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Abstract. We have used a method based on ground-based solar radi@ésurements and radiative transfer models (RTM) in
order to estimate the following cloud optical propertidsud optical thickness (COT), cloud single scattering dthéSSAc)
and effective droplet radius s ;). The method is based on the minimisation of the differeratevben modelled and measured
downward shortwave radiation (DSR). The optical propsréiee estimated for more than 3,000 stratus-altostratu&g)sand
206 cirrus-cirrostratus (Ci-Cs) measurements during 28001, at the Baseline Surface Radiation Network (BSRN)osta
in Payerne, Switzerland. The RTM libRadtran is used to siteuthe total DSR, as well as its direct and diffuse companent
The model inputs of additional atmospheric parametersitirergground- or satellite-based measurements. The clasescare
identified by the use of an all-sky cloud camera. For the lommid-level cloud class St-As, 95 % of the estimated clouétapt
thickness values using total DSR measurements in combimaith a RTM, herein abbreviatedOT s, are between 12 and
92 with a geometric mean and standard deviation of 33.8 ahdédspectively. The comparison of th&€s@T'psr values with
COTpgaurnara Values retrieved from an independent empirical equatesylts in a mean difference of -1422.7 and is thus
within the method uncertainty. However, there is a largeameéifference of around 18 betweéfOTpsr and COT values
derived from MODIS level-2 (L2), Collection 6.1 (C6.1) dd{tdOTy0p1s). The estimated. s, (from liquid water path and
COTpsg) for St-As are between 2 and 20m. For the high-level cloud class Ci-C80OTpsr is derived considering the
direct radiation and 95 % of theOT' s r values are between 0.32 and 1.40. For Ci-Cs, 95 % of the SSAes/are estimated
to be between 0.84 and 0.99 using the diffuse radiation. T@€ for Ci-Cs is also estimated from data from precision filter
radiometers (PFR) at various wavelength®XI'»rr). The herein presented method could be applied and vatiddatether
stations with direct and diffuse radiation measurements.

Copyright statementTEXT



20

25

30

35

40

45

50

1 Introduction

Clouds are a major component of the climate system and hageifiant influence on the Earth’s radiation budget (Boudhel.,
2013). Cloud optical thickness (COT) is a key parameter efclbud optical properties, which in turn are of interestdeter-
mination of the cloud radiative effect (Jensen et al., 19%en et al., 2000; Baran, 2009; Hong and Liu, 2015). The tigdia
or optical properties of clouds are determined by their mgleysical and microphysical properties. The accuratenpeid-
sation of these optical properties in climate models is dl@hge because the small-scale physical processes of<hmed
difficult to explicitly represent in global climate models.§. Waliser et al., 2009; Baran, 2012; Taylor, 2012; Zdliekal.,
2013; Ceppi et al., 2017). Thus, the introduction of methagies using long-term observation aiming at the improvenoé
COT retrieval are important for estimations of the magreted the influence of the diverse and variable cloud situatimm
the climate system.

A common practice to determine COT values is with the useteflga-based instruments and the so-called bi-spectedhod
(Nakajima and King, 1990; Platnick et al., 2017). Althougistapproach has shown good results on a global scale, there a
also a number of potential uncertainty sources, namely@rsfiectral radiation calibration, horizontal and vertio&lomo-
geneities and inappropriate use of cloud microphysicsg&ral., 2012). In addition, satellite-based lidar systeoth as the
Cloud-Aerosol Lidar with Orthogonal Polarization (CALIQBYovide high-resolution vertical profiles of clouds (Werlet al.,
2009), including products such as cloud extinction and beatter profiles (Amiridis et al., 2015). Other studies dbgca
COT retrieval method from satellites using neural netwagkdd approaches (Kox et al., 2014; Minnis et al., 2016).

Cloud optical properties can also be estimated from aidoraasurements (e.g. Finger et al., 2016; Krisna et al.,)2Bly8ng
directly below or above clouds allows both accurate measenés and direct comparisons and validations of the COTegalu
retrieved from satellite sensors. However, these campaiga cost-intensive and thus the spatial and temporalutésolof
data is poor.

A number of studies have presented methods for the retd\@OT using data from ground-based instruments, for exampl
from lidars (Gouveia et al., 2017), broadband pyranometeesntyeva and Stamnes, 1994; Barnard and Long, 2004; Qiu,
2006), sunphotometers (Min and Harrison, 1996; Chiu e28l10) or UV radiometers (Serrano et al., 2014). With ground-
based microwave instruments the liquid water path (LWP) ferdgined (Dupont et al., 2018), which can be used to caleulat
the cloud optical thickness, knowing or assumipgy (Stephens, 1994). An advantage of surface-based detdionisaf COT

in comparison to satellite-based retrieval is that tratteahiradiation is less sensitive to uncertainties in clougpbkt-size dis-
tributions than reflected radiation (Rawlins and Foot, J9&¥ound-based and airborne retrieval methods can be cetibi
in order to achieve more accurate results for COT retrieSahéfer et al., 2018). Chiu et al. (2010) compared COT values
retrieved from a sunphotometer with Moderate Resolutioadimg Spectroradiometer (MODIS) level-2 (L2) data with-rea
sonable results in the COT agreement in few cases. In orasmbpare COT retrievals on a global scale, networks withelarg
global coverage and density, as well as easily accessitdeada needed. Barnard and Long (2004) showed a first appimach
this direction by using only broadband diffuse shortwawdaton, albedo, solar zenith angle (SZA) and a clear skyehiod
order to estimate COT. Matamoros et al. (2011) presentethanempirical equation to estimate COT from the atmospheri
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transmittance at 415 nm, SZA, surface albedg, and aerosol optical depth (AOD). It has been proven that bothirical
equations can be used for homogeneous low-level (D), but not for high-level clouds. The aim of our study is t& &
method which is based on a radiative closure study and wiimlsthe determination of COT independent of the cloudlleve
In principle, radiative closure studies assess the diffiszebetween modelled and measured shortwave or longwaietioad
Among other things they allow estimation of the importan€aacurate input variables and can be used to evaluate the ac-
curacy of the retrieval of cloud optical properties (Wanglet2011). Nowak et al. (2008b) pointed out that in most dlou
cases, radiative closure can only be achieved by havingnmation about the cloud microphysical properties. Thisalose
e.g. stratus nebulosus can have large variations in clowehixloud droplet concentrations, optical thicknesslad water
path (Dong et al., 2000).

With data from an airborne measurement campaign, Ackerrnan @003) achieved an agreement in the total shortwave ra-
diation of within 8 % to 14 % for three single-layered stratases only by iteratively determining; ;. McFarlane and Evans
(2004) presented a study where they includgd and liquid water content (LWC) from microwave and cloud rati@asure-
ments in the model resulting in a difference of 10 % betweetukited and measured total downward shortwave radiation
(DSR). Nevertheless, this fairly good agreement was ortyesed after averaging the data over a time period of 60 ragiut
Nowak et al. (2008b) achieved an agreement between the feddeld the observed shortwave radiation within measuremen
uncertainty in one third of 32 selected and well-definedssraebulosus cases without adjusting any cloud propeRaghe
other cases, the cloud vertical extinction had to be adjust®rder to obtain an agreement within instrumental uadety.
Wang et al. (2011) found a mean difference to within 5% % for shortwave radiation for more than 600 well-definedkh
low-level cloud cases at the Baseline Surface Radiatiowdlst(BSRN) site Cabauw. They calculated COT according ¢o th
formula from Stephens (1994) usingy s from MODIS data and LWP from a ground-based microwave insénim

In the current study we estimate cloud optical thicknessstoatus-altostratus (St-As) and cirrus-cirrostratus@§) using
broadband shortwave radiation measurements, a RTM anideanpground- and satellite-based data from the BSRN gtatio
Payerne, Switzerland, by performing a radiative closwdystThis allows determining COT by minimization of the difénce
between modelled and measured DSR values. The COT valussnileed with this method are abbreviated WitV Tps .

The COTpgr for St-As and Ci-Cs are estimated using the diffuse and treztdcomponent of DSR, respectively. For Ci-Cs,
we show an attempt to estimate the cloud single scatterbeglal(SSAc) from the diffuse component of DSR. FThe, for St-

As is estimated fron€®'OTpsr and measured LWP by using the equation from Stephens (1984djtidnally, we investigate
the sensitivity of the model input parameters as well as dbhestness of th€'OTpsr and SSAc retrievals. Results of such
a model validation, combined with the measurement uncgytasan provide the limits of the best possible agreemermatragm
modelled and measured solar radiation quantities undeddi@e and cloudy conditions. The retriev€d T s values are
compared WittC'OT'sarnarq Values retrieved by applying the empirical equation fromad and Long (2004Y,OTvoprs
values derived from MODIS level-2 (L2) Collection 6.1 (Cpdata for different spatial resolutions a7 r g values de-
termined with a ground-based sun-pointing instrument.

The observational data and the case selection are presei®ection 2. Section 3 describes the radiative transfeliRiFiV used
and its input parameters, as well as the methods for thevatrof theCOTpsr, SSAC andr. s ¢ values. In Section 4 the ex-
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panded combined uncertainty of th& T, sz and SSAc retrievals is estimated. Section 5 shows the @atainTp sz, SSAC
andr.s¢ values. Section 6 compares t6€)7Tpsr values with COT values determined using other meth68Tzarnard,
COTyoprs andCOTprR). Finally, Section 7 summarises the main findings and givased outlook.

2 Data
2.1 Observational Data

The aerological station of Payerne (46 Bl 6.94E, 490 m asl) is located in the western midlands of Switzerletween
two mountain ridges. This station is managed by the FedeffadleOof Meteorology and Climatology (MeteoSwiss) and be-
longs to the BSRN (Ohmura et al., 1998; Konig-Langlo et &11,2 Driemel et al., 2018). For the current study, high-aacy
radiation measurements from Payerne between January 3,a&2@ilDecember 31, 2017 are used (Vuilleumier et al., 2014).
The total DSR (0.3 - 3:m) is measured with a Kipp and Zonen CMP22 pyranometer. Tlagument is traceable to the
World Standard Group (WSG) located at the Physikalisch-btetegisches Observatorium Davos/World Radiation Center
(PMOD/WRC) in Davos, Switzerland and measures within an dacgy of 1 Wm~2 and a relative uncertainty of 2 %,
whichever is larger (Vuilleumier et al., 2014). The diffueed direct radiation values are measured with a CMP22 pymater

and a CHP1 pyrheliometer, respectively, both installed saratracker. The upward shortwave radiation (USR) is meaisur
with a CMP21. All radiation data are corrected for the thdroffget (Philipona, 2002), homogenised (Vuilleumier et 2014)

and are available in a temporal resolution of 1 minute. Tbaadbase height (CBH) data are available in Payerne in a itmin
temporal resolution from a CHM15k ceilometer (Wiegner aral352012). The cloud fraction and cloud type are determined
from images of an all-sky cloud camera (Schreder VIS-J1,088)sitive in the visible range of the spectrum with a 5-ri@nu
temporal resolution (Wacker et al., 2015; Aebi et al., 2017)

The AOD at 550 nm wavelength are daily mean level-3 (L3) @tiden 6 (C6) data from MODIS instruments installed on
the satellites Terra and Aqua (Kaufman et al., 1997). Thepagses over Europe are around 10:30 UTChour (Terra) and
around 13:30 UTCt1 hour (Aqua). The horizontal resolution of these data i$a1P grid cell. In order to validate these
low spatial resolution data they are compared with grouaskeld AOD measurements from a precision filter radiometeR{PF
Wehrli (2000); Kazadzis et al. (2018)). In Payerne, for tloeid-free cases in the analysed time period, the mean eliféerin
AOD between the two data sets is 0480.07, showing that no significant bias between the two dasaseresent. In Payerne,
considering the MODIS L3 C6 AOD values, in the aforementétime period, 90 % of the data have AOD values between
0.02 and 0.25, with lower values in winter than in summer (Fégla).

The integrated water vapour (IWV) is retrieved from GPS digoperated by the Federal Office for Topography. These data
are then archived in the Studies in Atmospheric Radiati@m3ier and Water Vapour Effects (STARTWAVE) database lioste
at the Institute of Applied Physics at the University of Békorland et al., 2006a). The 5th and 95th percentile valddése
measured IWV values in Payerne are 6.0 mm and 30.6 mm, regggciihe values show a seasonal variation with larger
values in summer than in winter (Figure 1b).

The total column ozon&X3) content is retrieved from the Ozone Monitoring Instrum(@i¥l) on the Aura satellite (Levelt et al.,
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Figure 1. Time series of a daily mean value of the following parameters: (a) desptioal depth (AOD) (in case of a missing daily value
the monthly mean value is shown), (b) integrated water vapour (IWYhzcone (O3) and (d) surface pressurg)(

2006, 2018). For Payerne, there are one to two data poinialaleaper day. The spatial resolution of the OMI total cotum
ozone is 100 km in radius with Payerne in the center. Ozoreefdatn the OMI satellite show good agreement with the results
retrieved from ground-based Dobson and Brewer instrumanigher stations (e.g. Vanicek, 2006; Antén et al., 2000 T
total column ozone in Payerne has a seasonal cycle with lidgy spring and low autumn values (Figure 1c). The 5th ant 95t
percentiles are 266 and 397 DU, respectively.

The surface pressure is taken from a state-of-the-art merasut at the aerological station in Payerne. The meanceupias-
sure value is 960 hP&a7 hPa (Figure 1d), with only small variations throughoutykar.

Twice a day (at 12 and 00 UTC), the aerological station in Reytunches a radiosonde, measuring among other parameter
the profiles of pressure, temperature and relative humititig LWP is measured by a HATPRO (humidity and temperature
profiler) instrument, also installed at MeteoSwiss in Pager

For the comparison of ouWOTpsgr data, COT L2 C6.1 data from the MODIS instrument on the Aquell#a are used
(Nakajima and King, 1990; Platnick et al., 2017). Thé%@T,0prs values are calculated using the measurements of the
1.6 um channel of the MODIS instrument and are determined in thge® to 150. For our comparison we use@ 7 ,oprs

data retrieved for grid cells including Payerne with the @iivpions of %3 km, 5x5 km and %7 km. From PFR data an optical
thickness valueOT'rrr) under cirrus-cirrostratus conditions is determined amdared to th&€’OTps g values.



Table 1. Summary of the total number of measurements, number of days, frimcttbn considered and the occurrences per season (DJF:
winter, MAM: spring, JJA: summer, SON: autumn) for cloud-free)(Gfratus-altostratus (St-As) and cirrus-cirrostratus (Ci-Cs).

Occurrences [%]

Cloud Class| Total# | #days| Cloud Fraction| DJF | MAM | JJA | SON
Cf 13,240| 379 0-1% 26 | 355 | 416 | 20.3
St-As 3,724 312 95-100 % 125 | 60.1 6.2 | 21.2
Ci-Cs 206 48 95-100 % 3.9 72.3 9.7 | 141

2.2 Case Selection

The herein presented analysis is shown for stratus-atostiand cirrus-cirrostratus, which both have a distindiatave be-

140 haviour. These two cloud classes were chosen due to theindpmeous cloud layer, along with the representation of atow
mid-level water cloud class as well as a high-level ice clolags. In order to validate the atmospheric model inputdes, a
shortwave radiative closure study is also performed fanaifree conditions. The cloud coverage and the cloud tyfoerima-
tion are selected using images from the all-sky cloud caimdpayerne. From the RGB-information of the image, an autmma
algorithm calculates a ratio per pixel which is subseqyettmpared to a reference threshold value. On the basisso€dimn-

145 parison it is decided whether a pixel is classified as cloudytaud-free. Also, the cloud classes are automaticallgmeined
from the images of the visible all-sky camera using an atgoriconsidering 12 spectral, textural and radiative festaf the
images (Wacker et al., 2015). All analysed data points ha& &lues of maximum 65 This maximum limit is defined in
order to avoid cloud misclassifications due to the darkererarimages that correspond to higher solar angles. Anathson
for this threshold is the possible overestimation of theugtbalbedo estimation for high SZAs (Manninen et al., 2004).

150 Table 1 summarises the number of measurements in total amdithber of days during which they are found, the cloud frac-
tions considered and the occurrences throughout the yealqel class separately. With 13,240 measurements spkeaid o
379 days, the cloud-free data set is the largest. The visigking of a part of the cloud-free data set allows the caictu
to be drawn that the cloud-free situations are determinegd an accuracy of more than 90 %. The same number was also
reported in Wacker et al. (2015). The distribution of thesasurements per month is slightly different from the onereg

155 in Aebi et al. (2017).

For St-As, in addition to the cloud fraction, further seientcriteria are that the direct shortwave radiation dogsemoeed

1 Wm~2 (in order to avoid cases of 95 % cloudiness but a clear sotartpahe instrument) and that the CBH is equal to or
below 5 km. Also the images of this data set were visually kbdand the thick and homogeneous appearance of the cloud
layer is confirmed in the remaining data set of 3,724 measemésrat 312 days.

160 As reported in Aebi et al. (2018), there are some unceregntiith the automatic detection of thin high-level cloudsere-
fore, for the final Ci-Cs data set of 206 measurements, otiatsons with a measured CBH of at least 5 km are considered.
Additionally, the remaining cases were checked visuallgvoid misclassifications. This data set is much smaller thamone
for St-As clouds due to the fact that the occurrence of owICaCs is less frequent in Payerne (Aebi et al., 2017).
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3 Methods

In the present study, we use radiative closure in shortwedi@tion as a tool to retrieM@ 01 s r Values. The optical thickness

(7) is defined as the extinctiom() of radiation along a path from surface,{, ) to the top of atmosphere{o.),
ZTQA
T(ZsurfszOA) - / BP(Z)dZ (1)

Zsurf

wherer is the sum of the optical thickness of the different atmosiglt@mponents at a certain wavelength
T(A) = Tetoud(N) + TaoD (N) + Trwv (A) + 705 (A) + TRayteigh (A) + T4 (N) 2

where 7.,,q4(\) is the optical thickness of clouds (in this paper abbredi@sCOT), Taop()) the optical thickness of
aerosolsy v () the optical thickness of water vapous, (A\) the optical thickness of 0zonegi.i,n(A) the optical thick-
ness due to Rayleigh scattering and\) the optical thickness of other absorbing gases dependitigeomavelength.

Assuming spherical droplets in a water cloud, the opticapprties COT, SSAc and the asymmetry factor (which is the firs
moment of the droplet phase function), can be calculatet ftie theory (Stephens, 1978). However, assuming a homoge-
neous and plane-parallel water cloud layer, the SSAc angtihse function of the cloud droplets play a minor role in the
determination of the transmission of the cloud layer, intcast to COT (Rawlins and Foot, 1990). Under this considamat
the shortwave radiative effect of a water cloud can be eitharacterised by the COT alone or by a combination of-the

and theLW C (Leontyeva and Stamnes, 1994). For the shortwave radiggiaye, the extinction coefficient in clouds, and thus
also COT, has a weak dependence on the wavelength (Sling®amecker, 1982). When ¢ is increasing, the transmitted
flux would decrease because of the larger absorption. Hawat/¢he same time, the transmitted flux would also increase
because of more forward scattering. The cloud droplet siteilsition plays only a minor role in determining the extion
coefficient (Rawlins and Foot, 1990).

Whereas for thick water clouds the transmitted flux only casgs diffuse radiation, the transmitted flux for thin iceutds
comprises direct and diffuse radiation. In this case the-Baebert law could be used to calculate the direct compbagn
the shortwave radiation:

I(\) = Iy(A)e ™™ N ©)

where) is the wavelength] (\) is the direct transmitted radiation at the surface &(d) is the irradiance at the top of the
atmospherey the air mass and the sum of the optical thickness as shown in Equation 2. Terdete the cloud optical prop-
erties of ice clouds, the microphysical properties patstiape, particle size distribution and ice water contenbfinterest.
The single scattering albedo (SSA) is defined as the ratiwdset the scattering and total extinction coefficients arvdage-
length dependent. The SSA is the weighted sum of the diff@mponents in the atmosphere, namely the single scajterin
albedo of clouds, of aerosols, of molecules, etc. The SShcaimly of importance for the simulation of ice clouds and its
values differ depending on the size and shape of the iceatsy@tey et al., 2002). A more complete explanation of tha-rel
tionships between the optical properties of water and icedd is for example given in Kokhanovsky (2004).
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3.1 Radiative Transfer Model and its Input Parameters

The radiative transfer model libRadtran (library of ratiatransfer routines and programmes) version 2.0.2 (MaydrKylling,
2005; Emde et al., 2016) is used to simulate the total DSR dsw/éhe direct and the diffuse shortwave radiation. Oucwzal
lations use the discrete ordinate radiative transfer sgDESORT) (Stamnes et al., 1988), which solves the one daiosal
plane-parallel radiative transfer equation. The numbstrelams is 6. Increasing the number of streams to the lib®adiax-
imum of 16 streams would result in a negligible differenceddiation estimations of less than 0.2 % in our calculatidime
modelling is performed with the representative waveleragthroach (REPTRAN) (Gasteiger et al., 2014) in a coarsdu€so
tion (15 cn! band width). The calculated spectral range for DSR is 2500@nm.

The following atmospheric input parameters are definedifelibRadtran simulations:

Aerosols For cloud-free cases, the AOD is a daily mean value fromleeNIODIS instruments at 550 nm. For cloudy con-
ditions, when AOD can not be measured from the ground or frpacs, or in cases of missing AOD values during cloud-free
conditions, the AOD is a monthly mean value from MODIS datarahe whole time period analysed. The aerosol profile is
assumed to be a standard profile for a rural area describdtkitléS(1989) and the aerosol SSA value is assumed to be 0.95.
IWV: For all cases, the IWV is a daily mean (or if missing, the iptdated mean) value from GPS measurements in Payerne.
Ozone The total column ozone is the daily mean (or if missing, titeripolated mean) of measured values of the OMI satellite.
Atmospheric profiles and surface pressurbe surface pressure is a daily mean value from measursrnmeRayerne. A stan-
dard mid-latitude atmospheric profile for either winter anmsner is used with standard profiles of pressure, temperadir
density and concentrations of different atmospheric gé&ederson, 1986). The profiles are scaled to the input valiBg
ozone, surface temperature and pressure. The use of meggsofides of pressure, temperature and relative humidanfr
radiosondes has a negligible effect on the cloud-free sifftadiation (0.3 %) and therefore the analyses are pertbwita

the standard profiles.

Albeda The shortwave surface albedo is calculated from the rédtibeoUSR to the DSR with 1-minute resolution. The mean
shortwave surface albedo is 0.24 with a variability of 0.h8 8.45 (covering 90 % of the data set) in the period analylsed.
the few cases of snow the albedo can reach values up to 0.8ollue homogeneous landscape around the aerologicalrstatio
Payerne, the albedo derived from point measurements maxttagelated to a larger region around the station.

SZA The SZA is retrieved with a solar position algorithm for gveneasurement. The analysed data set includes SZA values
between 23and 65.

Water cloudsThe low- to mid-level St-As are water clouds simulated with parametrisation described in Hu and Stamnes
(1993). They are assumed to be a plane-parallel and homogem®ud layer. The extinction coefficient for shortwave ra
diation is approximated from a vertical profile of LW, and the water density (Slingo and Schrecker, 1982). Assyimin
a constant LWC of 0.28m % (Hess et al., 1998);.;; of 10 um (Stephens, 1994), a cloud vertical thickness of 2 km and
knowing the CBH from the ceilometer measurements resulsslarge relative mean difference (modelled minus measured
divided by measured) and standard deviation of the total DSR4 % + 21 %, clearly demonstrating that a simulation with
these default values does not provide adequate results.
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Ice clouds The high-level Ci-Cs clouds are assumed to be completelacels and are modelled with the parametrisation by
Key et al. (2002). The optical property COT of ice clouds isgpaetrised using a vertical profile of ice water content (1VaGJ
effective ice crystal radius. The IWC is assumed to be @032 (Korolev et al., 2007; Navas-Guzman et al., 2014) and the
effective ice crystal radius 20m (Stubenrauch et al., 2013). The CBH is taken from ceilomaasurements and the cloud
vertical thickness is assumed to be 1.5 km, which is a typiahle for these high-level clouds (IPCC, 2013). The assumed
shape of the ice crystals is a solid column. Using these defalues to estimate the total DSR, results in a relativermea
difference between the modelled and the measured total RERw of -24 %+ 8 %, also demonstrating that these default
values do not produce reliable results.

COT and SSAd-or the simulation of the cloud cases, in addition to thdil@®of LWC andr. s, a COT and/or a SSAc value
can also be explicitly defined as input to the model. To iteedt deriveCOTpsr, we used COT as an input (see Section 3.2).
To iteratively derive SSAc for the Ci-Cs cases, we used tlimatedCOTpsr as well as SSAc as inputs.

3.2 COTpsr, SSAc and Teff retrieval

The aim of our study is to determir€OTpsr (for St-As and Ci-Cs), SSAc (for Ci-Cs) and; (for St-As). In order to
retrieveCOTpsr and SSAc, we derive the total DSR as well as its componentstdind diffuse radiation, from libRadtran
and compare these simulated values with the correspondiagumed DSR data. For St-As, we simulate the DSR (in this case
it is composed only of diffuse radiation) with one free RTMpirt parameter, the COT. The COT input values vary from 1 to
160. The value of COT that minimizes the difference betwbdemteasured and the modelled DSR is taken ag Ol ps .
Similarly for Ci-Cs, a lookup table (LUT) is created for twd@'R outputs (diffuse and direct radiation), with two free RTM
input parameters (COT and SSAc). The COT input values faZ€vary between 0 and 5. The SSAc input values are between
0.8 and 1. Also here, the COT and SSAc input values that magrttie difference between the measured and the modelled
direct and diffuse radiation are taken as 6lWTpsr and SSAc values, respectively.

In addition, for St-As, we estimate ¢ ¢,

3SLWP

eff Nl 4
Tl N g COThsn @

where LWP is the liquid water patlh;OTpsr the cloud optical thickness estimated with the aforemeetiomethod angd;,,
the density of liquid water (Stephens, 1994).

4  Senditivity Analysis

The aim of the method-related sensitivity analysis is tox@ra the robustness of the estimated variabléd'nsr and SSAc.
In a first step, we examine the uncertainties as well as thsitsaties of the RTM input parameters. For our analysis, we
assume that all input variables are independent and utatadeand hence their influence on the radiation output castie
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Table 2. Uncertainty analysis for the downward shortwave radiation variablesttat, dir: direct, dif: diffuse) under different cloud
conditions in absoluteWm 2] and relative [%] numbers (in brackets). Cf: cloud-free, St-Asatss-altostratus, Ci-Cs: cirrus-cirrostratus,
u: standard uncertainty of the variables,...: v multiplied with the sensitivity valuey.: combined standard uncertainfy,: expanded
combined uncertainty (covering 95 % of the data set). The sensitivitiesegtimated with assumed COT input values of 38 (for St-As) and
0.8 (for Ci-Cs). Estimated irradiances to calculate the relative numBétst: 942Wm 2, St-As dif: 156Wm 2, Ci-Cs dir: 202Wm 2,

Ci-Cs dif: 443Wm 2.

Cf St-As Ci-Cs Ci-Cs
u Utot Uds f Udir Udi f

AOD 0.08 10.0(2.1)| 3.5(.7) 13.2(7.3) | 1.4(0.3)
WV 1 mm 2.7 (0.3) 0.5(0.3) 0.5(0.3) 1.1(0.2)
Ozone 4 DU 0.2(0.0) 0.1(0.0) 0.0 (0.0) 0.1(0.0)
Albedo 0.06 5.1(0.5) | 14.2(6.9) - 8.6 (1.9)
Teff 11.55um - 3.2(1.5) 0.4 (0.2) 3.8(0.9)
Vert. thick. | 0.78 km - 0.6 (0.3) - 0.1(0.0)
CBH 1km - 1.3(0.6) - 0.8(0.2)
Ue 11.5(1.2)| 15.0(7.3) | 13.2(7.3) | 9.6(2.1)
U. 23.0(2.4)| 30.0(14.6)| 26.4(14.6)| 19.2 (4.2)

mated by varying each input parameter separately. Thisrgssn is true for a large part of the data set, however, fange

the snow cases with high albedo values have an influence aetigitivity and thus on the uncertainty©@OTpsr and are
thus not completely independent. In a second step, we riyttip standard uncertaintieswith the estimated sensitivities
resulting in an uncertainty value, ., per parameter. In a third step, we calculate the combinedrtaintiesu. and thereafter
the expanded combined uncertaintiés defining with which uncertainty 95 % of the radiation data & simulated under
the different sky conditions (assuming a normal distriimlti Thesd/, values are thereafter used to estimate the uncertainties
of theCOTpsr and SSAc retrieval.

The assumed uncertainties are Type B uncertainties whictrarertainties that are not based on statistical analysisther

on uncertainties specified in literature, experience oviptes measurements (Guide to the Expression of Uncertairtea-
surement (GUM); BIPM (2008)). The uncertainties for theuclp cases presented in Table 2 and Table 3 are estimatedkfor th
example cases for which COT input values are equal to 38 &fib0OSt-As and Ci-Cs, respectively. The expanded combined
uncertainties folCOTpsr values were additionally estimated for other COT input galbetween 10 and 100 (St-As) and
0 and 5 (Ci-Cs), but are not presented here. In summary, f&sSthe larger the estimatedOTpsg value, the larger the
absolute expanded combined uncertainty védlyueHowever, in relative uncertainties, independent of theregedCOTpsr
value, the uncertainty is around 18 %. For Ci-Cs the opp@gfdies, thel/. in COTpgg retrieval is 0.1 for all cases, in-
dependent of the COT input value. A similar behaviour of theartainties oiCOTpsr estimations are also presented in
Serrano et al. (2014).

The estimated standard uncertaintigfor the specified input parameters in the libRadtran modeshown in Table 2 (second
column). The standard uncertainty for IWV is taken from Btteire (Morland et al., 2006b).
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Table 3. Uncertainty analysis for estimat&dOTpsr values for stratus-altostratus (St-As) and cirrus-cirrostratus (Ca@d)SSAc for
Ci-Cs. Dif: diffuse, Dir: direct radiation, meas: measured, mod: elled, U: standard uncertainty of the variabl&s,..: U multiplied by
the sensitivity valuel/..: expanded combined uncertainty. The values were estimated with as€l@Teinput values of 38 (for St-As) and
0.8 (for Ci-Cs).

St-As | Ci-Cs | Ci-Cs
U[Wm™ 2] ([%]) | Ucor | Ucor | Ussac
Dif St-As meas 3.1(2.0) 1.2 - -
Dif St-As mod 30.0 (14.6) 6.7 - -
Dir Ci-Cs meas 3.9(2.0) - 0.01 -
Dir Ci-Cs mod 26.4 (14.6) - 0.10 -
Dif Ci-Cs meas 7.8 (2.0) - - 0.01
Dif Ci-Cs mod 19.2 (4.2) - - 0.02
U. 6.8 0.10 0.02

The AOD data set consists of daily and monthly mean valuspectively. Therefore, the uncertainiyfor the AOD values
under cloud-free conditions is estimated from the standaxdation comparing the used MODIS L3 C6 AOD values with
the measured PFR AOD data, where the mean difference is Zdr@wtandard uncertainty of 0.07. For cloudy conditions,
AOD can be measured by neither the PFRs nor by satellitesidiag a rectangular distribution of the data, the uncetyain
u is calculated by dividing the half width of 95 % of the data &gtby the root of threey = %). For AOD, under cloudy
conditions,u was estimated with this formula for different seasons s&phr. The resulting uncertainty is 0.08, which is the
standard uncertainty value used for AOD.

The uncertainty: for albedo was calculated with the same equation, alsodéakiio account 95 % of the data set, assuming a
rectangular distribution and for different seasons sepBtebut neglecting the occasional snow events. The iiaguitvalue
for albedo is 0.06.

The uncertainty of total column ozone is assumed to be 1 %g(Leval., 2018), which corresponds to an uncertainty ofiabo
4 DU.

The effective droplet and ice crystal radius values arerasslio be between 5 and 4%n, also with a rectangular distribution
and thus resulting in u=11.54m.

The sensitivities of the input parameters under cloudy itimmd in Table 2 were calculated with cloud optical thickeealues
defined in the libRadtran input file. Consequently, in theys®l cases, the LWC has a negligible influence on the caionlat
of theCOTpsr and is therefore not listed in Table 2. Also not listed arevatiables that were not specifically defined in our
analysis due to lack of available measurement data.

The total DSR under cloud-free conditions can be simulatédan expanded combined uncertainty of 2.4 %. Thus, thisrnc
tainty is in a similar range as the instrument related sherévadiation measurement uncertainty. Almost half of gigrated
expanded combined uncertainty is caused by the uncertaiinbye AOD (1.1 %) (Table 2, third column). The contributian t
the uncertainty of the input parameters IWV and total columone is negligible.

11
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For the simulation of the diffuse DSR under a St-As cloud withOT'» s Value of 38, the parameter contributing most to the
standard uncertainty of 7.3 % is the albedo with 6.9 %. Therstargest contributor to the uncertainty budget is AODhwit
1.7 % and hence represents a variable which in practice tdenmeasured in the presence of a stratus cloud. The influence
of the macrophysical properties, both cloud vertical thiess and CBH, on the DSR is negligible. The expanded combined
model uncertainty (14.6 %) of the diffuse DSR under a strattestratus cloud is thereafter used to estimate the taingr

of the retrieved”OTpsr values shown in Table 3.

For the simulation of the direct radiation under a cirrusestratus cloud witlCOTpsgr equal to 0.8, the expanded com-
bined uncertainty is, at 14.6 %, much larger than the modetainty of the diffuse radiation (4.2 %) under the samedlo
conditions. Whereas for the direct radiation the dominantrdoutor to the expanded uncertainty is AOD (7.3 %), themai
contributor to the expanded uncertainty of the diffuseatidn is the albedo (1.9 %).

The estimated model uncertainties presented in Table 2areused to calculate the expanded combined uncertairitibe o
COTpgpg retrieval (summarised in Table 3). The retrieval methochef@OTps i values for St-As conditions presented here
has al/,. of 6.8. The expanded combined uncertainty under Ci-Cs ar€'€%l'»sr and SSAc 0.10 and 0.02, respectively.

5 Results

The optical thickness in the radiative transfer equation is a sum of optical thedswvalues of different atmospheric com-
ponents (see Eq. 2). Therefore, to determine the opticetribiss of clouds, the model is first validated for cloud-frakies
(Te10uas = 0), by assuring that including all other input parameterdiorhodel leads to a reasonable calculation of the down-
ward shortwave radiation.

5.1 Cloud-free

In the period January 1, 2013 to December 31, 2017, 13,240idlee measurements on 379 days with SZA beloW &%
available. The simulations of the total DSR for cloud-freses show a very good agreement in comparison to the measure-
ments. The absolute and relative mean difference (absdifteeence divided by the measured value) between the rfeati@hd

the measured total DSR isWm 2 + 12 Wm~2 and 0.9 %+ 2.1 %, respectively. Thus the model slightly overestimétes

total DSR measurement but the agreement is within the measunt uncertainty of the instrument (2 %) (Vuilleumier et al
2014) as well as within the estimated expanded combinedranety of 2.4 % (discussed in Section 4). The good agreement
between the modelled and the measured total DSR is also ddratad in the high correlation coefficient (r=0.996). Thisr

no temporal trend in the difference between the modelledt@cheasured total DSR throughout the whole time periodshvhi
confirms the stability of the instrument as already discdgs&uilleumier et al. (2014). Analysis of the differencelween the
simulated and the measured total DSR values per day of yeasssio seasonal dependence of the agreement. Consequently,
we can conclude that the simulation of the total DSR underdslivee conditions is excellent.

Comparing separately the two components of the total DSfR¢dand diffuse) shows that in general, the direct radidtias a

12
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Figure 2. Distribution of the differences between modelled and measured dowrshartwave radiation (DSR) for cloud-free cases for the
direct (top) and the diffuse (bottom) component.

larger correlation (r=0.98) between measurements andaiiois than the diffuse component (r=0.73). The bettee@ment

of the direct radiation is also reflected in the relative mddference (modelled minus measured divided by measured) o
-0.2 %+ 6.2 % in comparison to the relative mean difference of thiigiéf radiation of 10.0 %- 21.5 %. Figure 2 shows the
distribution of the absolute differences between the medealnd the measured direct (top) and diffuse (bottom) tiadiaOn
average, the model slightly underestimates the measurect dadiation by -3Vm~2 4+ 29 Wm~?2 and the modelled diffuse
radiation slightly overestimates the measurement By:8 2 4+ 20 Wm 2. The small difference between the modelled and
measured direct radiation can for example be explained bgrtainties due to differences in the forward scattering tu
different fields-of-view of the instrument and the modelgBt et al., 2014) or by differences in the actual and RTM used
extraterrestrial solar irradiance. However, the goodement in the direct radiation confirms the proper use of thel RDD
inputs under cloud-free conditions. Part of the largeredéhce of the diffuse radiation can be explained by the uslefafult
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Figure 3. Distribution of COT retrieved from DSRI{OT s r) for stratus-altostratus cases in Payerne. The geometric @@4drb s r value
is 33.8 with a geometric standard deviation of 1.7.

values for the atmospheric profile instead of radiosonde. dwever, as discussed in Section 3.1 this difference &l sAd-
justing the aerosol SSA in each case also decreases theeddéein the diffuse radiation. However, due to the lack obse@l

SSA measurements, no further improvement in such deviatiopossible in the current study. In summary, we found alaimi
agreement in the total and direct shortwave radiation aar @ifoups in the past (e.g. Kato et al., 1997; Michalsky eR&l06;
Nowak et al., 2008a; Wang et al., 2009; Ruiz-Arias et al.,2@olinar et al., 2016).

Consequently, because the simulation of DSR under cleesl-¢onditions achieved an agreement with the measured DSR
within measurement and model uncertainty, we assume thatpait parameters in Equation 2, except the COT, are well-

defined. Subsequently, a similar model layout is used tolsimthe DSR under cloudy conditions.
52 COTpsr, SSAcand r.zs estimations
521 Stratus-Altostratus

The data set of St-As consists of 3,724 measurements alect 312 days. In cases of thick, low-level water clouds, the
direct component of the radiation is less thafin 2. Thus, for these cases the total DSR is nearly only diffusi@timn
due to multiple scattering in and around the cloud. In thes @ddow-level clouds, the most relevant optical propertytfee
simulation of cloudy conditions is the COT. The default SSatue used for the simulation of radiation can be a source of
uncertainty in the”OTpsr determination, nevertheless, Rawlins and Foot (1990)tediaut that it is an input parameter of
minor importance for this cloud class.

The resulting distribution of the estimatétDT s g values for our data set in Payerne is shown in Figure 3. Thienaetic
meanCOT'psr value and standard deviation retrieved from our analys39i& 21. Considering a lognormal distribution, the
geometric mean of 33.8 with a geometric standard deviatidn7orepresents a range ("OTpsr values between 20 and 56.
The variability of COTpg g values is much larger than the expanded combined uncerdirdf the COT'ps g retrieval. Thus,

the large variability inCOTpgr values for St-As cases in Payerne is reflecting the inhoneityeof these clouds and is not

14
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Figure 4. Distribution of theCOTpsr values per season (DJF: winter, MAM: spring, JJA: summer, SONnan) and years (light to dark
blue: 2013 to 2017) of St-As in Payerne. The boxplots show the medianntirquartile range and the 95 % intervals of $©Tpsr
values. No data in JJA 2013.

due to the uncertainty in the retrieval method. Ninety-fieegent of theCOTpsr values for the St-As data set are between
12 and 92. This finding of a minimu®'OTp s value of 12 agrees with the findings of Bohren et al. (1995)regahat the
direct shortwave radiation is blocked if COT is larger thén 1

Figure 4 shows the distribution of théOTpsr values in different seasons and years. The boxplots shoméukan, the
interquartile range and the 95 % intervals of th®Tpsr values. It demonstrates, that th&)Tp s values are in general
higher in spring (MAM) and summer (JJA), than in autumn (S@NY winter (DJF). This finding is consistent with a study
presenting the COT distribution over the seasons at diftestions in China (Li et al., 2019). Also Lindfors and \eilmier
(2005) found higher COT values in summer than in winter at difierent stations (Davos and Sodankyld). One potential ex
planation is discussed in Barker et al. (1998) that in wittterair is colder and thus also drier, which leads to optidaiihner
clouds. In our data set it seems that in spring and autum@'t€, sz values increase with time. But our data set is too small
to draw any conclusions about a trend. Nevertheless, Batladr (1998) also presented a weak increasing trend in CiEva

at different stations in Canada over a 30-year period.

Figure 5 shows the fluctuation 6tOTpsr (blue) and LWP (red) within a few hours on March 15, 2015 dut@As con-
ditions. Within a short time period (less than 40 minutes¢, @OTpsr decreases about 20 - 30 units (in Figure 5 between
around 10:15 and 10:45 UTC). The visual checking of the spoading images confirms nicely the dissipation of the thick
cloud layer to a thinner one. This dissolving of the cloudelain Payerne around local noon also matches the typical-mete
orological situation of the location. The change@®Tpsr also correlates with independent measurements of LWP from
a HATPRO instrument: the smaller tlie¢OTpsr, the smaller the LWP value. The short-term change§' ©f'psr values
(two consecutive measurements 5 min apart) of less thanwitii@ the COTp g retrieval uncertainty, which is discussed in
Section 4.

The COT'psr values of St-As are thereafter used to estimate using Equation 4. For this estimation all LWP data with
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Figure 6. Distribution of COTpsr retrieved from direct DSR for cirrus-cirrostratus cases in Payefhe. meanCOTpsgr value is
0.75+ 0.26.

values greater than 40pn 2 are neglected due to the presence of rain, as well as alls/élelew 30gm 2 because this

threshold corresponds to cloud-free conditions (Lohnedt@rewell, 2003). The determined mean, for our St-As data set

is 7um £ 5 um. The mean value agrees with the value presented in Hesq#988) for continental stratus clouds. The 2.5th
390 and 97.5th percentiles of the determined; are 2:m and 20um, respectively.

5.2.2 Cirrus-Cirrostratus

A similar analysis to the one for St-As is also performed far high-level cloud class Ci-Cs. As already mentioned in- Sec
tion 2.2, the data set of Ci-Cs consists of 206 measuremend8 alays. The distribution of theOTpsr values estimated
from the direct shortwave irradiance is shown in Figure 6e TieanCOTpsr is 0.75+ 0.26 and 95 % of th€'OTpspr

395 values vary between 0.32 and 1.40 and are thus in a similgeras, for example, presented in Giannakaki et al. (2007) and
Hong and Liu (2015). Also, the expanded combined uncestaifithe COTpgsr retrieval method under Ci-Cs conditions

(0.10), is much smaller than the one sigti@71'n s r variability (0.26). The latter is therefore also reflectthg large variabil-
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Figure 7. Distribution of SSAc retrieved from diffuse DSR for cirrus-cirrostratases in Payerne. The mean SSAc value is & 3204.

ity in the COTpsr values in the Ci-Cs data set.

The COTpsr values retrieved are used as input to libRadtran in ordestimate the SSAc values for Ci-Cs. The mean
SSAc value and its standard deviation retrieved are 89204 (Figure 7) and therefore slightly larger than the lidtRan
default value of 0.87 (Key et al., 2002). Ninety-five percehthe SSAc data are between 0.84 and 0.99. Therefore, we can
conclude that the SSAc values defined by Key et al. (2002) argtlynunderestimating the extinction by scattering for the
cirrus-cirrostratus data set in Payerne.

The SSAc under Ci-Cs conditions can be determined with aarteiaty of 0.02 which is smaller than the one sigma variabil
ity of 0.04. Thus, the variability in the results for SSAc &der than the model uncertainty and confirms the importahce
accurate knowledge of the SSAc values for high-level clouds

6 Comparison COTpsg With independent data sets
6.1 Barnard and Long equation

Our retrievedCOTpgr values for St-As are compared to COT values estimated byymgpthe empirical equation by
Barnard and Long (2004),

Te = exp(2.15 4+ A+ 1.91 x arctanh(1l — 1.74 * Dl) (5)
Chg

wherer, is the cloud optical thickness (he€80T g4, nard), A is the albedoD the measured broadband diffuse radiation,

a radiation value from a clear-sky model angl the airmass. In the current study the clear-sky model vadwesstimated

according to Aebi et al. (2017). The correlation betweend0&l'n s r aNdCOT Byrnarq IS Very high (r=0.99) (Figure 8). The

mean COT difference between these two retrieval methods 2st+ 2.7, showing a slight underestimation ©0T g4 nard-

However this difference is within the model uncertainty.
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Figure 8. Correlation between COT values retrieved from DSFR)I'psr) and from the equation presented in Barnard and Long (2004)
(COTBarnara) for St-As in Payerne.

The COT estimation formula presented in Barnard and Lon§42& only valid for thick clouds with COT values larger than
10. Consequently, this formula cannot be applied to Ci-Geshecause the diffuse radiation is not the correct conmpéore
estimation of the COT.

6.2 MODIS

The COTpsr values are also compared with L2 C6.1 COT values from MODIS&AG OTyvoprs). The comparison is
performed for a subset of the St-As data set, taking intowaticihe overpass time of the MODIS satellite. The analygi®ise

for MODIS grid cells of 3«3 km, 5x5 km and %47 km including Payerne. Considering the m&aQTp s value from data

4+ 30 min around the overpass times of the satellite and thesbigipatial resolution results in a matching in 169 case37/4
(geometric standard deviation 1.7), the geometric meani@1'psr for this subset is much higher than the geometric mean
and standard deviation 6fOTy;oprs (17.4 and 1.9, respectively).

Considering only th€' OTpsr values which have an an exact time-match with@@7,o p;s measurements decreases the
subset to 60 measurements, but does not decrease therdiffdretweeCOTpsr andCOTyoprs. The geometric mean,
geometric standard deviation and 2.5th and 97.5th petesritir COTpsr andCOT o prs With the different satellite res-
olutions are shown in Table 4. TH&OTpsg is higher than the value mentioned in Section 5.2.1 becaeiednly a subset
of 60 measurements is taken into account. It is noteworthy ttie difference in the mean atOTy,0p;s with different
resolutions is small. However, at around 18, the differeéncthe geometrical mean betwe€tOTpsr andCOTyvoprs IS
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Figure9. Correlation between COT values retrieved from DERXI'psr) and from MODIS L2 C6.1 data{OTvoprs), with error bars
showing the standard deviation, in a grid cell 0k3 km for St-As including Payerne.

rather high. The correlation betwe€OTpsr and COTyoprs for the 3x3 km resolution is r=0.74 (Figure 9). Li et al.
(2019) found similar correlation coefficients for stationgChina for instantaneous matching of COT data from MODIS an
radiometers. In their study tt@OT;0prs vValues are in general also lower than the ground-based ClD&s/arhe satellite
analysis may only take into account the highest cloud laykile the values derived from DSR take into account all layer
even though the camera did not allow identification of midtgdoud layers. Another explanation might be the slighfiedénce

in the wavelength considered (Baum et al., 2014). Othempialeexplanations of differences between surface- anellgat
based estimations of COT values are presented in Barker @988). The same study also shows larger COT values from
surface-based data than from satellite-based data.

We also used th€' OT\oprs andrey s poprs (also L2) and a grid of 33 km to calculate thé&) SRy 0 prs with libRadtran.
This analysis results in a mean overestimation of the 18R ;0 prs 0of 88 Wm~2 in comparison to the measured total DSR
during St-As conditions in Payerne.

Other studies (e.g. Painemal and Zuidema, 2011; McHardl, @04 8) show a better agreement between ground- anditatell
based COT values, but mainly for averaged data over a lomgereriod (for example monthly means). The sample of 60 data
points is too small to calculate a monthly me@a®7pgsg.

Comparing theCOTpsr andCOToprs Values for Ci-Cs shows only three time-matches. For these thituations, the
COTwvopis is larger tharlCOTpsr. But the data set is too small to draw any conclusions frosi¢bimparison.
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Table 4. Geometric mean, geometric standard deviation and 2.5th and 97.58mples of COT retrieved from ground-based broadband
shortwave radiation (DSR) and from MODIS L2 data with different spaéisblutions (%3 km, 5x5 km and %7 km) above Payerne.

COT Geom. mean| Geom. std| 2.5th | 97.5th
DSR 38.0 1.7 13 126
3x3 km 19.6 1.8 7 64
5x5 km 19.9 1.8 9 65
7x7km 20.2 1.7 9 64
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Figure 10. Correlation between COT values retrieved from DSRXI'psr) and COT values retrieved from PFR measurements-at
412 nm (COTprr) for Ci-Cs in Payerne.

6.3 PFR

The COTpsgr derived for the cirrus-cirrostratus cases are comparek thi¢ cloud optical thickness values derived from
measurements of direct solar irradiance obtained from éoliocated PFR sunphotometers measuring at 16 wavelengths
between 305 and 1,024 nf'QTrrr). The COTprg values are retrieved at the different channels of the ingnts and
corrected by the corresponding AOD values for the corredipgnday. It is difficult to estimate the effective wavelemghat
corresponds to th€'OTpsr values derived from broadband measurements. As an exaRiglee 10 shows a scatter plot

of the COTprgr derived at 412 nm versuSOTpsg. The correlation of the COT between these two independettiods

is 0.71. The slightly higher values 6fOTrrp relative toCOTpsr might result from the different spectral regions used to

retrieve the cloud optical thickness: the 412 nm channalfePFR and the complete shortwave spectrunCfofl psr. The
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correlation betweet’'OTpsr andCOTp g at 500nm is slightly lower (r=0.60). A slight dependence of the wavejth on
the retrieved COT values is also confirmed by the analysisefOTr i values retrieved at other wavelengths of the PFRs.
Another explanation for the discrepancy might be the enb@farward scattering entering the field-of-view of the instent,
which causes an overestimation of the measured directveinetradiation compared to the modelled one (Blanc et al4p0

This fact results in an underestimation@®7'rrr of Ci-Cs clouds.

7 Summary and Conclusions

The current study presents a method to retri€@l'psr, SSAC andr., values for the two cloud types stratus-altostratus
and cirrus-cirrostratus by combining broadband solartsfayme radiation (total as well as the direct and diffuse congmts)
measurements and simulations with a radiative transfereinddhe study is performed with radiation data from the BSRN
station, Payerne, Switzerland, which can be seen as ametegtation for radiation measurements, and thus our meihod
also be applied at other stations. In total, more than 3,@083neasurements and 206 Ci-Cs measurements collocatieel in
time period January 1, 2013 to December 31, 2017 and in Eihsaith a SZA lower than 65are analysed.

In order to test the model-measurement combination pednom, in a first step more than 12,000 cloud-free measurement
were analysed. With a relative mean difference of 0.2%.1 %, the simulated cloud-free total DSR is in agreemerti thié
measured total DSR within instrument uncertainty. The isigitg analysis shows an expanded model uncertainty (doge
95 % of the data set) of DSR retrieval of less than 2.5 % andttieidifference is also within the model uncertainty.
Ninety-five percent of the estimated St-A%8)Tpsr values are between 12 and 92 with a geometric mean and géometr
standard deviation of 33.8 and 1.7. TA®T s values are higher in spring and summer than in autumn ancmwifihese
estimated”OTpsr values are in very good agreement with th®T'z,,..-q¢ Values estimated using the empirical equation
of Barnard and Long (2004). At-1:2 2.7, the mean difference in the COT values between these ®tloads is within model
uncertainty. However, for a subset of the St-As dataSéX] ;o prs With a resolution of % 3 kmis clearly underestimating our
determinedCOTpsr values. UsingCOT )y oprs andr. sy from MODIS to estimate DSR results in a mean overestimatfon o
the total shortwave irradiance of more than 50 % of the measDSR values under St-As conditions in Payerne. Changang th
spatial resolution and/or the matching in time does notit@sa smaller difference in the mean COT. These large disuteies
cannot be explained at present, but were also shown in othies (e.g. Li et al., 2019). Therefore, we conclude thaiafo
specific location (in this case Payerne) and for high tempesmlution dataCOT;0p;s IS not reliable.

The 2.5th and 97.5th percentilesip; s under St-As conditions in Payerne are:& and 20:m, respectively and thus are
comparable to values presented in other studies (e.g. Haks E998).

The retrieved mea6’OT'psr value under Ci-Cs conditions in Payerne is 0488.27 and thus in a similar range as described
in other studies (e.g. Qiu, 2006; Giannakaki et al., 2007ndand Liu, 2015). The comparison of tli&)Tpsr and the
COTprr values retrieved from PFRs shows correlation coefficients@60 (500nm) and r=0.71 (412vm). The retrieved
mean cloud single scattering albedo value for Ci-Cs is 8:9104.

It has been demonstrated, that with the herein presentdth€O7’psr, SSAC and-. s can be estimated from state-of-the-
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art data sets in Payerne and for different cloud-conditidhe same method could also be applied at other BSRN stadtions

order to validate the method. In the case of similar resnltee COTpsg estimation, a long-term data set in cloud properties
495 could be produced and could be of use to increase the avajlaificloud optical parameters for e.g. climate models.

An extension of this study would be to perform a radiativesale study for longwave radiation for a similar data setsThi

analysis would be an extension of the study presented by &¥atlal. (2011) which describes a longwave closure study

for well-defined stratus nebulosus cases in Payerne. Thisef@nalysis is important in order to analyse the effectlofid

microphysical and optical properties on longwave radiatis well and to develop thereafter a more complete pictutheof
500 influence of cloud parameters on the surface radiation budge

Data availability. Data are available from the corresponding author on request.
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