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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 etbSSAC)
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-altostrate&g)sand
206 cirrus-cirrostratus (Ci-Cs) measurements during 2001, 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 parameters iliereground- or satellite-based measurements. The clasésc
are identified by the use of an all-sky cloud camera. For the to mid-level cloud class St-As, 95 % of the estimated COT
values from DSR measuremen€s@1ps ) are between 11.9 and 91.5 with a geometric mean and stadelaation of 33.81
and 1.67, respectively. The comparison of theé&eTrsr values wWithCOT'gy.narq Values retrieved from an independent
empirical equation, results in a mean difference of -H20.73 and is thus within the method uncertainty. Howeverelie

a larger mean difference of around 18 betwé&n 1 sz and COT values derived from MODIS level-2 (L2), Collectiorl 6
(C6.1) dataCOTropr1s)- The estimated. ¢ (from liquid water path (LWP) and’'OTpsr) for St-As are between 2.1 and
20.4m. For the high-level cloud class Ci-GS0OTpgsr is derived considering the direct radiation and 95 % of tHeesmare
between 0.32 and 1.40. For Ci-Cs, 95 % of the SSAc values tineated to be between 0.84 and 0.99 using diffuse radiation
measurements. The COT values for Ci-Cs are also estimated data from precision filter radiometers (PFR) at various
wavelengths. The herein presented method could be appi@dalidated at other stations with direct and diffuse raoine
measurements.
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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%4en et al., 2000; Baran, 2009; Hong and Liu, 2015). The tiadia
properties of clouds are determined by their macrophysicdimicrophysical properties. The accurate parametisafithese
optical properties in climate models is a challenge becthesemall-scale physical processes of clouds are diffioudiplic-

itly represent in global climate models (e.g. Waliser et2009; Baran, 2012; Taylor, 2012; Zelinka et al., 2013; Geppgl.,
2017). Thus, the introduction of methodologies using ltega observation aimed at the improvement of COT retriexal a
important for estimating the magnitude of the influence efdiverse and variable cloud situations on the climate syste

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). Althoubistapproach has shown good results on a global scale, there a
also a number of potential uncertainty sources, namely@rsgiectral radiation calibration, horizontal and vertiodlomo-
geneities and inappropriate use of cloud microphysics@g&gral., 2012). In addition, satellite-based lidar systsoeh 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 désca
COT retrieval method from satellites using neural netwagdu approaches (Kox et al., 2014; Minnis et al., 2016).

Cloud optical properties can also be estimated from aigboraasurements (e.g. Finger et al., 2016; Krisna et al.,)2Blyng
directly below or above clouds allows both accurate measents 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 rete\@OT using data from ground-based instruments, for exampl
from lidars (Gouveia et al., 2017), broadband pyranomefeesntyeva and Stamnes, 1994; Barnard and Long, 2004; Qiu,
2006), sunphotometers (Min and Harrison, 1996; Chiu e28l1,0) or UV radiometers (Serrano et al., 2014). With ground-
based microwave instruments the liquid water path (LWP) isrdeined (Dupont et al., 2018), which can be used to caleulat
the cloud optical thickness, knowing or assuming; (Stephens, 1994). Ground-based and airborne retrievédlaugtcan

be combined in order to achieve more accurate results for @ieval (Schafer et al., 2018). Chiu et al. (2010) comgare
COT values retrieved from a sunphotometer with Moderat@Ré&sn Imaging Spectroradiometer (MODIS) level-2 (L2}ala
with reasonable results in the COT agreement in few casewdier to compare COT retrievals on a global scale, networks
with large global coverage and density, as well as easilgsgible data are needed. Barnard and Long (2004) showed a firs
approach in this direction by using only broadband diffusersvave radiation, albedo, solar zenith angle (SZA) antkarc
sky model in order to estimate COT. It has been proven thatdimpirical equation can be used for homogeneous low-level,
but not for high-level clouds. The aim of our study is to useethnd which is based on a radiative closure study and which
allows the determination of COT independent of the clouéllev

In principle, radiative closure studies assess the diffiegeetween modelled and measured shortwave or longwaiegioad
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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 havingniation about the cloud microphysical properties. Thisalose
e.g. stratus nebulosus can have large variations in clowehxloud droplet concentrations, optical thicknesslayud water
path (Dong et al., 2000).

With data from an airborne measurement campaign, Ackermaln @003) achieved an agreement in the global 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 from microwave and cloud radar mesments in
the model resulting in a difference of 10 % between simulatetimeasured global DSR. However, this fairly good agreémen
was only achieved after averaging the data over a time pefi@ minutes. Nowak et al. (2008b) achieved an agreement
between the modelled and the observed shortwave radiaitbinwuneasurement uncertainty in one third of 32 selectetl an
well-defined stratus nebulosus cases without adjustingclrud properties. For the other cases, the cloud vertidai@ion

had to be adjusted in order to obtain an agreement withinumgintal uncertainty. Wang et al. (2011) found a mean diffee

to within 5 % +13 % for shortwave radiation for more than 600 well-definddkitiow-level cloud cases at the BSRN site
Cabauw. They calculated COT according to the formula froepB¢ns (1994) using s from MODIS data and LWP from a
ground-based microwave instrument.

In the current study we estimatéOT'p s r for stratus-altostratus (St-As) and cirrus-cirrostrgisCs) using broadband short-
wave radiation measurements and ancillary ground- andlisatsased data from the BSRN station in Payerne, Switret|

by performing a radiative closure study. TO®1Tpsr for St-As and Ci-Cs are estimated using the diffuse and ttreztdcom-
ponent of DSR, respectively. For Ci-Cs, we show an attempstimate the SSAc from the diffuse component of DSR. The
rers for St-As is estimated fro’OTpsr and measured LWP by using the equation from Stephens (198djtiénally, we
investigate the sensitivity of the model input parametergell as the robustness of th&)Trs g and SSAc retrievals. Results
of such a model validation, combined with the measuremecgniainty, can provide the limits of the minimum possibleszg
ment among modelled and measured solar radiation quaniitiéer cloud-free and cloudy conditions. The retrieV€dl psr
values are compared withOT’z,,»qrq Values retrieved by applying the empirical equation frommraad and Long (2004),
COTyopis values derived from MODIS L2 C6.1 data for different spatésdolutions and’OTpr g values determined with

a ground-based sun-pointing instrument.

The observational data and the case selection are presarfedtion 2. Section 3 describes the radiative transferRIiM
used and its input parameters, as well as the methods foetitieval of theCOTpsr, SSAc and-. ¢ values. In Section 4 the
expanded combined uncertainty of th€)Tpsr and SSAc retrievals is estimated. Section 5 shows the ant&iO7Tpsg,
SSAc andr.s¢ values. Section 6 compares th&)1'psr values with COT values determined using other methodsllfzina
Section 7 summarises the main findings and gives a briefakitlo



85

90

95

100

105

110

115

https://doi.org/10.5194/amt-2019-347 Atmospheric
Preprint. Discussion started: 28 October 2019 Measurement
(© Author(s) 2019. CC BY 4.0 License. Techniques

Discussions
By

2 Data
2.1 Observational Data

The aerological station of Payerne (4680 6.56E, 490 m asl) is located in the western midlands of Switzerlbetween
two mountain ridges. This station is managed by the FedeffadeCpf Meteorology and Climatology (MeteoSwiss) and be-
longs to the BSRN (Ohmura et al., 1998; Konig-Langlo et @12 Driemel et al., 2018). For the current study, high-aacy
radiation measurements from Payerne between January 3,a2@llDecember 31, 2017 are used (Vuilleumier et al., 2014).
The broadband downward shortwave radiation (DSR; 0.3:im3 is measured with a Kipp and Zonen CMP22 pyranometer.
This instrument is traceable to the World Standard Group (W8¢ated at the Physikalisch-Meteorologisches Obserivato
Davos/World Radiation Center (PMOD/WRC) in Davos, Switzed and measures within an uncertainty 6Vin—2 and a
relative uncertainty of 2 %, whichever is larger (Vuillewnet al., 2014). The diffuse and direct radiation valueswaeasured
with a CMP22 and a CHP1 pyrheliometer, respectively. Theargvghortwave radiation (USR) is measured with a CMP21.
All radiation data are corrected for the thermal offset [[Bbna, 2002), homogenised and are available in a tempesalution

of 1 minute. The cloud base height (CBH) data are availabRayerne in a 1 minute temporal resolution from a CHM15k
ceilometer (Wiegner and Geif3, 2012). The cloud fraction@add type are determined from images of an all-sky cloud-cam
era (Schreder VIS-J1006), sensitive in the visible rangthefspectrum, in a 5 minutes temporal resolution (Wackek et a
2015; Aebi et al., 2017).

The aerosol optical depth (AOD) values at 550 nm wavelengtghdaily mean level-3 (L3) (Collection 6) data from the
MODIS satellites Terra and Aqua (Kaufman et al., 1997). TVerjpasses over Europe are around 10:30 WTChour (Terra)
and around 13:30 UT@& 1 hour (Aqua). The horizontal resolution of these data i8:a1f grid cell. In order to validate these
low spatial resolution data they are compared with grouaskld 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 080.07, showing that no significant bias between the two ddsaseresent. In Payerne,
considering the MODIS AOD values, in the aforementionecktpariod, 90 % of the data have AOD values between 0.02 and
0.25, with lower values in winter than in summer (Figure 1a).

The integrated water vapour (IWV) is retrieved from GPS sigoperated by the Federal Office for Topography. These data
are then archived in the Studies in Atmospheric Radiati@m3ier and Water Vapour Effects (STARTWAVE) database liboste
at the Institute of Applied Physics at the University of Békorland et al., 2006a). The 5th and 95th percentile validdéte
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 ozone content is retrieved from the OzonailMdng Instrument (OMI) on the Aura satellite (Levelt ét a
2006, 2018). For Payerne, there are one to two data poinislaleaper day. The spatial resolution of the OMI total colum
ozone is 100 km in radius with Payerne in the center. Ozoreefdain 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 gy &pring and low autumn values (Figure 1c). The 5th and 95t
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Figure 1. Time series of the following parameters: (a) aerosol optical depth jAQi)integrated water vapour (IWV), (c) ozon@4) and

(d) surface pressurg)in Payerne.

percentiles are 266 and 397 DU, respectively.

The surface pressure is taken from a state-of-the-art merasumt 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 outOTpsgr data, COT L2 C6.1 data from the MODIS instrument on the Aquelléa are used
(Nakajima and King, 1990; Platnick et al., 2017). Thé%@T,0prs Values are calculated using the measurements of the
1.64,m channel of the MODIS instrument and are determined in thge® to 150. For our comparison we uséQ7;0prs

data retrieved for grid points around Payerne with the dsiwrs of 3«3 km, 5x5 km and &7 km. From PFR data an optical

thickness value under cirrus-cirrostratus conditionsetemmined and compared to th&)Tp s values.
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Table 1. Summary of the total number of measurements, number of days, flaciibn considered and the occurrences per season for
cloud-free, stratus-altostratus (St-As) and cirrus-cirrostratus gLirCPayerne.

Occurrences [%]

Cloud Class| Total# | # Days | Cloud Fraction| MAM | JJA | SON | DJF
Cloud-free | 13,240| 379 0-1% 355 | 41.6| 203 | 2.6
St-As 3,724 312 95-100 % 60.1 6.2 | 21.2 | 125
Ci-Cs 206 48 95-100 % 72.3 9.7 | 141 | 3.9

2.2 Case Selection

The herein presented analysis is shown for stratus-atostiand cirrus-cirrostratus, which both have a distindiatave be-
haviour. These two cloud classes were chosen due to theindg@meous 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 inputatdes,

a shortwave radiative closure study is also performed faudifree conditions. The measurements were taken fromirtiee t
period January 1, 2013 to December 31, 2017. The cloud ageenad the cloud type information are selected using images
from the all-sky cloud camera in Payerne. From the RGB-megion of the image, an automatic algorithm calculatesia rat
per pixel which is subsequently compared to a referencshibtd value. On the basis of this comparison it is decidedédre

a pixel is classified as cloudy or cloud-free. Also, the clolagses are automatically determined from the images ofisitde
all-sky camera using an algorithm considering 12 spedeatural and radiative features of the images (Wacker g2al5).

All analysed data points have SZA values of maximurh.@his maximum limit is defined in order to avoid cloud misclifis
cations due to the darker camera images that correspongdrtertsolar angles. Another reason for this threshold isdissiple
overestimation of the ground albedo estimation for high SZanninen et al., 2004).

Table 1 gives a summary of the number of measurements inaothper day, the cloud fractions considered and the occur-
rences throughout the year per cloud class separately. 3840 measurements spread over 379 days, the cloud-free da
set is the largest. The visual checking of a part of the clived-data set allows the conclusion to be drawn that the €eficaed
situations are determined with an accuracy of more than 9UH#.same number was also reported in Wacker et al. (2015).
The distribution of these measurements per month is sjigfiffierent from the one reported in Aebi et al. (2017).

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

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 measemésn

As reported in Aebi et al. (2018), there are some uncertgntith the automatic detection of thin high-level cloudsefefore,

for the final data set of 206 measurements, only situatiotitsavineasured CBH of at least 5 km are considered. Additignall
the remaining cases were checked visually to avoid migéilzasons. This data set is much smaller than the one for St-A
clouds due to the fact that the occurrence of overcast Cs@&ss frequent in Payerne.
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3 Methods

In the present study, we use radiative closure in shortwadi@tion as a tool to retrieve COT values. The optical thégen()
is defined as the extinctioms() of radiation along a path from surface,{, ¢) to the top of atmosphere+£o ),
ZTOA

(2ourfs 2104) = / Bu(2)d= )

Zsurf

wherer is the sum of the optical thickness of the different atmosiglfeomponents at a certain wavelength

T(A) = Tetoud(N) + TaoD(N) +Trwv (A) + TOs (A)+ TRayleigh (A) + Tg () (2)

where 7.0,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.iqn(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 thée 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, intcst 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 radiediaye, the extinction coefficient in clouds, and thus
also COT, has a weak dependence on the wavelength (Sling®cmecker, 1982). When ; is increasing, the transmitted
flux would decrease because of the larger absorption. Howat/éhe same time, the transmitted flux would also increase
because of more forward scattering. The cloud droplet siteilslition 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 thefBaenbert law could be used to calculate the direct compbokn
the shortwave radiation:

I(\) = Ip(A\)e ™™™ 3)

where )\ is the wavelengthl (1)) is the direct transmitted radiation at the surface &(d) is the irradiance at the top of the
atmospheremn the air mass and the sum of the optical thickness as shown in Equation 2. Terdehe the cloud optical
properties of ice clouds, the microphysical propertiesatiple shape, particle size distribution and ice waterteohare of
interest.

The single scattering albedo (SSA) is defined as the ratiwdwet the scattering and total extinction coefficients arvdage-
length dependent. The SSA is the weighted sum of the differ@mponents in the atmosphere, namely the single scajterin
albedo of clouds (SSAc), of aerosols, of molecules, etc. F8Ac is mainly of importance for the simulation of ice clouds
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and its values differ depending on the size and shape of ¢herystals (Key et al., 2002). A more complete explanatiotihef
relationships between the optical properties of water aadtiouds is given in Kokhanovsky (2004).
190

3.1 Radiative Transfer Model

The radiative transfer model libRadtran (library of radi@transfer routines and programmes) version 2.0.2 (MagdrKylling,
2005; Emde et al., 2016) is used to simulate the global DSReflsaw the direct and the diffuse shortwave radiation. Olir ca
culations use the discrete ordinate radiative transfeesdDISORT) (Stamnes et al., 1988), which solves the onedsgional

195 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 differenceadiation estimations of less than 0.2 % in our calculatidine
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 25060@nm.

200 3.1.1 Input Parameters

The following atmospheric input parameters are definedfelibRadtran simulations:
Aerosols: For cloud-free cases, the AOD is a daily mean viahra the two MODIS instruments at 550 nm. For cloudy con-
ditions, or in cases of missing AOD values during cloud-fteaditions, the AOD is a monthly mean value from MODIS data
over the whole time period analysed. The aerosol profiledaragd to be a standard profile for a rural area described iti&he
205 (1989) and the aerosol single scattering albedo value isvas to be 0.95.
IWV: For all cases, the IWV is a daily mean (or if missing, theeipolated mean) value from GPS measurements in Payerne.
Ozone: The total column ozone is the daily mean (or if misgimg interpolated mean) of measured values of the OMI gatell
Atmospheric profiles and surface pressure: The surfaceymess a daily mean value from measurements in PayernenA sta
dard mid-latitude atmospheric profile for either winter ansner is used with standard profiles of pressure, temperadir
210 density and concentrations of different atmospheric gé&ederson, 1986). The profiles are scaled to the input vaNidg
ozone, surface temperature and pressure. The use of meégsofies of pressure, temperature and relative humidaynfr
radiosondes has a negligible effect on the cloud-free sfftadiation (0.3 %) and therefore the analyses are pertbwith
the standard profiles.
Albedo: The shortwave surface albedo is calculated frommatie of the USR to the DSR with 1-minute resolution. The mean
215 shortwave surface albedo is 0.24 with a variability of 0.h# 8.45 (covering 90 % of the data) in the period analysechén t
few cases of snow the albedo can reach values up to 0.8. Dhe tromogeneous landscape around the aerological station
Payerne, the albedo derived from point measurements maxtitagelated to a larger region around the station.
SZA: The SZA is retrieved with a solar position algorithm &wery measurement. The analysed data set includes SZAsvalue
between 23and 65.
220 Water clouds: The low- to mid-level St-As are water cloudsgated with the parametrisation described in Hu and Stamne
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(1993). They are assumed to be a plane-parallel and homogemioud 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 0.2§m =3 (Hess etal., 1998);. s of 10 um (Stephens, 1994), a cloud vertical thickness of 2 km and
knowing the CBH from the ceilometer measurements resultslarge relative mean difference (modelled minus measured
divided by measured) and standard deviation of the glob& DS 53.54 %+ 20.92 %, clearly demonstrating that the default
values do not provide adequate results.

Ice clouds: The high-level Ci-Cs clouds are assumed to bekieice clouds and are modelled with the parametrisatyon b
Key et al. (2002). The optical property COT of ice clouds isapaetrised using a vertical profile of ice water content (IWC)
and effective ice crystal radius. The IWC is assumed to be §:03> (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 ceilomsteasurements and the
cloud vertical thickness is assumed to be 1.5 km, which ipiz#y value for these high-level clouds (IPCC, 2013). Adshiabit

the default solid column is included. Using these defadliesto estimate the global DSR results in a relative mederdiiice

of - 23.46 %=+ 8.16 %, also demonstrating that these default values dorndtipe reliable results.

COT: For the simulation of the cloud cases, in addition togh#files of LWC andr.;¢, a COT value can also be explicitly
defined as input to the model. To iteratively derive the effed”OTpsr, we used COT as input.

3.2 COT, SSAcand rez¢ retrieval

The aim of our study is to determine COT, SSAc (for Ci-Cs) ang (for St-As). In order to retrieve COT and SSAc, we derive
the total DSR as well as its components, direct and diffudati@an, from libRadtran. The DSR is calculated for evernygée
measurement point in the cloud data sets separately. Lotllgs (LUT) are generated, containing the simulated tiadia
values, which were modelled with different COT and SSAc galas input, respectively. More precisely, every measureme
point in for example the St-As data set, is simulated withuinp libRadtran of 25 different COT values between 1 and 160.
Since in the case of St-As the direct component of the tot& BSmaller than Wm~2, the St-As COT LUT contains 3,724
times 25 simulated diffuse radiation values. This LUT serilereafter to estimat€OTps i for all the 3,724 St-As cloud
cases separately by finding the simulated diffuse radiathdure that equals the measured one.

The COTpgsg for Ci-Cs is estimated with a similar method. The only diffiece is that this LUT contains simulated direct
radiation values, which were estimated with 13 differenflGaput values between 0 and 5. The SSAc values are estimated f
Ci-Cs using a LUT containing simulated diffuse radiatiotues. This LUT is generated with the input of 13 different SSA
values (between 0.8 and 1) and with the estimatédl'r s as input to libRadtran.

For St-As, in addition to th€’OTpsr, we can also estimate the effective droplet radius (),

. 3LWP @
N 21 COTpsR

where LWP is the liquid water patlt;OTpsr the cloud optical thickness ang,, the density of liquid water (Stephens,
1994). The LWP is measured with a HATPRO instrument in PayanadeheC' OT'p s is estimated with the above-mentioned

method.
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4 Sensitivity Analysis

255 The aim of the method-related sensitivity analysis is tawke the robustness of the retrieved varialil&37'» s and SSAc.
These two variables are estimated from a LUT, which was geeéusing a radiative transfer model. In a first step, we exam
ine the uncertainties as well as sensitivities of the RTMutrgmrameters. For our analysis, we assume that all inpigblas
are independent and uncorrelated and hence their influentleeoradiation output can be estimated by varying each input
parameter separately. To a large extend of the data setsthismgption is true, however, for example the snow cases \gth h

260 albedo values have an influence on the sensitivity and thtiseonncertainty of COT and are thus not completely indepeinde
In a second step, we multiply the standard uncertainti®ith the estimated sensitivities which results in an uraiety value
per parameter. In a third step, we calculate the combinedrtainties for the simulation of the radiation under thdedént
sky conditions. These values are thereafter used to estitmatuncertainties of the COT and SSAc retrieval. The assume
certainties are Type B uncertainties which are uncertsrttiat are not based on statistical analysis but rather cartamties

265 specified in literature, experience or previous measuré&r{@uide to the Expression of Uncertainty in MeasuremeitNg
BIPM (2008)). The uncertainties for the cloudy cases priegskeim Table 2 and Table 3 are estimated for the example cases
for which COT values equal to 38 and 0.8 for St-As and Ci-Cspeetively. The combined uncertainties for COT values were
additionally calculated for other COT values between 10 Hd@ (St-As) and 0 and 5 (Ci-Cs), but are not presented here. In
summary, for stratus-altostratus, the larger the estidh@@T value, the larger the absolute expanded combined taugr

270 valueU.. However, in relative uncertainties, independent of théreged COT value, the uncertainty is around 18 %. For
cirrus-cirrostratus the opposite applies, thein COT retrieval is 0.1 for all cases, independent of the C@lli@. A similar
behaviour of the uncertainties of COT estimations are alesgnted 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 Bteire (Morland et al., 2006b).

275 The AOD data set consists of daily and monthly mean valuspedively. Therefore, the uncertainiyfor the AOD values
under cloud-free conditions is estimated from the standaxdation comparing the used L3 MODIS AOD values with the
measured PFR AOD data, where the mean difference is zerawgiitndard uncertainty of 0.07. For cloudy conditions, AOD
can be measured by neither the PFRs nor by satellites. Asguanectangular distribution of the data, the uncertainigy/cal-
culated by dividing the half width of 95 % of the data s@tlfy the root of threeu = %). For AOD, under cloudy conditions,

280 wu was estimated with this formula for different seasons spir. The resulting uncertainty is 0.08, which is the stadd
uncertainty value used for AOD.

The uncertaintyu for albedo was calculated with the same equation, also gaikito account 95 % of the data set and for
different seasons separately, but neglecting the occalssoow events. The resultingvalue for albedo is 0.06.
The uncertainty of total column ozone is assumed to be 1 %elteval., 2018), which corresponds to an uncertainty of 3 -

285 4 DU.

The effective droplet and ice crystal radius values arerasslto be between 5 and 45n, also with a rectangular distribution.
The sensitivities of the input parameters under cloudy itams in Table 2 were calculated with COT values defined & th
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libRadtran input file. Consequently, in the analysed cabes| WC has a negligible influence on the calculation of the COT
and is therefore not listed in Table 2. Also not listed arevatiables that were not specifically defined in our analysss i
lack of available measurement data.

The uncertainties of the different input parameters unitardnt sky conditions are used to calculate the combimexrtainty
(u.). The expanded combined uncertainty.) is calculated thereafter representing 95 % of the datassetnaing a normal
distribution.

The global DSR under cloud-free conditions can be simulatigidl an expanded combined uncertainty of 2.4 %. Thus, this
uncertainty is in a similar range as the instrument relatexita/ave radiation measurement uncertainty. Aimost hithe
estimated expanded combined uncertainty is caused by tteetamty of the AOD (1.1 %) (Table 2, third column). The con-
tribution to the uncertainty of the input parameters IWV aot@dltcolumn ozone is negligible.

For the simulation of the diffuse DSR under a St-As cloud veit@OT value of 38, the parameter contributing most to the
standard uncertainty of 7.3 % is the albedo with 6.9 %. Thersgtargest contributor to the uncertainty budget is AODhwit
1.7 % and hence represents a variable which in practice taenmeasured in the presence of a stratus cloud. The influence
of the macrophysical properties, both cloud vertical theess and CBH, on the DSR is negligible. The expanded combined
model uncertainty (14.5 %) of the diffuse DSR under a strattsstratus cloud is thereafter used to estimate the taingr

of the retrieved cloud optical thickness values shown ing&b

For the simulation of the direct radiation under a cirrusestratus cloud with COT equal to 0.8, the expanded conabime
certainty is, at 14.6 %, much larger than the model uncextaithe diffuse radiation (4.6 %) under the same cloud cthork.
Whereas for the direct radiation the dominant contributdh&expanded uncertainty is AOD (7.3 %), the main contribtdo
the expanded uncertainty of the diffuse radiation is thedd(1.9 %).

The estimated model uncertainties presented in Table hareused to calculate the expanded combined uncertairftibe o
COT retrieval (summarised in Table 3). The retrieval metbbthe COT values for St-As conditions presented here Has a
of 6.80 COT. The expanded combined uncertainty under Cir€foa COT and SSAc 0.10 and 0.02, respectively.

5 Results

The optical thickness in the radiative transfer equation is a sum of optical thedsvalues of different atmospheric com-
ponents (see Eq. 2). Therefore, to determine the opticerbiss of clouds, the model is first validated for cloud-frakies
(Te10uas = 0), by assuring that including all other input parameterhitorhodel 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, 13,24@dlee measurements on 379 days with SZA below 65

are available. The simulations of the global DSR for clotekfcases show a very good agreement in comparison to the

11
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Table 2. Uncertainty analysis for the radiation variables (glo: global, dir: direct,diffuse) under different cloud conditions in absolute
[Wm 2] and relative [%] numbers (in brackets). Cf: cloud-free, St-Asatss-altostratus, Ci-Cs: cirrus-cirrostratus, u: standard uncertainty
of the variablesu......: « multiplied with the sensitivity valuey.: combined standard uncertain®y/.: expanded combined uncertainty
(covering 95 % of the data set). The sensitivities were estimated with adsG@€ values of 38 (for St-As) and 0.8 (for Ci-Cs). Esti-
mated irradiances to calculate the relative numbers: Cf glo: 9%2ni~2, St-As dif: 156.2Wm~2, Ci-Cs dir: 201.9Wm 2, Ci-Cs dif:

442 5Wm ™2,
Cf St-As Ci-Cs Ci-Cs
u Uglo Udif Udir Udi f
AOD 0.08 10.0(1.1)| 3.5(1.7) 13.2(7.3) | 1.4(0.3)
WV 1mm 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)

Table 3. Uncertainty analysis for estimated COT values for stratus-altostratuss)Sasal cirrus-cirrostratus (Ci-Cs) and SSAc in absolute
[Wm 2] and relative [%] numbers (in bracketg): standard uncertainty of the variablés,...: U multiplied by the sensitivity valud]/,:

expanded combined uncertainty. The values were estimated with as€i@iedalues of 38 (for St-As) and 0.8 (for Ci-Cs).

St-As | Ci-Cs | Ci-Cs
U Ucor | Ucor | Ussac
dif St-As meas| 3.1(2.0) 1.19 - -
dif St-As mod | 30.0 (14.6)| 6.69 - -
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. 6.80 0.10 0.02

12
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320 measurements. The absolute and relative mean differebsel(ge difference divided by the measured value) betwken t
modelled and the measured DSR is 5Win=2 + 11.91Wm~?2 and 0.93 %+ 2.08 %, respectively. Thus the model is
slightly overestimating the DSR measurement but the ageaeis within measurement uncertainty of the instrument §2 %
(Vuilleumier et al., 2014) as well as within the estimategh@xded combined uncertainty of 2.4 % (discussed in Section
4). The good agreement between the modelled and the meaglotel DSR is also demonstrated in the high correlation

325 coefficient (r=0.996). There is no temporal trend in thead#hce between the modelled and the measured DSR througbout
whole time period, which confirms the stability of the instrent as already discussed in Vuilleumier et al. (2014). ygial
of the difference between the simulated and the measuredvakigs per day of year shows no seasonal dependence of the
agreement. Consequently, we can conclude that the simulatiDSR under cloud-free conditions is excellent.

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

330 larger correlation (r=0.98) between measurements andaiimos 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
-0.21 %=+ 6.16 % in comparison to the relative mean difference of tffask radiation of 10.04 %- 21.49 %. Figure 2 shows
the distribution of the absolute differences between thdetied and the measured direct (top) and diffuse (bottodintin.

In the mean, the model is slightly underestimating the meaisdirect radiation by -3.13Vm~2 + 28.62Wm~2 and the

335 modelled diffuse radiation is slightly overestimating theasurement by 7.66/m 2 + 20.16 Wm 2. The small difference
between the modelled and measured direct radiation carxéongle be explained by uncertainties due to differenceben t
forward scattering due to different fields of view of the mshent and the model (Blanc et al., 2014) or by differences in
the actual and RTM used extraterrestrial solar irradiakimevever, the good agreement in the direct radiation conftiras
proper use of the RTM AOD inputs. Part of the larger diffen€the diffuse radiation can be explained by the use of dtefau

340 values for the atmospheric profile instead of radiosonda. dddwever, as discussed in Section 3.1.1 this differensmal.
Adjusting the aerosol single scatter albedo per case alsealges the difference in the diffuse radiation. Howevge, td the
lack of aerosol SSA measurements, no further improvemesitich deviations is possible in the current study. In summary
we found a similar agreement in the global and direct shagwadiation as other groups in the past (e.g. Kato et al.7;199
Michalsky et al., 2006; Nowak et al., 2008a; Wang et al., 200%9z-Arias et al., 2013; Dolinar et al., 2016).

345 Consequently, because the simulation of DSR under clesl-donditions 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 tolsitethe DSR under cloudy conditions.
52 COT, SSAcand r.zs estimations
521 Stratus-Altostratus

350 The data set of St-As consists of 3,724 measurements alert 312 days. In cases of thick, low-level water clouds, the
direct component of the radiation is less thaiWin—2. Thus, for these cases the global DSR is nearly only diffaséation
due to multiple scattering at the cloud droplets as well aogition and scattering above and below the cloud. In the cas

13
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Figure2. Distribution of the residuals of the differences between modelled andurezhglobal downward shortwave radiation for cloud-free
cases for the direct (top) and the diffuse (bottom) component in Rayer

of low-level clouds, the most relevant optical property tloe simulation of cloudy conditions is the COT. The defa8A8

value used for the simulation of radiation can be a sourcenoérainty in the COT determination, however Rawlins andtFo
355 (1990) pointed out that it is an input parameter of minor imgace for this cloud class.

The resulting distribution of the estimatétDTHsr values for our data set in Payerne is shown in Figure 3. Thienaetic

meanCOTpgsgr value retrieved from our analysis is 38t520.6. Considering a lognormal distribution, the geomatreEan

of 33.81 with a geometric standard deviation of 1.67 reprssa range ilCOTpgr values between 20.26 and 56.43. The

variability of COTpsr values is much larger than the expanded combined uncerfdirdf the COT retrieval. Thus, the large
360 variability in COTpgg values for St-As cases in Payerne is reflecting the inhonmaiteof these clouds and is not due to the

uncertainty in the retrieval method. Ninety-five percentted COTpsr values for the St-As data set are between 11.9 and

91.5. This finding of a minimun’OTps g value of 11.9 agrees with the findings of Bohren et al. (19€&)rgy that the direct

14
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Figure 3. Distribution of COT retrieved from DSR measuremer@&X7psr) for stratus-altostratus cases in Payerne. The geometric mean

COTpsr value is 33.81 with a geometric standard deviation of 1.67.
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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. No data in JJA 2013.

shortwave radiation is blocked if COT is larger than 10.

Figure 4 shows the distribution of thieOTpsr values in different seasons and years. The boxplots shométkan, the
interquartile range and the 95 % intervals of th®Tpsr values. It demonstrates, that thE)Tp s values are in general
higher in spring (MAM) and summer (JJA), than in autumn (S@N{ winter (DJF). This finding is consistent with a study
presenting the COT distribution over the seasons at diffes&tions in China (Li et al., 2019). In spring and autunseims
that theCOTpsg values increase with time. But the statistic is too smallreoadany conclusions about a trend.

Figure 5 shows the fluctuation afOTpsr (blue) and LWP (red) within a few hours on March 15, 2015 durBigAs
conditions. Within a short time period (less than 40 minyteke COTpsr decreases about 20 - 30 units (in Figure 5 between
10:15 and 10:45 UTC). The visual checking of the correspandéinages confirms nicely the dissipation of the thick cloud
layer to a thinner one. This dissolving of the cloud layera@y&mne around local noon also matches the typical metegioalo

15
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Figure 5. Time series of th€OTpsr (blue) and LWP (red) during St-As conditions in Payerne on March @552

situation of the location. The change GDT sk also correlates with independent measurements of LWP fro’ATlPRO
instrument: the smaller th€OTpsg, also the smaller the LWP value. The short-term changeS©@f psr values (two
375 consecutive measurements 5 min apart) of less than 5 arewlith COTpsr retrieval uncertainty, which is discussed in
Section 4.
The COTpsr values of St-As are thereafter used to estimaje using Equation 4. For this estimation all LWP data with
values greater than 40fpn 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
380 is 7.0um + 4.6 um. The mean value agrees with the value presented in Hesq&988) for continental stratus clouds. The
2.5th and 97.5th percentiles of the determingg: are 2.1ym and 20.4um, 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

385 from the direct shortwave irradiance is shown in Figure 6e TieanCOTpgsg is 0.75+ 0.26 and 95 % of th€'OTpsgr
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 uncestafthe COTpgg retrieval method under Ci-Cs conditions
(0.10), is much smaller than the one sig@i@1p s r variability (0.26). The latter is therefore also reflectthg large variabil-
ity in the COTpsgr values in the Ci-Cs data set.

390 TheCOTpsr values retrieved are used as input to libRadtran in ordestimate the SSAc values for Ci-Cs by minimising
the diffuse radiation residuals. The mean SSAc value kettigs 0.92+ 0.04 (Figure 7) and therefore slightly larger than
the libRadtran default value of 0.87 (Key et al., 2002). 95Rthe 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.

395 The SSAc under Ci-Cs conditions can be determined with aerntaiaty of 0.02 which is smaller than the one sigma variabil
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Figure 6. Distribution of COTpsr retrieved from direct DSR measurements for cirrus-cirrostratusscasPayerne. The me&@OTpsr
value is 0.75+ 0.26.
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Figure 7. Distribution of cloud single scattering albedo (SSAc) retrieved from diffSR measurements for cirrus-cirrostratus cases in
Payerne. The mean SSAc value is 0:98.04.

ity of 0.04. Thus, the variability in the results for SSAc &der than the model uncertainty and confirms the importafice
accurate knowledge of the SSAc values for high-level clouds
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Figure 8. Correlation between COT values retrieved from DSR measuremént¥l'Hhsrz) and from the equation presented in
Barnard and Long (2004YOT Barnara) fOr St-As in Payerne.

6 Comparison COTpsg With independent data sets
400 6.1 Barnard and Longequation

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

Te = exp(2.15+ A+ 1.91 xarctanh(l — 1.74 % Dl ) 5)
Cuyg

wherer,. is the cloud optical thickness (he€@OTs4,narq), A IS the albedo,D the measured broadband diffuse radiation,
405 (' a clear-sky model value and, the airmass. In the current study the clear-sky model vadwmesstimated according to

Aebi et al. (2017). The correlation between i®Tpsr andCOT'By.narq IS Very high (r=0.99) (Figure 8). The mean COT

difference between these two retrieval methods is -12073, showing a slight underestimation@O15,,-nq-q. HOWever

this difference is within the model uncertainty.

The COT estimation formula presented in Barnard and Lon§42& only valid for thick clouds with COT values larger than
410 10. Consequently, this formula cannot be applied to Ci-Ges®ecause 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 OTvoprs). The comparison is
performed for a subset of the St-As data set, taking intowaticihe overpass time of the MODIS satellite. The analysi®rse

415 for MODIS grid points of 3 km, 5x5 km and %7 km above Payerne. Considering the méanTpsr value from data
+ 30 min around the overpass times of the satellite and theebigtpatial resolution results in a matching in 169 cases. At
37.59 (geometric standard deviation 1.68), the geometeiamofCOTp s for this subset is much higher than the geometric
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Figure 9. Correlation between COT values retrieved from DSR measuremé@® [ sr) in Payerne and from MODIS level-2 data
(COTmopr1s) inagrid point of 3x 3 km for St-As.

mean and standard deviation@OT ;o prs (17.35 and 1.90, respectively).

Considering only th&€®OT'psr values which have an exact matching in time with @7,0 prs measurements decreases
the subset to 60 COT measurements, but does not decreastigtende betweed'OTpgsr andCOT )y oprs. The geometric
mean, geometric standard deviation and 2.5th and 97.5depies forCOTpsr andCOTy 0 prs With the different satel-
lite resolutions are shown in Table 4. ThE)Tps R is higher than the value mentioned in Section 5.2.1 becaeiednly a
subset of 60 measurements is taken into account. It is nateyvtinat the difference in the mean 6007,0 prs With differ-
ent resolutions is small. However, at around 18, the diffeegin the geometrical mean betwe€01Tpsr andCOTyvop1s

is rather high. The correlation betweétOTpsr andCOT )y 0prs for the 3x3 km resolution is r=0.74 (Figure 9). Li et al.
(2019) found similar correlation coefficients for stationghina for instantaneous matching of COT data from MODI8 an
radiometers. In their study tt@OT;0prs Values are in general also lower than the ground-based ClD@s/arhe satellite
analysis may only take into account the highest cloud layhkile the values derived from DSR take into account all layer
even though the camera did not allow identification of casesnamultiple cloud layers were present. Another explanatio
might be the slight difference in the wavelength (Baum et24114).

We also used th€’OT\oprs andrers moprs (also L2) and a grid of 83 km to calculate the DSR with libRadtran. This
analysis results in a mean underestimatioDsfRy;0prs of 88 Wm ™2 in comparison to the measured DSR during St-As
conditions in Payerne.

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

Comparing theCOTpsr andCOTy0p1s Values for Ci-Cs shows only three matches in time. For thasetsituations, the
COTyoprs is larger tharCOTps k. But the data set is too small to draw any conclusions fromdbmparison.
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Table 4. Geometric mean, geometric standard deviation and 2.5th and 97.58npkrealues of COT retrieved from ground-based broad-
band shortwave radiatiolC(OTpsr) and from MODIS L2 data with different spatial resolutions<@km, 5x5 km and %7 km) above

Payerne.
COoT Geom. Mean| Geom. Std.| 2.5th | 97.5th
DSR 37.97 1.70 13.25 | 125.68
3x3 km 19.60 1.80 6.73 | 64.39
5x5 km 19.92 1.75 8.53 | 65.40
7x7 km 20.20 1.74 8.66 | 64.28
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Figure 10. Correlation between COT values retrieved from DSR measurem@iai§’6sr) and COT values retrieved from PFR measure-

ments at\ = 412 nm (COTprr) for Ci-Cs in Payerne.

440 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 nffQTprr). The COT values are retrieved at the different channelseirtstruments and corrected
by the corresponding AOD values for the corresponding daydifficult to estimate the effective wavelength that esponds

445 totheCOTpgg values derived from broadband measurements. As an exariglee 10 shows a scatter plot of tATprr
derived at 412 nm versusOTpsr. The correlation of the COT between these two independetiiods is 0.71. The slightly
higher values olCOTprp relative toCOTpsr might result from the different spectral regions used toiee¢ the cloud
optical thickness: the 412 nm channel for the PFR and the iegphortwave spectrum fafOT'psr. The correlation between
COTpsr andCOTprr at 500nm is slightly lower (r=0.60). A slight dependence of the wargjth on the retrieved COT

450 values is also confirmed by the analysis of the COT valuegevetl at other wavelengths of the PFRs. Another explanation
for the discrepancy might be the enhanced forward scattenmering the field of view of the instrument, which causes an
overestimation of the measured direct shortwave radiationpared to the modelled one (Blanc et al., 2014). This &ailts
in an underestimation &afOTprx of Ci-Cs clouds.
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7 Summary and Conclusions

The current study presents a method to retrieve COT, SSAe agnidvalues for the two cloud classes stratus-altostratus and
cirrus-cirrostratus by combining broadband solar shoremadiation (total as well as the direct and diffuse compés)e
measurements with a radiative transfer model. The studgrfpned with radiation data from the BSRN station, Payerne
Switzerland, which can be seen as a reference station fa@ti@u measurements and thus our method can also be applied
at other stations. In total, more than 3,000 St-As measumntsrend 206 Ci-Cs measurements collocated in the time period
January 1, 2013 to December 31, 2017 and in situations withal@ver than 65 are analysed.

In order to test the model-measurement combination pegnom, in a first step more than 12,000 cloud-free measurement
were analysed. With a relative mean difference of 0.93-%.08 %, the simulated cloud-free global DSR is in agreement
with the measured global DSR within instrument uncertaifitye sensitivity analysis shows an expanded model unoégytai
(covering 95 % of the data set) of DSR retrieval of less th&r?2 and thus the difference is also within the model uncestain
Ninety-five percent of the estimated St-A$)Tpsr values are between 11.9 and 91.5 with a geometric mean amdegeo
standard deviation of 33.81 and 1.67. TH@®T s r values are higher in spring and summer than in autumn aneéwiflese
estimated”OT'psr values are in very good agreement with th®7z,,»qrq Values estimated using the empirical equation
of Barnard and Long (2004). The mean difference in the COTiembetween these two methods is -142@.73, which is
within model uncertainty. However, for a subset of the Stdasa setCOTh0prs With a resolution of %3 km is clearly
underestimating our determin€dO7Tpsr values. UsingCOTvoprs andr. f f from MODIS to estimate DSR results in a
mean underestimation of the global irradiance of more tlfe¥®f the measured DSR values in Payerne. Changing thelspatia
resolution and/or the matching in time does not result in alendifference in the mean COT. However, these large éscr
ancies cannot be explained at present, but were also shasthénstudies (e.g. Li et al., 2019).

The 2.5th and 97.5th percentilesrigy ; under St-As conditions in Payerne are grh and 20.4um, respectively and thus are
comparable to values presented in other studies (e.g. HaksE998).

The retrieved mea@'OTps i value from direct broadband shortwave radiation under €¢@hditions in Payerne is 0.830.27

and thus in a similar range as described in other studies @éug 2006; Giannakaki et al., 2007; Hong and Liu, 2015). The
comparison of th€' OTpgsr and theCOTp g values retrieved from PFRs shows correlation coefficients@60 (500nm)

and r=0.71 (412vm). The retrieved mean cloud single scattering albedo valu€i-Cs is 0.91+ 0.04.

It has been demonstrated, that with this method COT, SSAc gndcan be estimated from state-of-the-art data sets in Pay-
erne. The same method could also be applied at other BSRiNnstam order to validate the method. In the case of similar
results in theC’'OT'psr estimation, a long-term data set in cloud properties coalgroduced and could be of use to increase
the availability of cloud optical parameters for e.g. climenodels.

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 &vatlal. (2011) which describes a longwave closure study for
well-defined stratus nebulosus cases in Payerne. Thisfanalysis is important in order to analyse the effect ofalmicro-
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physical properties on longwave radiation as well and teeligvthereafter a more complete picture of the influenceaidl
parameters on the surface radiation budget.

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