Dear editor

We thank you for your constructive comments on the manuscript "Cloud fraction determined
by thermal infrared and visible all-sky cameras" by Aebi et al., submitted to Atmospheric
Measurement Techniques (amt-2018-68).

The answers to your comments follow below (bold: editor comment, regular font: author’s
response, italic: changes in the manuscript).

Best regards

Christine Aebi

Comments to the Author:
Dear Author,

in order to proceed with the review process of your manuscript, and to avoid patent infringement
and concealment of anteriority, | would require the two following modifications:

1.) p.3 line 27 present Sky Insight as an industrial product and cite the patent. The patent can be
cited in reference as follow: Bertin C., Cros S., Schmutz N., Liandrat O., Nicolas S., Lalire S., Detection
unit and method for identifying and monitoring clouds in an observed area of the sky. Patent number
FR3026496, W02016046309, 2014-09-26.

We changed the sentences about the instrument from Reuniwatt in the introduction and added
a reference to the patent:

p. 3, . 26ff.

The Sky Insight thermal infrared cloud imager is an industrial and patented (Bertin et al., 2015b)
product from Reuniwatt. The Sky Insight cloud imager is sensitive in the 8 um - 13 um
wavelength range and gives cloud information of the whole upper hemisphere. Their system is
mainly used for cloud cover forecasts up to 30 minutes ahead, which is relevant for e.g. global
horizontal irradiance forecasts or optical communication link availability (Bertin et al., 2015a;
Liandrat et al., 2017).

2.) Section 2.1.1 p.7, an explicit mention in the text should express that the cloud detection algorithm
is based on a similar approach as the one of Bertin et al., 2015:

Bertin C., Cros S., Saint-Antonin L., Schmutz N., "Prediction of optical communication link availability:
real-time observation of cloud patterns using a ground-based thermal infrared camera", Proc. SPIE
9641, Optics in Atmospheric Propagation and Adaptive Systems XVIII, 96410A (8 October 2015);
https://doi.org/10.1117/12.2194920

We added the following sentence in our method section:
p. 6, |. 8f:

A similar approach to detect cloud patterns is described in Bertin et al. (2015a) and Liandrat et
al. (2017).



To make it more clear that our method is not based on the method of Reuniwatt (as you
suggested), we also added the following sentence with the two references:

p. 3, |. 34ff.
After a developing and testing phase (Aebi et al., 2014, Grébner et al., 2015), the IRCCAM is in
continuous use at the Physikalisch-Meteorologisches Observatorium Davos/World Radiation

Center (PMOD/WRC), Davos, Switzerland, since September 2015.

You may decide to submit a revised version of the manuscript after having included the above
changes and taking into account the referee report.

Best regards, Manfred Wendisch
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Abstract. The thermal infrared cloud camera (IRCCAM) is a prototypstimment that determines cloud fraction continu-
ously during day and nighttime using measurements of thelatesthermal sky radiance distributions in the:® - 14 um
wavelength range in conjunction with clear sky radiatiangfer modelling. Over a time period of two years, the frawi
cloud coverage obtained by the IRCCAM is compared withétreercommercial cameras (Mobotix Q24M and Schreder VIS-
J1006) sensitive in the visible spectrum, as well as withatl®mated partial cloud amount detection algorithm (AP@AD
using pyrgeometer data. Over the two year period, the cladidns determined by the IRCCAM and the visible sky camera
are consistent to within 2 oktas (0.25 cloud fraction) fork8®f the dataset during the day while for day- and nighttimia da
the comparison with the APCADA algorithm yields an agreenwdi80 %. These results are independent of cloud types with
the exception of thin cirrus clouds which are not detectedassistently by the current cloud algorithm of the IRCCAM.
The measured absolute sky radiance distributions alsodedlre potential for future applicatiossichaseloudemissivityby
combining these measurements with ancillary meteorotbgiata from radiosondes and ceilometers.

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; Tzoukaa 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 ebvers, the cloud determination is not objective e.g. myainl
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due to varying degrees of experience (Boers et al., 2010e@lisadvantages of human cloud observations are thagrfe t
poral resolution is coarse and due to visibility issues tiigte determinations are difficult. Since clouds are higidyiable

in space and time, measurements at high spatial and tenmesdution with small uncertainties are needed (WMO, 2012).
Recent research has therefore been conducted to find anaatboloud detection instrument (or a combination of suah) t
replace human observers (Boers et al., 2010; Tapakis an@dl@hwides, 2013; Huertas-Tato et al., 2017; Smith et@lL7p

An alternative to detect clouds from the ground by human fasiens is to detect them from space. With a temporal reso-
lution of 5 to 15 minutes, Meteosat Second Generation (MS£8}ktationary 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 desv@oud information with a temporal resolution of 2.5 to 1thm
utes and a spacial resolution of 0.5 to 2 km. However, theestgtonary satellites cover only a certain region of thabgl
Circumpolar satellites (i.e. the MODIS satellites Terrd &gua (Baum B.A., 2006; Ackerman et al., 2008)) determimaid|
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). Howeueg, td the large field of view (FOV) of satellites, small clouds
can be overlooked (Ricciardelli et al., 2010). Another trade with satellite data is the ability to distinguish tblouds from
land (Dybbroe et al., 2005; Ackerman et al., 2008). Furtloeamsatellites collect information mainly from the higheloud
layer rather than the lower cloud layer closer to the easthiface. Nowadays satellite data are validated and thysosigul

by ground-based cloud data. Different studies focusinghercomparison of the determined cloud fraction from groumdi a
from space were presented by e.g. Fontana et al. (2013);aatkl. (2015); Calbo 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@G071;
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&s3p

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 informmatidephelo consists of seven radiometers which scan theewhol
upper hemisphere. The Nubiscope consists of one radiometigrwhich 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 €011) presents a method using data from the tropospheri
water vapour radiometer (TROWARA) to determine cirrus defrom the measured fluctuations in the sky infrared brigbgn
temperature.

The second group, the column cloud detection instrumenis @éaser pulse to the atmosphere and measure the baciestatte
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 instrusieoinprises the hemispherical sky cameras, which have’avis0

of the upper hemisphere. The most common all-sky camera isdmmercially available total sky imager (TSI) (Long et al.
2006). Another pioneering hemispherical cloud detectimsirument is the whole sky imager (WSI) (Shields et al., 2013)
Whereas the TSI is sensitive in the visible spectrum, the W&liaes information in seven different spectral ranges & th
visible and in the near infrared regions. A special versithe WSI also allows nighttime measurements (Feister anel@&hi
2005). Other cloud research has been undertaken with Istveonmercial 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 welhgutaytime, but give no information during nighttime. Thtiere

is increasing interest in development of cloud camerasitdens the thermal infrared region of the spectrum. Grolreded
thermal infrared all-sky cameras have the advantage ofatelg continuous information about cloud coverage, clbade
height and cloud type during day and nighttime, which in tigraf 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 meftacloud measuring system (WSIRCMS) is
an all-sky cloud camera sensitive in the:8 - 14 um wavelength range (Liu et al., 2013). The WSIRCMS consistsirod
cameras measuring at the zenith and at eight surroundintiopss With a time resolution of 15 minutes, informationoalb
cloud cover, CBH and cloud type are determined. This insénnhas an accuracy €f0.3 oktas compared to visual obser-
vations (Liu et al., 2013). Redman et al. (2018) presentezflaative all-sky imaging system (sensitive in the® - 14 ym
wavelength range) consisting of a longwave infrared mictoimeter camera and a reflective sphere {120V). Relatively
new-on-the-marketis-the The Sky Insight thermal infrared cloud imagir an industrial and patentedBertin et al., 2015b)
productfrom Reuniwatt. The Sky Insight cloud imager is sensitivéhia 8 ,m - 13 um wavelength range arts-layoutand

oftware milarto-the prototypeinstrumentpresentedieregivescloud information of the whole upperhemisphereTheir

systemis mainly usedfor cloud coverforecastaup to 30 minutesaheadwhich is relevantfor e.g.globalhorizontalirradiance
forecastsr opticalcommunicatiorink availability (Bertin et al., 2015a; Liandrat et al., 2017).

The current study describes a newly developemtotypeinstrument, the thermal infrared cloud camera (IRCCAMat tton-
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 GX®/ in the current study is 1 minute during day- and night-
time. It measures in the wavelength range @ir8 - 14 um. ThetRCCAM-hasbeenin-After a developingandtestingphase
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Aebi et al., 2014; Grobner et al., 201%)e IRCCAM is in continuoususe at the Physikalisch-Meteorologisches Observato-
rium Davos/World Radiation Center (PMOD/WRC), Davos, Seiiland, since September 2015. The IRCCAM was developed

to provide instantaneous hemispheric cloud coveragerirdton from the ground with a high temporal resolution in aeno
objective way than human cloud observations. Thus the IRKI@Auld be used for different applications at meteorologica
stations, at airports or at solar power plants. The perfona®f the IRCCAM regarding cloud fraction is compared wited
from two visible all-sky cameras and the automatic partiad amount detection algorithm (APCADA) (Durr and Philiag
2004). In section 2, the instruments and cloud detectiooreilgns are presented. The comparison of the calculatedidtac-
tions based on different instruments and algorithms arbys@@ and discussed overall and for different cloud clagsass of
day and seasons separately in section 3. Section 4 provelenmary and conclusions.

2 Dataand Methods

All three all-sky camera systems used for the current studyrestalled at the Physikalisch-Meteorologisches Olaerium
Davos/World Radiation Center (PMOD/WRC), Davos, locatethin Swiss Alps (46.8N, 9.84E, 1,594 m asl). There are
two commercial cameras, one Q24M from Mobotix and the othead1006VIS-J1006cloud camera from the company
Schreder. Both of these cameras are measuring in the vigiadetrum. The third camera is the newly developed all-sky
camera (IRCCAM) sensitive in the thermal infrared wavetammgnge. The instruments themselves and their respectargsas
software are described in the following subsections. Alse.automatic partial cloud amount detection algorithm CABA)

is briefly described in Section 2.4.

The analysis of the data from the thermal infrared cloud cari®CCAM) is performed for the time period September 21,
2015 to September 30, 2017, with a data gap between Decerib@026 and February 24, 2017 due to maintenance of
the instrument. Mobotix and APCADA data are available far thole aforementioned time period. Schreder data are only
available since March 9, 2016. Thus the analysis of theseiglanly performed for the time period March 9, 2016 to Se|biem
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 midaovbeter sensitive in the wavelength range @it - 14 ym. 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 mirrohsuc
that the entire upper hemisphere is imaged on the camerarsé@ine 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 tka af the sky hidden by the camera itself. The arm holding the
camera above the mirror is additionally fixed with two wirges to stabilise the camera during windy conditions. Theanir

is gold-plated to reduce the emissivity of the mirror and tkenmeasurements of the infrared sky radiation largelynisitiee
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to the mirror temperature. Several temperature probesiakgded to monitor the mirror, camera and ambient temperatu

The camera of the IRCCAM was calibrated in the PMOD/WRC latooyein order to determine the brightness temperature or
the absolute radiance in Wrisr—! for every pixel in an IRCCAM image. The absolute calibratieas obtained by placing the
camera in front of the aperture of a well characterised tiadl at a range of known temperatures betweerr2and +20°C

in steps of 5°C (Grobner, 2008). The radiance emitted by a blackbody tad@an be calculated using the Planck radiation

formula,

@

whereT is the temperature, the wavelengthy is the Planck constartt,6261 x 1034 Js,c the speed of light, 299'792'458 m$
andk the Boltzmann constari,3806 x 10722 J K—1. For the IRCCAM camera, the spectral response fundigms provided
by the manufacturer is shown in Figure 2 and is used to cdkthe integrated radiandeg,

25
Li= [ Ry La@)ix @)

8
whereT is the effective temperature of the blackbody (Grobner82@hdL ; the integrated radiance measured by the IRC-
CAM camera. To retrieve the brightness temperatiligg from the integrated radiandez, Eq. 2 cannot be solved analytically.
Therefore, as an approximation, we are using a polynomiation Tz = f(Lg) to retrieve the brightness temperatdrg
from the radiancd. . Using Eq. 2,L r values are calculated for temperatures in the range ofG4énd +40°C. The resulting
fitting function is a polynomial third order function (seegbire 3), which is used to retrievEs from the integrated radiance
Ly, 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 uncertainthetamera
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 ctoredunction for the camera was derived from these laboyato
calibrations in order to correct the measurements obtahachbient temperatures outdoors.
The hemispherical sky images taken by the IRCCAM are coedér polar coordinate$), ®) for the purpose of retrieving
brightness temperatures in dependence of zenith and dzmespectively. Due to slight aberrations in the opticatesysof the
IRCCAM, the © coordinate does not follow a linear relationship with thg sknith angle, producing a distorted sky image.
Therefore, a correction function was determined by catiredethe apparent solar position as measured by the IRCCAfK wi
the true solar position obtained by a solar position albarit This correction function was then applied to the raw aame
images to obtain undistorted images of the sky hemisphere.
One should note that observing the sun with the Gobi camepiadmthat the spectral filter used in the camera to limit the
spectral sensitivity to the Bm - 14 yum wavelength band has some leakage at shorter wavelengttisn&tely, this leakage is
confined to a narrow region around the solar disk (aroumaa shown in Figure 4. Thus it has no effect on the remainimg pa
of the sky images taken by the IRCCAM during daytime measeregm
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The main objective of the IRCCAM study is to determine cloudgerties from the measured sky radiance distributions. Th
cloudy pixels in every image are determined from their obsghigher radiances with respect to that of a cloud-free Bhg
clear sky radiance distributions are determined from tagidransfer calculations using MODTRAN 5.1 (Berk et aD03),
using as input parameters screen-level air temperaturéntegrated water vapour (IWV). The temperature was detezchin
at 2 m elevation obtained from a nearby SwissMetNet statidnle the IWV was retrieved from GPS signals operated by
the Federal Office for Topography and archived in the Stuiditmospheric Radiation Transfer and Water Vapour Effects
(STARTWAVE) database hosted at the Institute of Applied$itgy 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 siimglege taken by the camera.similarapproactio detectcloudpatterns

is describedn Bertin et al. (2015aandLiandrat et al. (2017

The sky brightness temperature distribution as measuradctmud-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 increasngh angle, until the measured effective sky brightnesgperature

at the horizon is nearly equal to ambient air temperaturdttSamd Toumi, 2008). Figure 4c¢ shows the profiles of the mesisu
(red) and modelled (blue) brightness temperatures alorg@imuth position going through the solar position (yellme in
Figure 4a). As can be seen in Figure 4c, the measured and ledbdky distributions agree fairly well, with large devats 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 deviati@een at pixel number 239 from the wires holding the frame of
the camera.

The average difference between the measured and modediadsily radiance distributions was determined for sevéegal c
sky days during the measurement period in order to use tf@ahiation when retrieving clouds from the IRCCAM images.
Such differences can arise on the one hand from the rathée cadiative 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 misimagtween actual and nominal spectral response
functions of the IRCCAM camera are other potential causethfs difference. But both of these possible effects haudaen
taken into account. The validation measurements span 8 daysfull sky measurements obtained every minute, yiejdin
total of 11,512 images for the analysis. For every imagectreesponding sky radiance distribution was calculatethfthe
LUT, as shown in Figure 4b. The residuals between the medsuré modelled sky radiance distributions were calculated
by averaging over all data points with zenith angles smatian 60, while removing the elementgrameandwires) of the
IRCCAM within the field of view of the camef&ameandwires), resulting in one value per image. The brightness temperatu
differences between IRCCAM and model calculations show amaéference of +4.0 K and a standard deviation of 2.4 K over
the whole time period. The observed variability comes dgdmm day-to-day variations as well as from variationshiita
single day. No systematic differences are observed betd@gand nighttime data.

The stability of the camera over the measurement periodvisstigated by comparing the horizon brightness tempegatur
derived from the IRCCAM with the ambient air temperature suead at the nearby SwissMetNet station. As mentioned
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by Smith and Toumi (2008), the horizon brightness tempeeaterived from the IRCCAM should approach the surface air
temperature close to the horizon. Indeed, the averageeliife between the horizon brightness temperature detigadthe
IRCCAM and the surface air temperature was 0.1 K with a stahdeviation 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 thradsurface air temperature confirms the absolute calibrati
uncertainty oft 1 K of the IRCCAM. Therefore, the observed discrepancy of 4etileen measurements and model calcu-
lations mentioned previously can probably be attributethéouncertainties in the model parameters (temperaturéVakl
used to produce the LUT.

2.1.1 Cloud detection algorithm

After setting up the IRCCAM, a horizon mask is created ifiifito 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 ckistig
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 ret@remd 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 ireagnsists of two parts. The first part uses the clear sky model
calculations as a reference to retrieve low to mid-levaelid® These clouds have large temperature differences cethjzathe
clear sky reference. In this part of the algorithm, cloudsets are defined for measured sky brightness temperatakearthat
least 6.5 K greater than the modelled clear-sky referenicevA rather large threshold value was empirically chosesvbid

any erroneous clear sky mis-classifications as cloudy iXéle thinner and higher clouds with lower brightness teatpees

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 brigistitemperature as a function of the zenith angle,

TBZ(T65—a)(<E(?5)>b+a @3)

whereTs is the brightness temperature for a given zenith atyl@andTs5, o 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 ibad deviations from this smooth function as well as reqgign
brightness temperature higher than this empirical clearsierence. 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 dtinds

without the presence of any cloud-free pixels to constitaéTitting procedure.
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The selected threshold of 1.2 K allows the detection of lovissivity clouds, but still misses the detection of thin, Higvel
cirrus clouds even though they can be clearly seen in the IR Enages. Unfortunately, reducing the threshold to lessith
1.2 K results in many clear sky mis-classifications as clodtierefore under these conditions, it seems that usingtéakpa
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 gixal 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 preatjon

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 thewifice 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 threrelbes not
reflect the sky, so the image is excluded. The horizon mask 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 cheileed

by the IRCCAM with other instruments.

2.2 Mobotix camera

A commercial surveillance Q24M camera from Mobotix (wwwlmtix.com) has been installed in Davos since 2011. The
camera has a fisheye lens and is sensitive in the red-graer(f®GB) 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 imagemattically (Wacker et al., 2015; Aebi et al., 2017). Befope a
plying the cloud detection algorithm, the images are pregssed. 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 calculatedopesi.

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

The cloud classes are determined with a slightly adaptearithgn 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;NMsyocumulus-altocumulus (Cc-Ac), cirrus-cirrostra{Ci-Cs) and
cloud-free (Cf).
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2.3 Schreder camera

The total sky camerd1006VIS-J1006from Schreder (www.schreder-cms.com) consists of a digéemera with a fisheye
lens. TheJ1006VIS-J1006Schreder camera is sensitive in the RGB region of the spacind takes two images every minute
with different exposure times (1/500 s and 1/1600 s, respdyg}. The aperture is fixed &8 for both images. The resolution

of the images 19200 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 fatithese
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 algorithmG@ABA) determines the cloud amount in oktas using downward
longwave radiation from pyrgeometers, temperature amdivelhumidity measured at screen-level height (Durr aritigéia,
2004). APCADA is only able to detect low- and mid-level clsuahd is not sensitive to high-level clouds. The time regmbut

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 timedaribalso only daytime). Figure 5 shows the relative freqgigsn

of cloud cover detection from the different camera systemakia bins. Zero okta corresponds to a cloud fraction of Q@5 0
and 8 oktas to a cloud fraction of 0.95 to 1. One and seven eki@sspond to intermediate bins of 0.1375 cloud fracticth an
oktas two to six to intermediate bins of 0.125 cloud fractf@vacker et al., 2015). Cloud-free (0 okta) and overcast @k
are the cloud coverages that are most often detected in dhenaéntioned time period. This behaviour also agrees \nith t
analysis of the occurrence of fractional cloud coverages avonger time period in Davos discussed in Aebi et al. (2017
All four instruments show a similar relative occurrence lofucl coverages of 2 - 6 oktas. It is noteworthy that the IRCCAM
clearly underestimates the occurrence of 0 oktas in compartio the cameras measuring in the visible spectrum (by up to
13 %). On the other hand, the relative frequency of the IRCG#M okta is clearly larger (by up to 10 %) compared to the
visible cameras. This can be explained by higher brighttesaperatures measured in the vicinity of the horizon aboxeob.
These higher measured brightness temperatures are fdételynined as cloudy pixels (up to 0.16 cloud fraction)c8ithese
situations with larger brightness temperatures occuedtéiguently, the IRCCAM algorithm detects more often clooder-
ages of 1 okta instead of 0 okta. Also, at the other end of thkesthe IRCCAM is detecting slightly larger values of a tieka
frequency of 7 oktas compared to the visible cameras anktilipwer relative frequencies of a measurement of 8 oktas.

As an example, Figure 6 shows the cloud fraction determime@iil 4, 2016, where various cloud types and cloud fraction
were present. This day starts with an overcast sky and pt&tigm and therefore the IRCCAM is measuring fractionalucl
coverages of more than 0.98. The cloud layer dispersesiurgéches cloud fraction values of 0.1 at around 6 UTC. A thi
time the sun rises above the effective horizon and the @isalitsky cameras start to measure shortly thereafter. Tduel c
classes are determined with the algorithm developed by @atkal. (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 thes8ein
algorithm and the other algorithms can be explained aftésualobservation of the image: the few clouds that are pitese
located close to the horizon and thus in the region of the Is&ythe Schreder algorithm is not able to analyse. The fnaati
cloud coverage increases again to values of around 0.8 at@. Wi 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-imagentaly
the Mobotix camera, and the corresponding classificatisrtéoady or non-cloudy pixels determined by the IRCCAM (Feyu
7b) and by the Mobotix algorithm (Figure 7¢). From 11 UTC onsgathe cumulus clouds are found in the vicinity of the
horizon and cirrus-cirrostratus closer to the zenith. Beseaall algorithms have difficulties to detect thin and higVel clouds,
the differences in the determined cloud fractions are dgiaAgain, the Schreder algorithm is not able to analyseclbied
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fraction near the horizon and thus it always detects thelsstdtaction compared to the other algorithms. The visialmeras
continue measuring until 16:23 UTC when the sun sets andnaftds only data from the IRCCAM are available.

3.1 Visbleall-sky cameras

Before validating the fractional cloud coverage determibg the IRCCAM algorithm, the fractional cloud coveragekbjai

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 denalysed here is March 9, 2016 to September 30, 2017, tiogsis
of only daytime data, which corresponds to a data set of #&4images. Additionally, the results from the visible &iss
cameras are compared with data retrieved from APCADA (teaipesolution 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 cams 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 digtion tends towards more negative values. This more piorexl
underestimation of fractional cloud coverage of the Salredijorithm might be explained by the smaller fraction @& gky
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 compasgf 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 faghiréxplain 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 versiesdtoud
fraction retrieved from the two Schreder algorithms (F&y8a and 8b) are left-skewed, which confirms that the clouwtditna
retrieved from the two Schreder algorithms underestimiesloud fraction retrieved from the Mobotix images.

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

tas (Boers et al., 2010), we take this as a baseline uncgrtaimge to test the performance in the detection of clouttifra of

our visible camera systems. The algorithms for the visibimera systems determine the cloud fraction for 94 - 100%eof th
data within+2 okta ¢0.25) and for 77 - 94 % of the data withihl okta (-0.125). Comparing the cloud fraction determined
from APCADA with the cloud fraction determined from the i 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 agreement@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 di®and 0.07 for Schredg,q and Schreder respectiveljhusthe
camerasThe distributions of the residuals IRCCAM-Schreder and (R®/-Schredegmoq 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 othé®4 - 100% and77 - 94 % arewithin +2 oktasand+1 oktarespectively) 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 depandn 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) cumulwdevel; N=37,320), (b) cirrocumulus-altocumulus (niédel;
N=52,097) and (c) cirrus-cirrostratus (high-level; N=4&)7). 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 differesfced.01 to 0.02 (Table 4). The IRCCAM and the Mobotix camera
observe the mid-level cloud class Cc-Ac with a median agegeraf 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 imageséhigh-level cloud class Ci-Cs is, at -0.18¢learly larger

in comparison to clouds at lower levels. Thus, although waiap the second part of the algorithm to detect thin, higfel
clouds from the IRCCAM images, it still misses a large frastof the Ci-Cs clouds in comparison to the Mobotix camera.
The distributionof theresidualgFigure 10c)eftheresidualds clearly wider, which leads to 5th and 95th percentiles0o42
and 0.21 respectively. Due to the large spread, and alsooamsh Aebi et al. (2017), the visible camera systems als@ hav
difficulties in detecting 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-stépquals
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 ofebil-
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 compatasthe fractional cloud coverage determined with the \es#l-

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 pdriactionatcloud amount determined with APCADA.

The overall median differences between the determinedddi@ction from the IRCCAM and the fractional cloud coverage
determined from other instruments and algorithms are 000Q7fractional cloud coverage. The IRCCAM has an agreewfent
+2 oktas {0.25) in more than 90 % of cases and an agreemetitlaskta (-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 threshiolidéhe 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 fractiorroiéted from the IRCCAM with the ones calculated from APCADA
shows no difference between day and night time, even thdumbtandarcdeviationspreadof the residuals is clearly higher
during nighttime.

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 wétlyood agreement in comparison to all-sky cameras sensitive
in the visible spectrum and with no considerable differsnioeits performance during different times of the day oretint
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 accuamges from similar to rather better than that of the Nubiscop
(Feister et al., 2010) as well as that of the human obserBerar§ 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 temperalistebution of the sky and thus the known radiance can a¢so b
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used for other applications including the determinationtber cloud parameters (cloud type, cloud level, cloudoapthick-
ness) as well as the retrieval of information about downvandgwave radiation in general. Thus, after some improvasien
the hardware (e.g. a heating or ventilation system to avéiozzn mirror) and software (improvements of the cloud gtgm
detecting low-emissivity clouds by e.g. pattern recognitithe IRCCAM might be of interest for a number of further bqp

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. Brightnessfemperaturéemperaturd’s versus integrated radiande; for different radiance values (red dots), and the correspond-
ing third 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 studynmsits for selected bins of cloud coverages at Davos.
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Figure 6. Cloud fraction determined by thetudy-instrumentsanalysedcamerasand algorithms (red: IRCCAM, blue: Mobotix, cyan:
Schreder, yellow: Schredgid 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 classgg) Cu: Cumulus(b) Cc-Ac: Cirrocumulus-Altocumulusand(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
camerasThenumbersarein therangel-1,1].

Cloud fraction
median  5th  95th
IRCCAM - Mobotix 0.01 -0.26 0.18
IRCCAM - Schreder 0.07 -0.22 0.29
IRCCAM - Schredéfmod 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 ciactibhs from IRCCAM and Mobotix images for selected
cloud classes (stratocumulus (Sc), cumulus (Cu), stratus-altost&tAs), cumulonimbus-nimbostratus (Cb-Ns), cirrocumulus-altodusnu

(Cc-Ac), cirrus-cirrostratus (Ci-Cs) and cloud-free (Ofhe numbersarein therange[-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




Table 5. Median and 5th and 95th percentiles of the differences in calculated dlactibhs from IRCCAM versus APCADA: overall; only
daytime and only nighttimelhe numbersarein therange[-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
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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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