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Abstract. The thermal infrared cloud camera (IRCCAM) is a prototyprimment that determines cloud fraction continuously
during day and nighttime with high temporal resolution. distheen developed and tested at Physikalisch-Meteorolags
Observatorium Davos/World Radiation Center (PMOD/WRC) avs, Switzerland. The IRCCAM consists of a commercial
microbolometer camera sensitive in theuB - 14 um wavelength range. Over a time period of two years, theitraat
cloud coverage obtained by the IRCCAM is compared with twepbtommercial cameras sensitive in the visible spectrum
(Mobotix Q24M and Schreder VIS-J1006) as well as with the@mated partial cloud amount detection algorithm (APCADA)
using pyrgeometer data. In comparison to the visible clatdation algorithms, the IRCCAM shows median differendaes

of 0.01 to 0.07 cloud fraction wherein around 90 % of the dataveithin +0.25 2 oktas) cloud fraction. Thus there is
no significant difference in the cloud fraction determioatbf the IRCCAM in comparison to the other study instruments
Analysis indicates no significant difference in the perfanoe of the IRCCAM during day or nighttime and also not inatiét
seasons. The cloud types where all algorithms are in claggsement are low-level clouds (with median differencedond
fraction of -0.01 to 0.02), followed by mid-level (0.00) ahidjh-level clouds (-0.13).

1 Introduction

Clouds affect the surface radiation budget and thus theatéiraystem on a local as well as on a global scale. Clouds Imave a
influence on solar and on terrestrial radiation by absortsngttering and emitting radiation. The Intergovernmidpémel on
Climate Change (IPCC) states that clouds in general andalectoud interactions in particular generate considerahcer-
tainty in climate predictions and climate models (IPCC,201Information about cloud coverage is of importance ndy ém
climate topics, but also in the production of electricitgchuse coverage of the sun with clouds leads to a reductienesfly
production from photovoltaic panels (Parida et al., 2011).

The most common practice globally to determine cloud ca@raloud base height (CBH) and cloud type is human obser-
vation (CIMO, 2014). These long-term series of cloud dalanatlimate studies to be conducted. Cloud detection by luma
observers has the advantage that the observations aredcaut several times per day over a long time period and thsit it
independent of any technical failure. However, there isaference standard for human observers and thus the cloeardet
nation is not objective (Boers et al., 2010). Other disathges of human observers are that the temporal resolutmmaise
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and nighttime determinations are difficult. Since cloudstaghly variable in space and time, measurements at higlakpad
temporal resolution with small measurement uncertaiatiesneeded. Research in the recent past has therefore bekrctam

in order to find an automated cloud detection instrument @rabination of such) to replace human observers (Boers,et al
2010; Tapakis and Charalambides, 2013).

One alternative to synoptic human observations is to deteatls with satellites. With a time resolution of 15 minytiske-
teosat Second Generation (MSG) geostationary satelliéestde to detect cloud coverage with a higher time resaiutian it

is accomplished by human observers (Ricciardelli et allp28Verkmeister et al., 2015). Additionally, satellitevepa larger
area than ground-based instruments and global coveradeunf mformation is possible. However, due to the large fifd
view (FOV) of satellites, small clouds can be overlooked #md clouds cannot be distinguished from land (Dybbroe et al
2005; Calbo and Sabburg, 2008; Heinle et al., 2010). Furtbes, satellites collect information mainly from the higheloud
layer rather than the lower cloud layer closer to the Eashidace. In order to retrieve information about the loweud
levels, measurements from the ground are required.

In general, three ground-based cloud measurement teamare distinguished: radiometers, active column instnisnand
hemispherical sky cameras. Radiometers measure the imaigdiation in different wavelength ranges. In the preseofc
clouds, depending on the wavelength range, the radiaticasuned at ground level is lower or higher than without clouds
(e.g. Calbo et al., 2001; Mateos Villan et al., 2010). The Fa@\some of these radiometers is rather small. Some of these
instruments, such as for example the infrared pyrometerC(Rephelo) (Tapakis and Charalambides, 2013) or Nubiscop
(Boers et al., 2010; Feister et al., 2010), measure in thm8 14 um wavelength range of the spectrum. In order to retrieve
cloud information of the whole upper hemisphere, Nepheltsiis of seven radiometers which scan the sky. The Nubéscop
consists of one radiometer only, which scans the whole upperisphere. Such a scan takes several minutes, which is a
limitation on the retrieval of cloud fraction informationhen for example fast-moving clouds occur (Berger et al. 520M
general, these instruments give information about cloadtion for three different levels, cloud types and cloudebasight
(CBH) (Wauben, 2006). Brocard et al. (2011) presents a ndetising data from the tropospheric water vapour radiometer
(TROWARA) to determine cirrus clouds from the measured flatibns in the sky infrared brightness temperature.

The active cloud measurement instruments send a laser foulke sky and measure the reflected photons. The photons are
scattered back by hydrometeors in clouds and, dependinigedimte and the amount of reflected photons measured, theé clou
base height can be determined. However, the laser pulsd isnhpscattered by cloud hydrometeors, but also by aerosols
(Liu et al., 2015). Examples of active remote sensing imsents are radars (Kato et al., 2001; Feister et al., 201dgrdi
(Campbell et al., 2002; Zhao et al., 2014) and ceilomete@{déci et al., 2010). The disadvantage of these measuterisen
the lack of information about the whole sky. Thus, with foemple ceilometers, a fully covered or cloud-free sky is clete
with considerable accuracy, however, the detection ofokt 7 is more difficult (Boers et al., 2010).

The third group of ground-based cloud detection instrusieoinprises the hemispherical sky cameras, which haveais0

of the upper hemisphere. The most common all-sky camerabeatetal sky imager (TSI) (Long et al., 2006) and the whole
sky imager (WSI) (Shields et al., 2013). Whereas the TSI isithemi the visible spectrum, the WSI acquires information i
seven different spectral ranges in the visible and in theinfared regions. A special version of the WSI also allowghtiime
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measurements (Feister and Shields, 2005). Other cloudriskas been undertaken with low-cost commercial camergs (
Calbo and Sabburg, 2008; Cazorla et al., 2008; KazantZzidis,2012; Wacker et al., 2015). All these hemisphericglcm-
eras operate well during daytime, but give no informatiorirdunighttime. Thus, there is increasing interest in dgplent

of cloud cameras sensitive in the thermal infrared regiathefspectrum. Ground-based thermal infrared all-sky casieave
the advantage of delivering continuous information abdoid coverage, cloud base height and cloud type during ddy an
nighttime, which in turn is of interest for climate studies.

The infrared cloud imager (ICI) is a ground-based sky carsersitive in the &m - 14 yum wavelength range and with a res-
olution of 320 x 240 pixels (Shaw et al., 2005; Thurairajah and Shaw, 2005; SamthToumi, 2008). The Solmirus all-sky
infrared visible analyser (ASIVA) has been presented bybKlet al. (2014). ASIVA consists of two cameras, one measur-
ing in the visible and the other one in theu# - 13 ;,m wavelength range. The whole-sky infrared cloud measisysgem
(WSIRCMS) (Liu et al., 2013) is an all-sky cloud camera sevsiin the 8um - 14 um wavelength range, which consists of
nine cameras measuring at the zenith and at eight surragipdisitions. With a time resolution of 15 minutes, inforroati
about cloud cover, CBH and cloud type are determined. Thisument has an accuracy #f).3 oktas compared to visual
observations (Liu et al., 2013).

The current study describes a newly developed instrumieatihiermal infrared cloud camera (IRCCAM), that consista of
modified commercial thermal camera that gives informatiboud cloud conditions with a 180FOV and a time resolution
of 1 minute. It measures in the wavelength range qfr8 - 14 um. The IRCCAM has been in use at the Physikalisch-
Meteorologisches Observatorium Davos/World Radiationt€e(PMOD/WRC), Davos, Switzerland, since September 2015
and is measuring continuously day and night. The performahthe IRCCAM regarding cloud fraction is compared withedat
from two visible all-sky cameras and the automatic parfiaid amount detection algorithm (APCADA) (Durr and Philiyzg
2004). In section 2 the instruments and cloud detectionrihgos are presented. The comparison of the calculatedi¢taa-
tions based on different instruments and algorithms arlysed and discussed overall and for different times of degsens

and cloud classes separately in section 3. Section 4 p@idammary and conclusions.

2 Dataand Methods

All three all-sky camera systems used for the current stuelyrestalled at the Physikalisch-Meteorologisches Olagerium
Davos/World Radiation Center (PMOD/WRC), Davos, locatathenSwiss Alps (46.8N, 9.84E, 1,594 m asl). There are two
commercial cameras, one from Mobotix AG and the other fromr&ber GmbH, both measuring in the visible spectrum, and
a newly developed all-sky camera (IRCCAM) sensitive in tifesired wavelength range from8n - 14 um. The instruments
themselves and their respective analysis software aregideddn the following subsections. Also, the automatidiphcloud
amount detection algorithm (APCADA) is briefly describediaction 2.4.

The analysis of the data from the thermal infrared cloud cani®CCAM) is performed for the time period September 21,
2015 to September 30, 2017, with a sizeable data gap betwessniber 20, 2016 and February 24, 2017 due to maintenance
of the instrument. Mobotix and APCADA data are available thoe whole aforementioned time period. Schreder data are
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only available since March 9, 2016. Thus the analysis ofeluzda is only performed for the time period March 9, 2016 to
September 30, 2017.

2.1 Thermal infrared cloud camera

The Infrared Cloud Camera (IRCCAM) (Figure 1) consists obemercial thermal infrared camera (Gobi-640-GigE) from
Xenics (www.xenics.com). The camera is an uncooled midobeter sensitive in the wavelength range ¢fr8 - 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 camerars@hg complete system is 1.9 m high and 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 wirpes to stabilise the camera against wind. The mirror is gtdted

to reduce the emissivity of the mirror and to make measuréwfahe infrared sky radiation largely insensitive to thernmi
temperature. Several temperature probes are includedranthe mirror, camera and ambient temperatures.

The camera of the IRCCAM was calibrated in the laboratory iO®/WRC in order to determine the brightness temper-
ature or the absolute radiance in Whsr—! for every pixel in an IRCCAM image. The absolute calibratizas obtained

by placing the camera in front of the aperture of a well chiarésed blackbody at a range of known temperatures between
-20°C and +20°C in steps of 3C (Grobner, 2008). The radiance emitted by a blackbody tadi@n be calculated using the
Planck radiation formula,

2hc? 1
L/\(T) - D ek};CT —1

@)

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 constant,3806 x 10~23 J K~!. For the IRCCAM camera, assuming a nominal spectrally fispoase
between &m and 14um, this yields,

14
Lg 14= /LA(T)dA 2)

8
whereT is the effective temperature of the blackbody (Grébner,82@hd Ls_14 the integrated radiance measured by the
IRCCAM camera. To retrieve the brightness temperatilg) from the integrated radiancks_14, EQ. 2 cannot be solved
analytically. Therefore, as an approximation, we are usimplynomial functiorll's = f(Lg_14) to retrieve the brightness
temperaturél’s from the radiancd.s_14. Using Eq. 2,Ls_14 values are calculated for temperatures in the range of &0
and +40°C assuming a nominal spectrally flat response function ofRIBZCAM. The resulting fitting function is a polynomial
function third order (see Figure 2), which is thereafterduseretrievel s from the integrated radiandes_,4 for every pixel
in an IRCCAM image.
The IRCCAM calibration in the blackbody aperture was parfed on March 16, 2016 and all its images are calibrated wéh th
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corresponding calibration function. The calibration utaiaty of the camera in terms of brightness temperatures (ange of
-40°C and +4(°C) is estimated at 1 K for a Planck spectrum as emitted by &btaty radiator. Furthermore, a temperature
correction function for the camera was derived from theBeratory calibrations in order to correct the measurenmartsined

at ambient 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 dzmesectively. 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 IRCCAlM wi
the true solar position obtained by a solar position alarit 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 camepéiemthat 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 as showngur€i3. Thus it has no effect on the remaining part of the sky
images taken by the IRCCAM during daytime measurements.

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 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 detegchin
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 Stuidiedmospheric Radiation Transfer and Water Vapour Effects
(STARTWAVE) database hosted at IAP, Bern (Morland et alQ&0For practical reasons, a lookup table (LUT) for a rarfge o
temperatures and IWV was generated which was then used toutertie reference clear sky radiance distribution for every
single image taken by the camera.

The sky brightness temperature distribution as measuredctoud-free day (June 18, 2017 10:49 UTC) and the correspgnd
modelled sky brightness temperature are shown in Figuren@aaure 3b, 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 3¢ shows the profiles of the meaisu
and modelled brightness temperatures along one azimuitigmogoing through the solar position (yellow line in FiguBa).

As can be seen in Figure 3c, the measured and modelled skipdiigins agree fairly well, with large deviations at higémith
angles due to the mountains obstructing the horizon aroum$® The shortwave leakage from the sun can also be clearly
seen around pixel number 180 and a smaller deviation at pixeber 239 from the wires holding the frame of the camera.
The average difference between the measured and modediadsily radiance distributions was determined for sevégal ¢
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 ratheée cadliative transfer modelling which uses as input pararago

the model only surface temperature and IWV, and on the othed fram instrumental effects such as calibration uncetyain
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of +1 K, the effect of the mirror temperature which has not beeprakto account, and a possible mismatch between actual
and nominal spectral response functions of the IRCCAM carmiére validation measurements span 8 days, with full sky mea
surements obtained every minute, yielding a total of 11j5i&yes for the analysis. For every image, the corresporskng
radiance distribution was calculated from the LUT, as showigure 3b. The residuals between the measured and mddelle
sky radiance distributions were calculated by averagireg all data points with zenith angles smaller thafi,&@hile remov-

ing the elements of the IRCCAM within the field of view of thenoara (frame and wires), resulting in one value per image.
The brightness temperature differences between IRCCAMnamdel calculations show a mean difference of +4.0 K and a
standard deviation of 2.4 K over the whole time period. Theeobed variability comes equally from day to day variatiags
well as variations within a single day. No systematic défezes are observed between day and nighttime data.

The stability of the camera over the measurement periodvisstigated by comparing the horizon brightness temperatur
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 tempeeaderived from the IRCCAM should approach the surface air
temperature close to the horizon. Indeed, the averageeliffe 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, confirming the good stability of the IRCCAM duringsiperiod. The good agreement of 0.1 K between the derived
horizon brightness temperature from the IRCCAM and theas@rfair temperature confirms the absolute calibration uncer
tainty of + 1 K of the IRCCAM. Therefore, the observed discrepancy of 4eifaieen measurements and model calculations
mentioned previously can probably be attributed to the dat#ies in the model parameters used to produce the LUT.

2.1.1 Cloud detection algorithm

After setting up the IRCCAM, a horizon mask is created itlitito determine the area of the IRCCAM image representirg th
sky hemisphere. A clear sky image is selected manually,fansldy area is selected by the very low sky brightness terapesa
with respect to the local obstructions with much larger himgss temperatures. This image mask contains local ckistig
such as the IRCCAM frame as well as the horizon, which in thee @ Davos consists of mountains limiting the field of
view of the IRCCAM. The total number of pixels within the mdskused as reference and the cloud fraction is defined as the
number of pixels detected as cloudy relative to that totahiner.

The algorithm to determine cloudy pixels from an IRCCAM ireagpnsists of two parts. The first part uses the clear sky model
calculations as reference to retrieve low to mid-level dowith a large temperature difference compared to the clear
reference. In this part of the algorithm, cloudy pixels agfirted for sky brightness temperatures greater than thegbaaid
clear sky values with a threshold value of 6.5 K. A rather dattgreshold value was chosen to avoid any erroneous clear sky
misclassifications as cloudy pixels, therefore leavingrieir and higher clouds with lower brightness temperatureshie
second part of the algorithm.

In order to determine the thin and high-level clouds withinRCCAM image, non cloudy pixels remaining from the firsttpar
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of the algorithm are used to fit an empirical clear sky brigsttemperature function in dependence on zenith angle,

T = (Tys —a)( )" +a 3)

whereT’s is the brightness temperature for a given zenith atyjl@endTss5, 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, and thereby determines cloudylpi&e deviations from this smooth function as well as reqgia
brightness temperature higher than this empirical clearsterence. Pixels with a brightness temperature higher th2 K

are defined as cloudy and removed from the clear sky data sistpfocedure is repeated up to 10 times to iteratively find
pixels with a brightness temperature higher than the cleafusction.

One disadvantage of the method is that it requires at leagehrcloud conditions, since it does not work well undenyfull
overcast conditions without any clear sky pixels to constiiae fitting procedure. However, apart from high-levelutdacon-
ditions such as cirrus clouds, fully overcast conditiores @sually detected in the first part of the algorithm due tohilgher
brightness temperature under these conditions.

The selected threshold of 1.2 K allows detection of low eiwigsclouds, but still misses the detection of thin, highvél
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 misclassifications as clottierefore under these conditions, it seems that using &akpat
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 pixal by pixel basis but as a continuous structure.

Before reaching the final fractional cloud data set, soma @Héring procedures are applied: situations with preatmn

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 thedifice between the median values of the two areas is smaller
than the empirically defined value of 5 Wrsr—!, the mirror is assumed contaminated by snow or ice and threrebes 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 cheiieed

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-graerfGB) 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 avoi@rexposed images due to the sun. The time resolutioreof th
Mobotix data is one minute (from sunrise to sunset) and tippgxre time is 1/500 s.

An algorithm determines the cloud fraction of each imagemuattically (Wacker et al., 2015; Aebi et al., 2017). Befope a
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plying the cloud detection algorithm, the images are pregssed. The distortion of the images is removed by applying a
correction function. A horizon mask, which is defined on thasib of a cloud-free image, is applied. After this prepretes

the colour ratio (the sum of the blue to green ratio plus thes ltb red ratio) is calculated per pixel. To perform the cloud
determination per pixel, this calculated colour ratio isnpared to an empirically defined reference ratio value of @dn-
paring the calculated colour ratio value with this refeemalue designates whether a pixel is classified as a cloxey qi as

a cloud-free pixel. The cloud fraction is calculated by thensof all cloud pixels divided by the total number of sky pixel

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

2.3 Schreder camera

The total sky camera J1006 from Schreder GmbH (www.schreistcom) consists of a digital camera with a fisheye lens.
The J1006 Schreder camera is sensitive in the RGB regioredaffgactrum 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 Schreder GmbH. Before calculating the fractional dloaverage, the images are preprocessed. In a first sterttre of

the image is defined manually. In a second step, the maximuaithzngle of the area taken into account for further analyse
defined. Unfortunately, the maximum possible zenith argtanly 70 and thus a larger fraction of the sky cannot be analysed.
After the distortion of the images is removed, in a fourtlpsdorizon mask is defined on the basis of a cloud-free image. T
mask also excludes the pixels around the sun. In a last steeshold is defined which specifies whether a pixel is diessi

as cloud or no cloud. In the following, the term Schredernsefe data where this algorithm is used.

Due to the Schreder algorithm’s limitation of a maximum #eringle of 70, we applied the same algorithm as the one for
the Mobotix camera to the Schreder camera images also gftereeferred to as Schreggpd). The algorithm Schredgfod

has the advantage that the whole upper hemisphere is cogidben calculating the fractional cloud coverage. Thuswa
horizon mask is defined on the basis of a cloud-free image laddlour ratio reference to distinguish between clouds and
no clouds and assigned an empirical value of 2.5, which gh#\i different from the one used for the Mobotix camera. The

Schreder camera in Davos has been measuring continuonséy igiarch 2016.
24 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 aritigehna,
2004). APCADA is only able to detect low- and mid-level clgughd is not sensitive to high-level clouds. The time regmiut

of APCADA is 10 minutes during day and nighttime. The agreetrad APCADA compared to synoptic observations at
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high-altitude and midlatitude stations, such as Davodas 82 to 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 havdaatite oft2 oktas ¢ 0.25 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 fradtdmad coverage values by multiplying the okta values with2®.

In the current study, APCADA is mainly used for comparisofithe nighttime data of the IRCCAM.

3 Results

In the aforementioned time period September 21, 2015 toeGdpr 30, 2017, the IRCCAM data set comprises cloud cover
information from 581,730 images. The Mobotix data set casasr242,249 images (because only daytime data are agdilabl
and the Schreder data set 184,746 images (shorter timederibalso only daytime). Figure 4 shows the relative fregiasn

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 (Wacker et al., 200Be to seven oktas correspond to intermediate bins 060.12
cloud fraction. Cloud-free (0 okta) and overcast (8 oktas)the cloud coverages that are most often detected in thernagm-
tioned time period. This behaviour also agrees with theyaisabf the occurrence of fractional cloud coverages ovenger
time period in Davos discussed in Aebi et al. (2017). All fogtruments show a similar relative occurrence of cloudcages

of 2 - 6 oktas. It is noteworthy that the IRCCAM is clearly ungitimating the occurrence of 0 oktas in comparison to the
cameras measuring in the visible spectrum (by up to 13 %)h®pther hand, the relative frequency of the IRCCAM of 1 okta
is clearly larger (by up to 10 %) compared to the visible camelhis can be explained by higher brightness temperatures
measured in the vicinity of the horizon which the IRCCAM aigfum determines as clouds. Also, at the other end of theescal
the IRCCAM is detecting slightly larger values of a relativequency of 7 oktas compared to the visible cameras anitlslig
lower relative frequencies of a measurement of 8 oktas.

As an example, Figure 5 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 ptatigm and therefore the IRCCAM is measuring fractionalucl
coverages of more than 0.98. The cloud layer dissolvesitirgéches values of 0.1 at around 6 UTC. At this time the ss&sri
above the effective horizon and the visible all-sky cametad to measure shortly thereafter. The cloud classesteexined
with the algorithm developed by Wacker et al. (2015) basetMohotix images. In the early morning, the cloud type present
is cumulus. The larger difference of more than 0.1 betweerckbud fraction determined by the Schreder algorithm aed th
other algorithms can be explained after a visual obsenvatighe image: the few clouds that are present are locatelbée c
proximity to the horizon and thus in the region of the sky thatSchreder algorithm is not able to analyse. The fractidoad
coverage increases again to values of around 0.8 at 7 UTQuitimne, all four cameras and algorithms determine a simila
fractional cloud coverage. Around 8 UTC a first cirrostraager appears which is slightly better detected by the IRRIC
and the Mobotix algorithm than by the two algorithms using 8threder images. Two hours later, around 10 UTC, the main
cloud type present is again cumulus. Low-level clouds aitequrecisely detected by all camera systems and thus, s$n thi
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situation, the maximum observed difference is only 0.0guFé 6a shows exactly this situation as RGB-image taken éy th
Mobotix camera, and the corresponding classificationsaglglor non-cloudy pixels determined by the IRCCAM (Figub@ 6
and by the Mobotix algorithm (Figure 6¢). From 11 UTC onwatttes cumulus clouds are found in the vicinity of the horizon
and cirrus-cirrostratus closer to the zenith. Because #tection of thin and high-level clouds is difficult for allgalrithms,
the differences in the determined cloud fractions are téiaAgain, 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 andiaatds 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 coveragehjah

are determined using the visible all-sky cameras Mobottk &chreder, are compared among each other to gain a better un-
derstanding of their performance. The time period analysed is March 9, 2016 to September 30, 2017, only daytime data
which corresponds to a data set of 184,746 images. Addltipriiae results from the visible all-sky cameras are coregar
with data retrieved from APCADA. For this comparison, 32%hd 24,907 Mobotix and Schreder images respectively are
considered.

The histograms of the residuals of the difference in thectloactions (range between [-1;1]) between the visibleskjl-cam-
eras are shown in Figure 7 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 cloud{rac
tion between the two Schreder algorithms is 0.00, the Oigion tends towards more negative values. This more prozeal
underestimation of fractional cloud coverage of the Sohredigorithm might be explained by its smaller fraction of gky
being analysed (Figure 7). The underestimation in theenegd cloud fraction of the Schreder algorithm for 90 % of théad

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 compas®f 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 cloud fraction, and is thus no
as accurate as the cloud fraction determined from the camehtach might explain the large variability.

In Figure 7 it is shown that the distribution of the residuzd$ween the cloud fraction retrieved from Mobotix verswesdtoud
fraction retrieved from the two Schreder algorithms (Fegida and 7b) are left-skewed, which confirms that the clowdina
retrieved from the two Schreder algorithms underestimiéesloud 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 take this as a baseline uncgrtaimge to test the performance in the detection of clouttifra of

our visible camera systems. The algorithms for the visibi@era systems determine the cloud fraction for 94 - 100%eof th
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 \ik# cameras shows that in only 62 - 71 % of the cases is there
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an agreement o1 okta (-0.125) and in 83 - 86 % of data an agreemeni-@f okta (-0.25). All these results are further
discussed in Section 3.2.3.

3.2 IRCCAM Validation

As described in Section 3.1, in up to 94 % of the data set thiblgisameras do agree withih2 okta @-0.25) in the cloud
fraction detection, so that they can be used to validaterttwtibnal cloud coverage determined by the IRCCAM. For ¢bis-
parison, a data set of 242,249 images (Mobotix) and a datz 484,746 images (Schreder) are available. This comparsso
only performed for daytime data of the IRCCAM, because fromisible cameras only daytime data are available.

The residuals and some statistical values of the diffeiehebveen the IRCCAM and the visible cameras are shown in€&igu
8 and Table 2. With a median value of 0.01, there is no sigmifidiference between the cloud fraction determined by the
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 o9 and 0.07 for Schredgi,q and Schreder respectively. The
distributions of the residuals IRCCAM-Schreder and IRCG&hredgsn.g are quite symmetrical (Figure 8b and 8c). The
distribution of the residuals in cloud fraction IRCCAM-Matix is slightly left-skewed. The IRCCAM agrees in up to 77 %
of the cases within a difference in cloud fractionfl okta and in even up to 93 % of the cases withir2 oktas. Thus, in
general, we can conclude that the IRCCAM retrieves cloudtifsa values within the uncertainty range of the cloud fiatt

retrieved from the visible cameras.

3.21 Cloud Class Analysis

Although the median difference between the cloud fractietednined with the IRCCAM algorithm and the cloud fractie d
termined with the Mobotix algorithm is not significant, iiilgeresting to analyse differences in cloud fraction delir@mnon the
cloud type. The algorithm developed by Wacker et al. (20%5)sied to distinguish six selected cloud classes and clead-f
cases automatically on the basis of the Mobotix images.rEi§ushows the distribution of the residuals of the cloud-frac
tion of the two aforementioned algorithms for (a) cumulwsvdevel; N=37,320), (b) cirrocumulus-altocumulus (nédel;
N=52,097) and (c) cirrus-cirrostratus (high-level; N=I6Y). The median value of the difference in cloud fractiotwaen
IRCCAM and Mobotix for Cu clouds is 0.02 and therefore stai@ly not significant. In general, all low-level cloudsear
detected with a median cloud fraction difference of - 0.00.62 (Table 3). The IRCCAM and the Mobotix camera observe the
mid-level cloud class Cc-Ac with a median agreement of h@0Owith a slightly asymmetric distribution towards negatval-
ues. Considering 90 % of the data set of Cc-Ac clouds, the IR@@&nds to underestimate the cloud fraction for the midelev
cloud class. The spread in the Cc-Ac data (shown as 5th ahdo@stentiles in Table 3) is in general slightly larger thiam t
one for low-level clouds. The median value of the residualddud fraction determined on the basis of IRCCAM images and
the ones based on Mobotix images for the high-level clouskali-Cs is, at -0.13, significantly larger in comparisonltmds

at lower levels. Thus, although we applied the second paheélgorithm to detect thin, high-level clouds from the R&AM
images, it still misses a large fraction of the Ci-Cs cloudsdomparison to the Mobotix camera. The distribution (Fég8c)

11
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of the residuals is clearly wider, which leads to 5th and @etitentiles of -0.42 and 0.21 respectively. Due to the lapgead,
and also as shown in Aebi et al. (2017), the visible camer@sysalso have difficulties in detecting the thin, high-leleuds.

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 IRGICAoud coverage data are compared with the data retrieved
from the automated partial cloud amount detection algorihPCADA), which uses pyrgeometer data, which calculates
cloud fractions independent of the time of day. As explaiimneSlection 2.4, APCADA only determines the cloud fractioonfr

low- to mid-level clouds and gives no information about highel clouds. It also gives the cloud fraction only in olst@ps
(0.125 cloud fraction).

Table 4 shows the median values of the residuals of the claatidn between IRCCAM and APCADA for all available data
(N=103,635), only daytime data (N=32,902) and only nigh#tidata (N=70,722) and the corresponding 5th and 95th per-
centiles separately. The overall median value in cloudifsadetween IRCCAM and APCADA is, at 0.05, in a similar range
as the ones for the comparison of the cloud fraction detexdhivith the cloud cameras. The median value for daytime data i
at 0.06, only slightly larger than the one for nighttime d@#4). However, the spread of the residuals is notablydnaainly
during nighttime with a large positive 95th percentile wa(0.65). However, because APCADA already showed largeasisr

in the residuals in comparison to the fractional cloud cagerdetermined with the visible all-sky cameras, it is nasde to
draw the conclusion that the IRCCAM is overestimating tlwudifraction at nighttime.

3.2.3 Seasonal variations

The percentage of agreement in the determined cloud frabgbween the sky cameras and APCADA separately is given in
Table 5. All values above the grey cells designate the fsaabf data that agree withift0.125 (1 okta) fractional cloud
coverage between two individual algorithms and all valuelsw the grey cells indicate the fraction that agree withih25

(£2 oktas).

The agreement of the IRCCAM in comparison with differentiblis all-sky cameras and APCADA is that 59—-77 % of the
IRCCAM data are withint- 0.125 fractional cloud coverage-1 okta) and 78 - 93 % of the data are withti).25 fractional
cloud coverage«£2 oktas) and thus in a similar range as state of the art clotettien instruments. These values of the IRC-
CAM are only slightly lower than the agreement that the Vesitameras have among each other. The close agreement betwee
the two algorithms Schreder and Schrggggis noteworthy, although they analyse a different numberixelp of the images.
The same analysis was also performed with respect to theséagons to analyse whether there are seasonal variattoms. T
summer and winter values are shown in Table 6. For all algoistthere is a slightly closer agreement in the determinsaticl
fraction in the winter months in comparison to the summer tim@nn winter, the IRCCAM agrees with the other cameras in
78 - 83 % of the data withid=0.125 and as high as 84 - 94 % withit0.25. In summer, the agreement in cloud fraction is only

12
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54 - 71 % of the data withia=0.125, but nevertheless, 84 - 91 % of values fall withi.25. Also the values for spring and
autumn are in a similar range as the ones for summer and wirtes, the IRCCAM (and also the other camera systems) do

not show any significant variation in any of the seasons.

4 Conclusions

The current study describes a newly developed instrumdre thiermal infrared cloud camera (IRCCAM) and its algorithm
- to determine cloud fraction on the basis of brightness tmatpre distributions. The cloud fraction determined anlihsis

of IRCCAM images is compared with the cloud fraction deterad on the basis of images from two different visible camera
systems (one analysed with two different algorithms) artti tie partial fractional cloud amount determined with ARTAA
The overall agreement of the determined cloud fraction filoenRCCAM with the fractional cloud coverage determinemir
other instruments and algorithms is in the median 0.01 - @#@dional cloud coverage. The IRCCAM has an agreement of
+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 IRGW¥pically overestimates the cloud fraction in comparison
with the cloud fraction determined from the all-sky camegassitive in the visible region of the spectrum.

In general, there is no significant difference in the perfamoe of the IRCCAM in the different seasons. Analysis of tlee m
dian values of the residuals between the cloud fractiorraeted from the IRCCAM with the ones calculated from APCADA
shows almost no difference between day and nighttime. Heuvéve spread of the data is larger during nighttime thamdur
daytime.

The differentiation of cloud classes shows that low-leveuds are best detected with all camera systems, followemhidy
level clouds. Although an additional algorithm is applieddetect high-level clouds from the IRCCAM images, they at n
yet detected in all cases due to their very low emissivity.

Overall, the IRCCAM is able to determine cloud fraction wétlgood agreement in comparison to all-sky cameras sensitive
the visible spectrum and with no significant differencegsmpierformance during different times of the day or difféisrasons.
Thus, the IRCCAM is a stable system that can be used 24 houdapevith a high temporal resolution. In comparison to other
state of the art cloud detection instruments (e.g. ceilemat Nubiscope) it has the advantage of depicting the whpjeeu
hemisphere at one specific moment. Its accuracy ranges froitaisto rather better than that of the Nubiscope (Feistal.e
2010).

In this study we mainly showed one application of the IRCCAMhjch is to retrieve fractional cloud coverage information
from the images. However, the known brightness temperalistgbution of the sky and thus the known radiance can a¢so b
used for other applications such as for example to deteratimer cloud parameters (cloud type, cloud level) as welbas t
retrieve information about downward longwave radiatiomg@neral. Thus, after some improvements in the hardwarede.g

heating or ventilation system to avoid a frozen mirror) aoftvgare (improvements of the cloud algorithm detectinghhigvel

13



Atmos. Meas. Tech. Discuss., https://doi.org/10.5194/amt-2018-68 Atmospheric
Manuscript under review for journal Atmos. Meas. Tech. Measurement
Discussion started: 2 March 2018 Techniques
(© Author(s) 2018. CC BY 4.0 License.

Discussions

clouds) the IRCCAM might be of interest for a number of furthpplications.
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Figure 1. The Infrared Cloud Camera (IRCCAM) in the measurement enclafiuP&OD/WRC in Davos, Switzerland.
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Figure 2. Brightness TemperatufEs versus integrated radianég_14 for different radiance values (red dots), and the corresponding thir

order polynomial fitting function (blue line).
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Figure 3. (a) Measured brightness temperature on the cloud-free day JuBe1B810:49 UTC (SZA=23), (b) the corresponding modelled
brightness temperature and (c) the measured (red) and modellefitiie of the sky brightness temperature along one azimuth position
(shown as a yellow line in (a)).
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Figure4. Relative frequencies of the determined cloud coverage of the studyrimstits for selected bins of cloud coverages at Davos. Zero
okta: 0 - 0.050; 1 okta: 0.050 - 0.125; 2 oktas: 0.125 - 0.250; 3s0kt250 - 0.375; 4 oktas: 0.375 - 0.500; 5 oktas: 0.500 - 0.62kj#s:
0.625 - 0.750; 7 oktas: 0.750 - 0.875; 8 oktas: 0.875 - 1;
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Figure 5. Cloud fraction determined by the study instruments and algorithms (re@CAM, blue: Mobotix, cyan: Schreder, yellow:
Schredagmod) on April 4, 2016.
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Figure 6. The cloud situation on April 4, 2016 10 UTC on an image from Mobotix (&) #ue cloud fraction determined from (b) IRCCAM
and (c) Mobotix.
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Figure 7. Residuals of the comparison of cloud fraction retrieved from the visibieecas and algorithms used in the study.
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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 - Schredgfnos | -0.01  -0.38 0.26
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Figure 8. Residuals of the comparison of cloud fraction retrieved from the IRCG&Mus cloud fraction retrieved from the visible cameras.
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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.

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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Figure 9. Residuals of the comparison of cloud fraction determined from IRCCARbies versus cloud fraction determined from Mobotix

images for the following cloud classes: Cu: Cumulus, Cc-Ac: CirrodusiAltocumulus, Ci-Cs: Cirrus-Cirrostratus
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Table 3. 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&atAs), cumulonimbus-nimbostratus (Cb-Ns), cirrocumulus-altodusnu

(Cc-Ac), cirrus-cirrostratus (Ci-Cs) and cloud-free (Cf).

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 -042 0.21
Cf 0.03 -0.03 0.18
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Table 4. Median and 5th and 95th percentiles of the differences in calculated dlactibhs from IRCCAM versus APCADA: overall; only

daytime and only nighttime.

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 5. Percentage of fractional cloud coverage data which agree withinkta (all values above the grey cells) ah#él oktas (all values

below the grey cells) comparing two algorithms each.

IRCCAM Mobotix Schreder Schredga APCADA
IRCCAM = 7% 59% 66% 62%
Mobotix 93% - 7% 89% 67%
Schreder 88% 94% - 94% 71%
Schred&fmod 90% 97% 100% - 70%
APCADA 80% 83% 86% 85% -
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Table 6. Identical to Table 5, but the left values in a cell are for the summer mddthee, July, August) and the right values for the winter

months (December, January, February).

IRCCAM Mobotix Schreder Schredgfoa APCADA
IRCCAM - 71%|83%  54%|78%  61%|80%  62%|51%
Mobotix | 91% | 94% - 76% | 84%  90%|87%  66% | 74%
Schreder | 89% |84% 95% | 93% - 93%|97%  73%|89%
Schredefnod | 89% | 86% 98% | 95%  100% | 100¢ - 71% | 92%
APCADA 87%|65% 84%|87% 90% | 97% 88% | 98° -
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