 3. Section 4 provides a summary andusians.

2 Dataand Methods

All three all-sky camera systems used for the current studyrestalled at the Physikalisch-Meteorologisches Otaerium
Davos/World Radiation Center (PMOD/WRC), Davos, locatethaSwiss Alps (46.8IN, 9.84E, 1,594 m asl). There are two
commercial cameras, one Q24M from Mobotix and the other i$3x34006 cloud camera from the company Schreder. Both
of these cameras are measuring in the visible spectrum.hittedamera is the newly developed all-sky camera (IRCCAM)
sensitive in the thermal infrared wavelength range. Alstheameras are cleaned on a daily routine. The instrumamstives
and their respective analysis software are described ifiollm@ving subsections. Also, the automatic partial cloudoant
detection algorithm (APCADA) is briefly described in Seati.4.

The analysis of the data from the thermal infrared cloud cari®RCCAM) is performed for the time period September 21,
2015 to September 30, 2017, with a data gap between Decerfib@026 and February 24, 2017 due to maintenance of
the instrument. Mobotix and APCADA data are available fa thole aforementioned time period. Schreder data are only
available since March 9, 2016. Thus the analysis of theseislahly performed for the time period March 9, 2016 to Sejpiem
30, 2017.

2.1 Thermal infrared cloud camera

The Infrared Cloud Camera (IRCCAM) (Figure 1) consists obenmercial thermal infrared camera (Gobi-640-GigE) from
Xenics (www.xenics.com). The camera is an uncooled midosbeter sensitive in the wavelength range ¢fi8 - 14um. The
chosen focal length of the camera objective is 25 mm and thedfeview 18° x 24°. The image resolution i640 x 480
pixels. The camera is located on top of a frame looking dowdwa a gold-plated spherically shaped aluminium mirrothsuc
that the entire upper hemisphere is imaged on the camerarséie complete system is 1.9 m tall. The distance between
the camera objective and the mirror is about 1.2 m. Theserdiioes were chosen in order to reflect the radiation from the
whole upper hemisphere onto the mirror and to minimise tha af the sky hidden by the camera itself. The arm holding the
camera above the mirror is additionally fixed with two wir@es to stabilise the camera during windy conditions. Theanir

is gold-plated to reduce the emissivity of the mirror and tkexmeasurements of the infrared sky radiation largelynisitiee

to the mirror temperature. Several temperature probesiahadied to monitor the mirror, camera and ambient tempegstu
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The camera of the IRCCAM was calibrated in the PMOD/WRC latuoyain order to determine the brightness temperature or
the absolute radiance in Wrsr—! for every pixel in an IRCCAM image. The absolute calibratioss obtained by placing the
camera in front of the aperture of a well characterised Hladk at a range of known temperatures betweerf 2and +20°C

in steps of 5°C (Grdbner, 2008). The radiance emitted by a blackbody tadéan be calculated using the Planck radiation

formula,

@)

whereT is the temperature\ the wavelengthy is the Planck constar,6261 x 1034 Js,c the speed of light, 299,792,458 mis
andk the Boltzmann constant,3806 x 10~23 J K—1. For the IRCCAM camera, the spectral response fundiigms provided
by the manufacturer is shown in Figure 2 and is used to cdketia integrated radiandez,

25
Li= [ R L(T)ax (2)

8
whereT is the effective temperature of the blackbody (Grobner32@hdL  the integrated radiance measured by the IRC-
CAM camera. To retrieve the brightness temperatiligg from the integrated radiandeg, Eq. 2 cannot be solved analytically.
Therefore, as an approximation, we are using a polynomiatfon Tz = f(Lg) to retrieve the brightness temperatdrg
from the radiancd. . Using Eq. 2,L ; values are calculated for temperatures in the range ofG4é&nd +40°C. The resulting
fitting function is a polynomial third order function (seegbre 3), which is used to retrievEs from the integrated radiance
L, for every pixel in an IRCCAM image.
The IRCCAM calibration in the blackbody aperture was perfed on March 16, 2016 and all its images are calibrated with
the corresponding calibration function retrieved from ldidgoratory measurements. The calibration uncertainth@tcamera
in terms of brightness temperatures (in a range of*@&nd +40°C) is estimated at 1 K for a Planck spectrum as emitted
by a blackbody radiator. Furthermore, a temperature ctioredunction for the camera was derived from these laboyato
calibrations in order to correct the measurements obtahadchbient temperatures outdoors.
The hemispherical sky images taken by the IRCCAM are coeddd polar coordinate), ®) for the purpose of retrieving
brightness temperatures in dependence of zenith and demespectively. Due to slight aberrations in the opticatesysof the
IRCCAM, the © coordinate does not follow a linear relationship with thg sknith angle, producing a distorted sky image.
Therefore, a correction function was determined by cotireladhe apparent solar position as measured by the IRCCAtK wi
the true solar position obtained by a solar position algarit This correction function was then applied to the raw game
images to obtain undistorted images of the sky hemisphere.
One should note that observing the sun with the Gobi camepéiadmthat the spectral filter used in the camera to limit the
spectral sensitivity to the Bm - 14 yum wavelength band has some leakage at shorter wavelengttisn&tely, this leakage is
confined to a narrow region around the solar disk (arowma4 shown in Figure 4. Thus it has no effect on the remainimng pa
of the sky images taken by the IRCCAM during daytime measergm
The main objective of the IRCCAM study is to determine cloudgerties from the measured sky radiance distributionse. Th
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cloudy pixels in every image are determined from their obsghigher radiances with respect to that of a cloud-free Bikg
clear sky radiance distributions are determined from tagidransfer calculations using MODTRAN 5.1 (Berk et aD03),
using as input parameters screen-level air temperaturéngegrated water vapour (IWV). The temperature was detezchin
at 2 m elevation obtained from a nearby SwissMetNet statidrile the IWV was retrieved from GPS signals operated by
the Federal Office for Topography and archived in the Stuidieemospheric Radiation Transfer and Water Vapour Effects
(STARTWAVE) database hosted at the Institute of Applied sty at the University of Bern (Morland et al., 2006). Forgra
tical reasons, a lookup table (LUT) for a range of tempeestand IWV was generated which was then used to compute the
reference clear sky radiance distribution for every siiglege taken by the camera. A similar approach to detect gattdrns

is described in Bertin et al. (2015b) and Liandrat et al. 01

The sky brightness temperature distribution as measuradtmud-free day (June 18, 2017 10:49 UTC) and the corre$pond
modelled sky brightness temperature are shown in Figurenddmure 4b, respectively. As expected, the lowest radiasc
emitted at the zenith, with a gradual increase at increas@ngh angle, until the measured effective sky brightnesgperature

at the horizon is nearly equal to ambient air temperaturattSamd Toumi, 2008). Figure 4c¢ shows the profiles of the mesisu
(red) and modelled (blue) brightness temperatures aloegaimuth position going through the solar position (yellowe in
Figure 4a). As can be seen in Figure 4c, the measured and leadky distributions agree fairly well, with large deviais at
high zenith angles due to the mountains obstructing thebonraround Davos. The shortwave leakage from the sun can also
be clearly seen around pixel number 180. A smaller deviasiaeen at pixel number 239 from the wires holding the frame of
the camera.

The average difference between the measured and modedi@dstly radiance distributions was determined for sevéeal c
sky days during the measurement period in order to use tf@hiation when retrieving clouds from the IRCCAM images.
Such differences can arise on the one hand from the rathée cadliative transfer modelling which only uses surfacepem
ature and IWV as input parameters to the model. On the othet ihaan arise from instrumental effects such as a calibmatio
uncertainty oft+1 K. An effect of the mirror temperature and a possible misimdtetween actual and nominal spectral re-
sponse functions of the IRCCAM camera are other potentisdes for this difference. But both of these possible effeate

not been taken into account. The validation measuremeats 8glays, with full sky measurements obtained every minute,
yielding a total of 11,512 images for the analysis. For ewergge, the corresponding sky radiance distribution wasutaied
from the LUT, as shown in Figure 4b. The residuals betweemiasured and modelled sky radiance distributions werei-calc
lated by averaging over all data points with zenith anglealemnthan 60, while removing the elements (frame and wires) of
the IRCCAM within the field of view of the camera, resultingane value per image. The brightness temperature diffegence
between IRCCAM and model calculations show a mean differerie-4.0 K and a standard deviation of 2.4 K over the whole
time period. The observed variability comes equally from-ttaday variations as well as from variations within a $nday.

No systematic differences are observed between day anttinighdata.

The stability of the camera over the measurement periodvisstigated by comparing the horizon brightness tempegatur
derived from the IRCCAM with the ambient air temperature swrad at the nearby SwissMetNet station. As mentioned
by Smith and Toumi (2008), the horizon brightness tempeeatierived from the IRCCAM should approach the surface air
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temperature close to the horizon. Indeed, the averagediife between the horizon brightness temperature denigedthe
IRCCAM and the surface air temperature was 0.1 K with a stahdieviation of 2.4 K, showing no drifts over the measurement
period and thus confirming the good stability of the IRCCAMidg this period. The good agreement of 0.1 K between the
derived horizon brightness temperature from the IRCCAM thredsurface air temperature confirms the absolute caldrati
uncertainty of+- 1 K of the IRCCAM. Therefore, the observed discrepancy of 4eitihgen measurements and model calcu-
lations mentioned previously can probably be attributethéouncertainties in the model parameters (temperaturéVail
used to produce the LUT.

2.1.1 Cloud detection algorithm

After setting up the IRCCAM, a horizon mask is created iflitito determine the area of the IRCCAM image representirg th
sky hemisphere. A cloud-free image is selected manually.skly area is selected by the very low sky brightness tempesat
with respect to the local obstructions with much larger himgss temperatures. This image mask contains local clistig
such as the IRCCAM frame (camera, arm and wire ropes) as wehe horizon, which in the case of Davos consists of
mountains limiting the field of view of the IRCCAM. Thereaft¢he same horizon mask is applied to all IRCCAM images.
The total number of pixels within the mask is used as a reteremd the cloud fraction is defined as the number of pixels
detected as cloudy relative to the total number.
The algorithm to determine cloudy pixels from an IRCCAM ireagpnsists of two parts. The first part uses the clear sky model
calculations as a reference to retrieve low to mid-levalidk® These clouds have large temperature differences cethfzathe
clear sky reference. In this part of the algorithm, cloudyefs are defined for measured sky brightness temperatwaearthat
least 6.5 K greater than the modelled clear-sky refereniceevA rather large threshold value was empirically choseswvbid
any erroneous clear sky mis-classifications as cloudy iXéle thinner and higher clouds with lower brightness taatpees
are therefore left for the second part of the algorithm.
In order to determine the thin and high-level clouds withinRCCAM image, non cloudy pixels remaining from the firsttpar
of the algorithm are used to fit an empirical clear sky brigsttemperature as a function of the zenith angle,
Tp = (Tes —a) (@)b+a ©)

65
whereT is the brightness temperature for a given zenith atgjlend7ss, a andb are the retrieved function parameters
(Smith and Toumi, 2008). This second part of the algorithsuates a smooth variation of the clear sky brightness temper-
ature with zenith angle. Thereby it determines cloudy gbad deviations from this smooth function as well as reqgign
brightness temperature higher than this empirical clearaierence. Pixels with a brightness temperature higtear the em-
pirically defined threshold of 1.2 K are defined as cloudy ardaved from the clear sky data set. This procedure is repeate
up to 10 times to iteratively find pixels with a brightness parature higher than the clear sky function. One restrictib
this fitting method is that it requires at least broken cloadditions, as it does not work well under fully overcast déinds
without the presence of any cloud-free pixels to constiaérfitting procedure.
The selected threshold of 1.2 K allows the detection of lovissivity clouds, but still misses the detection of thin, Hrigvel
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cirrus clouds even though they can be clearly seen in the I @nages. Unfortunately, reducing the threshold to lessith
1.2 K results in many clear sky mis-classifications as cloiitierefore under these conditions, it seems that using teakpa
smoothness function is not sufficient to infer individuatgds as being cloudy; a more advanced algorithm as discussed
Brocard et al. (2011) is required to define clouds not only @ixal by pixel basis but as a continuous structure (e.gepatt
recognition algorithm).

Before reaching the final fractional cloud data set, soma &léring procedures are applied: situations with preatfwn

are removed by considering precipitation measurements fn@ nearby SwissMetNet station; ice or snow depositiorhen t
IRCCAM mirror is detected by comparing the median radiarfce sky area with the median radiance value of an area on the
image showing the frame of the IRCCAM. In cases where theuiffce between the median values of the two areas is smaller
than the empirically defined value of 5 Wifsr—!, the mirror is assumed contaminated by snow or ice and therelbes not
reflect the sky, so the image is excluded. The horizon mas& doecover all pixels that do not depict sky, which leads to an
offset in the calculated cloud fraction of around 0.04. Tdffset is removed before comparing the cloud fraction deileed

by the IRCCAM with other instruments.

2.2 Mobotix camera

A commercial surveillance Q24M camera from Mobotix (wwwlmatix.com) has been installed in Davos since 2011. The
camera has a fisheye lens and is sensitive in the red-graer(fGB) wavelength range. The camera takes images from the
whole upper hemisphere with a spatial resolution2ff0 x 1600 pixels. The camera system is heated, ventilated and iedtall
on a solar tracker with a shading disk. The shading disk avoigrexposed images due to the sun. The time resolutioreof th
Mobotix data is one minute (from sunrise to sunset) and tipegxre time is 1/500 s.

An algorithm determines the cloud fraction of each imagemuattically (Wacker et al., 2015; Aebi et al., 2017). Befope a
plying the cloud detection algorithm, the images are preggeed. The distortion of the images is removed by applying a
correction function. The same horizon mask, which was déforethe basis of a cloud-free image, is applied to all images.
After this preprocessing, the colour ratio (the sum of theelib green ratio plus the blue to red ratio) is calculatecopei.

To perform the cloud determination per pixel, this caloedbtolour ratio is compared to an empirically defined refeeenatio
value of 2.2. Comparing the calculated colour ratio valughhis reference value designates whether a pixel is fledsis
cloudy or as cloud-free. The cloud fraction is calculatedtey sum of all cloud pixels divided by the total number of sky
pixels.

The cloud classes are determined with a slightly adaptearitign from Heinle et al. (2010) which is based on statistica
features (Wacker et al., 2015, Aebi et al., 2017). The cldadses determined are stratocumulus (Sc), cumulus (Calst
altostratus (St-As), cumulonimbus-nimbostratus (Cb;Ngyocumulus-altocumulus (Cc-Ac), cirrus-cirrostra{Ci-Cs) and
cloud-free (Cf).
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2.3 Schreder camera

The total sky camera VIS-J1006 from Schreder (www.schredes.com) consists of a digital camera with a fisheye lens. Th
VIS-J1006 Schreder camera is sensitive in the RGB regioheo§pectrum and takes two images every minute with different
exposure times (1/500 s and 1/1600 s, respectively). Theuapes fixed af/8 for both images. The resolution of the images
is 1200 x 1600 pixels. The camera comes equipped with a weatherproof hgasid a ventilation system.

The images from the Schreder camera are analysed using fferedt algorithms. The original software is directly delied
from the company Schreder. Before calculating the fraeficloud coverage, some steps are needed to define the settaig
are needed to preprocess the images. In a first step, the cétitie image is defined manually. In a second step, the maximu
zenith angle of the area taken into account for further amealys defined. Unfortunately, the maximum possible zemithea

is only 70 and thus a larger fraction of the sky cannot be analysedr &ftedistortion of the images is removed, in a fourth
step a horizon mask is defined on the basis of a cloud-freeenidge mask also excludes the pixels around the sun. In a last
step, a threshold is defined which specifies whether a pixdassified or not classified as a cloud. The settings fromethes
preprocessing steps are then applied to all images fromdhee@er camera. In the following, the term Schreder retedata
where this algorithm is used.

Due to the Schreder algorithm’s limitation of a maximum teingle of 70, we used the same algorithm as for the Mobotix
camera, referred hereafter as Schrgggr The algorithm Schredg#qq has the advantage that the whole upper hemisphere is
considered when calculating the fractional cloud coverapes, a new horizon mask is defined on the basis of a clowd-fre
image. The colour ratio reference to distinguish betweendd and no clouds is assigned an empirical value of 2.5,hwkic
slightly different to that used for the Mobotix camera. Thehf&der camera in Davos has been measuring continuously sin
March 2016.

2.4 APCADA

The automated partial cloud amount detection algorithmGABA) determines the cloud amount in oktas using downward
longwave radiation from pyrgeometers, temperature amdivelhumidity measured at screen-level height (Durr aritigéina,
2004). APCADA is only able to detect low- and mid-level clsuahd is not sensitive to high-level clouds. The time regmhut

of APCADA is 10 minutes during day and nighttime. The agreehoé APCADA compared to synoptic observations at high-
altitude and midlatitude stations, such as Davos, is th&8® 87 % of cases during day and nighttime have a maximum
difference of+1 okta (+0.125 cloud fraction) and between 90 % to 95 % of cases havéeaattice of+2 oktas (-0.250 cloud
fraction) (Durr and Philipona, 2004).

In order to compare the cloud coverage information retdevem APCADA with the fractional cloud coverages retrieved
from the cameras, the okta values are converted to fradtddmad coverage values by multiplying the okta values by28.1

In the current study, APCADA is mainly used for comparisofhthe nighttime IRCCAM data.
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3 Results

In the aforementioned time period September 21, 2015 toeSdr 30, 2017, the IRCCAM data set comprises cloud cover
information from 581,730 images. The Mobotix data set cas@sr242,249 images (because only daytime data are agilabl
and the Schreder data set 184,746 images (shorter timelzeribalso only daytime). Figure 5 shows the relative freqiesrof
cloud cover detection from the different camera systemsia bins during daytime. Zero okta corresponds to a clouttira

of 0 to 0.05 and 8 oktas to a cloud fraction of 0.95 to 1. One &vers oktas correspond to intermediate bins of 0.1375 cloud
fraction and oktas two to six to intermediate bins of 0.12&udlfraction (Wacker et al., 2015). Cloud-free (0 okta) aneroast

(8 oktas) are the cloud coverages that are most often ddtecthe aforementioned time period. This behaviour alseegr
with the analysis of the occurrence of fractional cloud cages over a longer time period in Davos discussed in Aebi et a
(2017). All four instruments show a similar relative ocamnce of cloud coverages of 2 - 6 oktas. It is noteworthy that th
IRCCAM clearly underestimates the occurrence of 0 okta®mparison to the cameras measuring in the visible spectoym (
up to 13 %). On the other hand, the relative frequency of tf@3RM of 1 okta is clearly larger (by up to 10 %) compared
to the visible cameras. This can be explained by higher tregs temperatures measured in the vicinity of the horibove
Davos. These higher measured brightness temperaturealsety fdetermined as cloudy pixels (up to 0.16 cloud frantio
Since these situations with larger brightness tempemireur quite frequently, the IRCCAM algorithm detects maoften
cloud coverages of 1 okta instead of 0 okta. Also, at the athdrof the scale, the IRCCAM is detecting slightly largeiues

of a relative frequency of 7 oktas compared to the visibleeras and slightly lower relative frequencies of a measun¢iofe

8 oktas.

As an example, Figure 6 shows the cloud fraction determimefipil 4, 2016, where various cloud types and cloud fraction
were present. This day starts with an overcast sky and ptatigm and therefore the IRCCAM is measuring fractionalucl
coverages of more than 0.98. The cloud layer dispersesiurgdches cloud fraction values of 0.1 at around 6 UTC. A thi
time the sun rises above the effective horizon and the @salitsky cameras start to measure shortly thereafter. Tchalc
classes are determined with the algorithm developed by @atlal. (2015) based on Mobotix images. In the early morning
the cloud type presentis cumulus. The larger differencearerthan 0.1 between the cloud fraction determined by thes8eln
algorithm and the other algorithms can be explained aftéswavobservation of the image: the few clouds that are pitese
located close to the horizon and thus in the region of the ls&ythe Schreder algorithm is not able to analyse. The @naati
cloud coverage increases again to values of around 0.8 at@. BT this time, all four cameras and algorithms determine
a similar fractional cloud coverage. Around 8 UTC a firstastratus-layer appears which is slightly better detectethb
IRCCAM and the Mobotix algorithm than by the two algorithmsng the Schreder images. Two hours later, around 10 UTC,
the main cloud type present is again cumulus. Low-levelaoare quite precisely detected by all camera systems agngithu
this situation, the maximum observed difference is onlypOFgure 7a shows exactly this situation as an RGB-imagertaly
the Mobotix camera, and the corresponding classificatisrtéoaudy or non-cloudy pixels determined by the IRCCAM (Feyu
7b) and by the Mobotix algorithm (Figure 7c). From 11 UTC omdgathe cumulus clouds are found in the vicinity of the
horizon and cirrus-cirrostratus closer to the zenith. Beeaall algorithms have difficulties to detect thin and hiigyel clouds,
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the differences in the determined cloud fractions are béiaAgain, the Schreder algorithm is not able to analysectbed
fraction near the horizon and thus it always detects thelestdtaction compared to the other algorithms. The visialmeras
continue measuring until 16:23 UTC when the sun sets andiagtds only data from the IRCCAM are available.

3.1 Visbleall-sky cameras

Before validating the fractional cloud coverage determiibg the IRCCAM algorithm, the fractional cloud coveragehjch

are determined using the images of the visible all-sky cambtobotix and Schreder, are compared among each othemto gai
a better understanding of their performance. The time genmalysed here is March 9, 2016 to September 30, 2017, togsis
of only daytime data, which corresponds to a data set of #®4ifhages. Additionally, the results from the visible ddts
cameras are compared with data retrieved from APCADA (tealpgesolution of 10 min). For this comparison, 32,902 and
24,907 Mobotix and Schreder images respectively are ceresid

The histograms of the residuals of the difference in thectfoactions (range between [-1;1]) between the visibleskjl-cam-
eras are shown in Figure 8 and the corresponding median hrah8t95th percentiles are shown in Table 1.

As shown in Table 1, the two algorithms from the Schreder camas well as APCADA underestimate the cloud fraction
determined from Mobotix images, with a maximum median défece of -0.04. Although the median difference in cloudfrac
tion between the two Schreder algorithms is 0.00, the Oigion tends towards more negative values. This more prozeml
underestimation of fractional cloud coverage of the Sobredgorithm might be explained by the smaller fraction @& shy
being analysed (Figure 8c). The underestimation in théexetd cloud fraction of the Schreder algorithm for 90 % of da¢a

is even slightly larger in comparison to the cloud fracti@tedmined with the Mobotix algorithm. The spread (showntas 5
and 95th percentiles in Table 1) is greatest for all compasf the algorithms from the visible cameras with APCADA. A
previously mentioned in Section 2.4, APCADA gives the cldwttion only in steps of 0.125, and is thus not as accurate as
the cloud fraction determined from the cameras. This faghtréxplain the large variability in the residuals.

In Figure 8 it is shown that the distribution of the residua¢sween the cloud fraction retrieved from Mobotix versuesdtoud
fraction retrieved from the two Schreder algorithms (Feg8a and 8b) are left-skewed, which confirms that the clowdifna
retrieved from the two Schreder algorithms underestimiesloud fraction retrieved from the Mobotix images.

Taking the measurement uncertainty of human observerslsmdother cloud detection instruments to-b# okta to+2 ok-

tas (Boers et al., 2010), we consider this as a baselinetaigrrange to test the performance in the detection ofctfoaction

of our visible camera systems. The algorithms for the visgaimera systems determine the cloud fraction for 94 - 100%teof
data within+2 okta (£0.25) and for 77 - 94 % of the data withinl okta -0.125). Comparing the cloud fraction determined
from APCADA with the cloud fraction determined from the Vi cameras shows that in only 62 - 71 % of the cases is there
an agreement of1 okta (-0.125) and in 83 - 86 % of data an agreementt@f okta (+0.25). All these results are further
discussed in the next Section.
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3.2 IRCCAM Validation

As described in Section 3.1, in up to 94 % of the data set tliblgisameras are consistent to withirl okta &0.125) in the
cloud fraction detection, so that they can be used to valitta fractional cloud coverage determined by the IRCCAM. Fo
this comparison, a data set of 242,249 images (Mobotix) atataset of 184,746 images (Schreder) are available. This co
parison is only performed for daytime data of the IRCCAM, dgse from the visible cameras only daytime data are availabl
The residuals and some statistical values of the diffeiebhebveen the IRCCAM and the visible cameras are shown in€&igu
9 and Table 2. With a median value of 0.01, there is no conasiderdifference between the cloud fraction determined by th
IRCCAM and the cloud fraction determined by the Mobotix caméhe differences between the IRCCAM and the Schreder
algorithms are only slightly larger, with median values di9and 0.07 for Schredgf,q and Schreder respectively. Thus the
IRCCAM is only marginally overestimating the cloud fraction comparison to the cloud fraction determined by the \esib
cameras. The distributions of the residuals IRCCAM-Scareud IRCCAM-Schredghog are quite symmetrical (Figure 9b
and 9c). The distribution of the residuals in cloud fractiBICCAM-Mobotix is slightly left-skewed.

The percentage of agreement in the determined cloud frabgtween the sky cameras and APCADA separately is given in
Table 3. All values above the grey cells designate the fraahf data that agree withi#0.125 (1 okta) fractional cloud
coverage between two individual algorithms and all valuglsw the grey cells indicate the fraction that agree withih25

(+2 oktas) cloud fraction. The agreement of the IRCCAM in corigma with different visible all-sky cameras and APCADA
is that 59-77 % of the IRCCAM data are within 0.125 (1 okta) fractional cloud coverage and 78 - 93 % of the data are
within £0.25 &2 oktas) fractional cloud coverage. We can conclude thatREECAM retrieves cloud fraction values within
the uncertainty range of the cloud fraction retrieved frbmisible cameras and also in a similar range as state oftthmad
detection instruments. These values of the IRCCAM are didhtly lower than the agreement that the visible camerag ha
amongst each other (94 - 100 % and 77 - 94 % are wittroktas andt1 okta respectively). The close agreement between

the two algorithms Schreder and Schrgggdis noteworthy, although they analyse a different numberixalp of the images.

3.2.1 Cloud ClassAnalysis

Although the median difference between the cloud fractietednined with the IRCCAM algorithm and the cloud fraction
determined with the Mobotix algorithm is not evident, itisgresting to analyse differences in cloud fraction dependn the
cloud type. The algorithm developed by Wacker et al. (20&5)sed to distinguish six selected cloud classes and cleed-f
cases automatically on the basis of the Mobotix images.rei@0 shows the distribution of the residuals of the cloud-fra
tion of the two aforementioned algorithms for (a) cumulwwdevel; N=37,320), (b) cirrocumulus-altocumulus (niédel;
N=52,097) and (c) cirrus-cirrostratus (high-level; N=4&)Y). The median value of the difference in cloud fractiotwaen
IRCCAM and Mobotix for Cu clouds is 0.02 and therefore notsidarable. In general, all low-level clouds (Sc, Cu, St-As,
Cb-Ns) are detected with a median cloud fraction differesfeed.01 to 0.02 (Table 4). The IRCCAM and the Mobotix camera
observe the mid-level cloud class Cc-Ac with a median ageseraf cloud fraction of 0.00, but with a slightly asymmetric
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distribution towards negative values. Considering 90 %hefdata set of Cc-Ac clouds, the IRCCAM tends to underestimat
the cloud fraction for the mid-level cloud class. The sprizatthe Cc-Ac data (shown as 5th and 95th percentiles in Table 4
is in general slightly larger than that for low-level cloud$ie median value of the cloud fraction residuals deterchmethe
basis of IRCCAM images and those based on Mobotix imagedéohigh-level cloud class Ci-Cs is, at -0.13, clearly larger
in comparison to clouds at lower levels. Thus, although waiap the second part of the algorithm to detect thin, higlel
clouds from the IRCCAM images, it still misses a large fractof the Ci-Cs clouds in comparison to the Mobotix camera Th
distribution of the residuals (Figure 10c) is clearly widghich leads to 5th and 95th percentiles of -0.42 and 0.Xievely.
Due to the large spread, and also as shown in Aebi et al. (261&/yisible camera systems also have difficulties in detgct
the thin, high-level clouds.

3.2.2 Day-night differences

So far, only daytime data have been analysed. At PMOD/WRC iroBaluring nighttime the cloud fraction is retrieved from
pyrgeometers as well as from the IRCCAM. Therefore the IRGAoud coverage data are compared with the data retrieved
from the automated partial cloud amount detection algori(APCADA), which uses pyrgeometer data and calculatesdclou
fractions independent of the time of day. As explained intisa.4, APCADA only determines the cloud fraction from low

to mid-level clouds and gives no information about highelestouds. It also gives the cloud fraction only in okta-stépguals
steps of 0.125 cloud fraction).

Table 5 shows the median values of the residuals of the clmalién between IRCCAM and APCADA for all available
data (N=103,635), only daytime data (N=32,902) and onhhttigne data (N=70,722) and the corresponding 5th and 95th
percentiles separately. The overall median differenceevad cloud fraction detection between IRCCAM and APCADAaS,
0.05, in a similar range as the ones for the comparison ofltheldraction determined with the cloud cameras. The median
value for daytime data is, at 0.06, only slightly larger thia@ one for nighttime data (0.04). However, the spread ofabizl-
uals is notably broad mainly during nighttime with a largesitige 95th percentile value (0.65). However, because ABEA
already showed larger spreads in the residuals in compeatasthe fractional cloud coverage determined with the {es#il-

sky cameras, it is not possible to draw the conclusion tratRCCAM is overestimating the cloud fraction at nighttime.

3.2.3 Seasonal variations

The seasonal analysis is performed in order to investigatgiver a slightly unequal distribution of cloud types irfeliént
months in Davos (Aebi et al., 2017) have an impact on the padace of the cloud fraction retrieval between seasons. The
percentage of agreement in the retrieved cloud fractiowdsh the systems is again given for maximuh okta (£0.125)
differences (top) andé-2 oktas (-0.25) differences (bottom) for summer (left values) andterirfright values) in Table 6. For

all algorithms there is a slightly closer agreement in thieiheined cloud fraction in the winter months in comparisorhe
summer months. In winter, the IRCCAM agrees with the otheneras in 78 - 83 % of the data withih0.125 @1 okta)
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and as high as 84 - 94 % within0.25 &2 oktas). In summer, the agreement in cloud fraction is odly 31 % of the data
within £0.125 @1 okta) cloud fraction, but nevertheless, 84 - 91 % of valadisifithin +0.25 (@2 oktas) cloud fraction. The
slight difference between the two seasons might be expldiyethe slightly larger frequency of occurrence of the thinl a
low-emissivity cloud class cirrocumulus-altocumulus ieMds in summer than in winter (Aebi et al., 2017). Also theuesl
for spring (MAM) and autumn (SON) are in a similar range asdhes for summer and winter. Thus, the IRCCAM (and also
the other camera systems) do not show any noteworthy \ariatiany of the seasons.

4 Conclusions

The current study describes a newly developed instruméret thermal infrared cloud camera (IRCCAM) and its algorithm
to determine cloud fraction on the basis of absolute skyaraz distributions. The cloud fraction determined on theshaf
IRCCAM images is compared with the cloud fraction deterrdioa the basis of images from two visible camera systems (one
analysed with two different algorithms) and with the partiaud amount determined with APCADA.

The overall median differences between the determinedidi@ction from the IRCCAM and the fractional cloud coverage
determined from other instruments and algorithms are 000Q*-fractional cloud coverage. The IRCCAM has an agreewfent
+2 oktas {0.25) in more than 90 % of cases and an agreemettlaskta (-0.125) in up to 77 % of the cases in comparison
to other instruments. Thus, in only 10 % of the data, the IR®CH#pically overestimates the cloud fraction in comparison
with the cloud fraction determined from the all-sky camesessitive in the visible region of the spectrum. Differenoethe
cloud fraction estimates can be due to different threshimlidéhe camera systems (as discussed in Calbo et al. (204 Wela

as some other issues addressed throughout the current study

In general, there is no considerable difference in the perdoce of the IRCCAM in the different seasons. Analysis efrtie-
dian values of the residuals between the cloud fractiorroéted from the IRCCAM with the ones calculated from APCADA
shows no difference between day and night time, even thcwgbpread of the residuals is clearly higher during nighetim
The cloud fraction determination of the three cameras ispeddent of cloud classes, with the exception of thin cictasds
which are underestimated by the current IRCCAM algorithnabgut 0.13 cloud fraction.

Overall, the IRCCAM is able to determine cloud fraction wéttyood agreement in comparison to all-sky cameras sensitive
in the visible spectrum and with no considerable differanoets performance during different times of the day oretiint
seasons. Thus, the IRCCAM is a stable system that can be ddsal®s per day with a high temporal resolution. In compar-
ison to other state of the art cloud detection instruments (eilometer or Nubiscope) it has the advantage of maastine
whole upper hemisphere at one specific moment. Its accusmges from similar to rather better than that of the Nubiscop
(Feister et al., 2010) as well as that of the human obserBemsr§ et al., 2010).

In this study we mainly showed one application of the IRCCAfhjch is to retrieve fractional cloud coverage information
from the images. However, the known brightness temperalistgbution of the sky and thus the known radiance can aéso b
used for other applications including the determinationtber cloud parameters (cloud type, cloud level, cloudogpthick-
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ness) as well as the retrieval of information about downvamdgwave radiation in general. Thus, after some improvemien
the hardware (e.g. a heating or ventilation system to avéioz&en mirror) and software (improvements of the cloud Ethm
detecting low-emissivity clouds by e.g. pattern recognitithe IRCCAM might be of interest for a number of further kqp

tions for example at meteorological stations or airports.
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Figure 1. The Infrared Cloud Camera (IRCCAM) in the measurement enclasfiP&OD/WRC in Davos, Switzerland.
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Figure 2. Response functio®, of the camera of the IRCCAM instrument.
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Figure 3. Brightness temperaturEg versus integrated radiandez for different radiance values (red dots), and the corresponding thir

order polynomial fitting function (blue line).
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Figure4. (a) Measured brightness temperature on the cloud-free day JuB@1B810:49 UTC (SZA=24), (b) the corresponding modelled
brightness temperature and (c) the measured (red) and modelleitbiie of the sky brightness temperature along one azimuth position
(shown as a yellow line in (a)).
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Figure 5. Relative frequencies of the determined cloud coverage of the studyrmstits for selected bins of cloud coverages at Davos
(during daytime). Zero okta: 0 - 0.0500; 1 okta: 0.0500 - 0.187%ta% 0.1875 - 0.3125; 3 oktas: 0.3125 - 0.4375; 4 oktas: 0.487H25;
5 oktas: 0.5625 - 0.6875; 6 oktas: 0.6875 - 0.8125; 7 oktas: 8.802500; 8 oktas: 0.9500 - 1;
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Figure 6. Cloud fraction determined by the analysed cameras and algorithmsIRELCAM, blue: Mobotix, cyan: Schreder, yellow:

Schredegmod) on April 4, 2016.
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Figure 7. The cloud situation on April 4, 2016 10 UTC on an image from Mobotix (a) #e cloud fraction determined from (b) IRCCAM
(temperature range from 244 K (blue) to 274 K (yellow)) and (c) Mobtikite: clouds, blue: cloud-free, yellow: area around sun).
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Figure 8. Residuals of the comparison of cloud fraction retrieved from the visibieecas and algorithms used in the study.
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Figure9. Residuals of the comparison of cloud fraction retrieved from the IRC@&Mus cloud fraction retrieved from the visible cameras.
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Figure 10. Residuals of the comparison of cloud fraction determined from IRCCARbies versus cloud fraction determined from Mobotix

images for the following cloud classes: (a) Cu: Cumulus, (b) Cc-Ago€imulus-Altocumulus and (c) Ci-Cs: Cirrus-Cirrostratus.
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Table 1. Median and 5th and 95th percentiles of the differences in calculated dlactibhs from the visible all-sky cameras and APCADA.

The numbers are in the range [-1;1].

Cloud fraction
median  5th  95th
Schreder - Mobotix -0.03 -0.26 0.05
Schredgfmod - Mobotix -0.02 -0.19 0.04
Schreder - Schredgfod 0.00 -0.13 0.04
APCADA - Mobotix -0.04 -043 0.17
APCADA - Schreder -0.01 -0.38 0.30
APCADA - Schredgfmos | -0.01  -0.38 0.26
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Table 2. Median and 5th and 95th percentiles of the differences in calculated ctaatiohs between IRCCAM and the visible all-sky

cameras. The numbers are in the range [-1;1].

Cloud fraction
median  5th  95th
IRCCAM - Mobotix 0.01 -0.26 0.18
IRCCAM - Schreder 0.07 -0.22  0.29
IRCCAM - Schred&fmod 0.04 -0.23 0.26
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Table 3. Percentage of fractional cloud coverage data which agree withinkta (all values above the grey cells) ah#él oktas (all values

below the grey cells) when comparing two algorithms each.

IRCCAM Mobotix Schreder Schredga APCADA

IRCCAM
Mobotix
Schreder
Schred&fmod
APCADA

93%
88%
90%
80%

7% 59% 66% 62%
- 7% 89% 67%
94% = 94% 71%
97% 100% = 70%
83% 86% 85% -
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Table 4. Median and 5th and 95th percentiles of the differences in calculated ciactébhs from IRCCAM and Mobotix images for selected
cloud classes (stratocumulus (Sc), cumulus (Cu), stratus-altostBtas), cumulonimbus-nimbostratus (Cb-Ns), cirrocumulus-altodusnu
(Cc-Ac), cirrus-cirrostratus (Ci-Cs) and cloud-free (Cf). Thenters are in the range [-1;1].

Cloud fraction
median  5th  95th
Sc 0.01 -0.24 0.21
Cu 0.02 -0.12 0.19
St-As 0.00 -0.38 0.11
Cb-Ns | -0.01 -0.22 0.08
Cc-Ac 0.00 -0.27 0.18
Ci-Cs -0.13 -0.42 0.21
Cf 0.03 -0.03 0.18
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Table 5. Median and 5th and 95th percentiles of the differences in calculated alactibhs from IRCCAM versus APCADA: overall; only

daytime and only nighttime. The numbers are in the range [-1;1].

Cloud fraction
median  5th ~ 95th
IRCCAM - APCADA 0.05 -0.31 0.54
IRCCAM - APCADA day 0.06 -0.18 0.35
IRCCAM - APCADA night 0.04 -0.40 0.65




Table 6. Identical to Table 3, but left-hand are the values for the summer mahthe (July, August) and right-hand the values for the winter

months (December, January, February).

APCADA

Mobotix Schreder Schredgfod

IRCCAM
IRCCAM -
Mobotix 91% | 94%
Schreder | 89% | 84%
Schredgjimod | 89% | 86%
APCADA | 87% | 65%

61%|80%  62% | 51%

66% | 74%

71%(83%  54% | 78%
- 76%|84%  90% | 87%
95% | 93% 2 93%|97%  73% | 89%
98% | 95%  100% | 100¢ - 71% | 92%
84%|87%  90%|97%  88% | 989 -
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