Impact of cloud presence on sky radiances and the retrieval of
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ABSTRACT

This paper explores the influence of the presence of clouds on sky radiances. It also analyses their impact on the retrieval of aerosol properties when using an
inversion algorithm whose radiative transfer model (RTM) is designed for cloud-free atmospheres. For that, synthetic observations are simulated for 9 partially
cloudy skies and for their equivalent cloud-free skies, considering 16 different acrosol scenarios. A parameter named cloud enhancement factor (CEF) has been
used to determine the modifications induced in the sky radiances by each partially cloudy scenario with respect to the cloud-free sky. This parameter indicates
that the sky radiances remaining after applying a cloud-screening are affected by the presence of clouds. In general, they show en-hancements between 0 and 20
% with respect to the cloud-free radiances, depending on the cloudy conditions and the scattering angle. The synthetic observations used as input for the retrieval
of aerosol properties are the ones required by the inversion strategy used, GRASP..: the aerosol optical depth (AOD) and sky radiances at 4 different wavelengths
together with the ceilometer range corrected signal (RCS). In partially cloudy scenarios with low CEFs, the acrosol properties do not present significant changes
with respect to the cloud-free conditions. However, for partially cloudy scenarios with higher CEFs, a clear differentiation between the aerosol optical properties
retrieved with and without clouds is observed. In these scenarios, the precision of the retrieval is similar for both conditions, but the accuracy is lower for the
cloudy conditions. In particular, under partially cloudy conditions, it is observed an overestimation of the real refractive index (RRI) and the single scattering
albedo (SSA) between 0.05 and 0.06 and between 0.03 and 0.06 respectively, and an underestimation of the asymmetry factor (g) and the imaginary refractive
index (IRI) of about —0.02 and — 0.005, respectively. These values slightly vary with the aerosol load and wavelength for the RRI and SSA. The effects on the size

distribution parameters are very small, concluding that the impact of clouds is noticeable in the optical properties but not so much in the microphysical part.
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1. Introduction

Atmospheric aerosols constitute the biggest source of uncertainty in the assessment of climate change as reported by the latest evaluation of the
IPCC (Intergovernmental Panel on Climate Change; Forster et al., 2021). This large uncertainty is due to the high spatial and temporal variability of
aerosols across the globe and the complexity of their in-teractions with solar radiation (aerosol-radiation interactions) and clouds (aerosol—cloud
interactions) (Boucher et al., 2013). These in-teractions are related to the direct absorption and scattering of incoming solar radiation, as well as the
modification of cloud properties, since they act as water droplet and ice crystal nuclei and therefore affect the cloud lifetime and albedo. The
interactions depend on the aerosol load, and their optical and microphysical properties. These are variable as well with the aerosol type, and
therefore a precise characterization and monitoring of aerosols on a global scale is of crucial importance.

Several techniques (in situ and remote sensing) and instruments (ground-based and onboard satellites) are used worldwide to monitor aerosols.
Aerosol measurements from satellites are useful for achieving global coverage, but they usually present lower accuracy than ground-based
observations. On the other hand, ground-based instruments are limited to a single-location, but they offer a high accuracy and precision, making them
useful for having long-term data series, and to validate and/or calibrate data from satellites. All this motivated the creation of ground-based
networks around the world to monitor aerosols.

One extended technique to derive aerosol properties is the use of photometers, which measure solar irradiance or even sky radiances at different
wavelengths with narrow spectral filters. This passive remote sensing technique is used by one of the most extended monitoring net-works:
AERONET (AErosol RObotic NETwork; Holben et al., 1998; Giles et al., 2019). The reference instrument of AERONET is the CE318 (Cimel Electronique
manufacturer) ground-based sun-sky photometer. It is designed to measure, at several wavelengths, direct solar irradiance (I), but also lunar
irradiance in the recent CE318-T models (Barreto et al., 2016; Roma n et al., 2020; Gonzalez et al., 2020), and diffuse sky radi-ances (L) at different
sky points. The solar and lunar irradiances can be used to derive the aerosol optical depth (AOD) at different wavelengths during daytime and night-
time, respectively, by applying the Beer-Bouguer-Lambert equation.

Diffuse sky radiance is mainly caused by the scattering of sunlight by gases, clouds and aerosols, hence sky radiances measurements contain
valuable information about the aerosol properties. These measurements can be used in combination with AOD to retrieve advanced aerosol
properties like single scattering albedo (SSA), complex refractive index (real part, RRI and imaginary part, IRI), asymmetry factor (g), or volume size
distribution using inversion algorithms (Dubovik and King, 2000; Dubovik et al., 2002, 2006, 2021; Sinyuk et al., 2020). Most of these inversion
algorithms are iterative methods that look for the set of aerosol properties that best reproduces the measurements given as input (in the case of
AERONET, AOD and sky radiances). This method consists of a statistically optimized search of the set of properties that minimizes the residuals
between the real measurements given as input and the mea-surements that would be reproduced for that set of properties. To this end, they use a
radiative transfer model (RTM) to simulate the sky ra-diances and AOD for any set of aerosol properties. In general, the RTM used by inversion
algorithms (like the used by AERONET) do not consider the presence of clouds, henceforth they conduct the radiative transfer simulations
considering a cloud-free sky.

Despite input measurements are usually filtered out using cloud-
screening criteria to remove those points where clouds are located, the presence of clouds can also modify the sky radiances at cloud-free points away
from the clouds (Roman et al., 2022a). Since these modifications are not accounted for in the RTM, the inversion of these modified ra-diances would
yield to a set of aerosol properties that might be different than the real ones. That is, the aerosol properties given by the inversion algorithm
correspond to an aerosol scenario that would produce these modified sky radiances in a cloud-free sky. A precise knowledge of some aerosol properties is
essential to accurately assess their radiative impact; therefore, utilizing aerosol properties retrieved under partially cloudy scenarios might introduce
biases with respect to their real effect.

Some RTMs, like the 3D solver MYSTIC from libRadtran (Emde et al., 2016), allow the definition of clouds in order to conduct 3D radiative transfer
simulations for cloudy conditions, which can be useful to determine the modifications induced by the presence of clouds in the sky radiances with
respect to the cloud-free situation. This was previously considered by Grob et al. (2019) to investigate the impact of clouds on the retrieval of
aerosol using polarimetric measurements. This frame-work motivates the main objective of this work, which is to analyse and quantify the effect of
the presence of clouds in the sky radiances for partially cloudy skies and how the use of these sky radiances as input for inversion algorithms affects
the retrieval of aerosol properties.

This work is organized as follows: the two algorithms to be utilized and the aerosol scenarios considered in the study are described in Section 2.
Section 3 comprises the main results regarding the evaluation and characterization of the partially cloudy and cloud-free scenarios used for the
retrieval of aerosol properties, and the evaluation of the properties obtained. Finally, the main conclusions of the work are summarized in Section 4.

2. Methodology

This section first describes the two algorithms used throughout the paper: GRASP (Section 2.1), where it is detailed the inversion strategy
followed, and MYSTIC (Section 2.2). Afterwards, in Section 2.3, it is given an overview of the aerosol and cloudy scenarios used for the analysis.
Finally, it is detailed the procedure used to simulate the observations that will be latter used as input for the inversion algorithm, following the
described inversion strategy.



2.1. GRASP

GRASP (Generalized Retrieval of Atmosphere and Surface Proper-ties; Dubovik et al., 2014, 2021) is a versatile and flexible inversion
algorithm designed to retrieve microphysical and optical aerosol prop-erties and optical surface properties. It mainly consists of two inde-pendent
modules: the forward model, that carries out the radiative transfer simulations, and the numerical inversion module, which is used in combination
with the forward module for the retrieval of aerosol properties.

The forward module is based on the “successive orders of scattering” approach (Lenoble et al., 2007; Herreras-Giralda et al., 2022), and ac-
counts for multiple-scattering and light polarization. This forward module can be very useful to simulate synthetic measurements by providing the
model with parameters that describe the atmospheric conditions: aerosols, gases and solar zenith angle (SZA) mainly. GRASP works with normalized
radiances, thus, a factor must be applied to transform the output into radiance units and vice-versa if they are used as input for the inversion module
(see Herrero-Anta et al., 2023).

The numerical inversion module is an iterative algorithm that uses the multi-term least squares method (Dubovik and King, 2000), based on the
maximum likelihood method, to find a statistically optimized solution (the set of aerosol properties); i.e. the one that minimizes the re-sidual
between the observations given as input and the synthetic observations reproduced by the forward module for that set of proper-ties. The
optimization is achieved applying a Levenberg-Marquardt linear fitting on each iteration to optimize an initial guess vector (the initial set of
aerosol properties). This method allows the use of constraints to restrict the range of possible values that some properties can take and as well as the
smoothness in the variation of the properties with some parameter such as wavelength or radius. In the output GRASP returns the residual (see
Roman et al., 2022b), which is a measure of the goodness of the fitting, and can be used to reject the inversions with a low convergence (high
residual).

2.1.1. Inversion strategy

The inversion strategy used in this work is the so called GRASP,,.. It was developed and validated by Roman et al. (2018) to retrieve columnar
and vertically resolved aerosol properties from the combina-tion of photometer and ceilometer measurements, hence its name pac. GRASP,, has
already been used in different aerosol studies (Titos et al., 2019; Herreras et al., 2019; Bazo et al., 2023; Salgueiro et al., 2023) and even implemented
in automatic processing systems to process data in near-real time (Herrero del Barrio et al., 2025).

The inputs for this inversion strategy are: the AOD and the sky ra-diances at 440, 675, 870 and 1020 nm measured from photometers, and the
range corrected signal (RCS) at 1064 nm from a ceilometer. The sky radiances can be measured by photometers at different geometries. Here, only
the sky radiances from the almucantar geometry (sky points with zenith angle equal to the solar zenith angle) at the scattering angles
used by AERONET (Sinyuk et al., 2020) have been considered; i.e., those with azimuth angle (relative to the Sun) equal to: 3.5¢°, 4°, 5°, 6°, 7°, 8°, 10°, 12°,
14¢, 16°, 18°, 20°, 25°, 30°, 35°, 40°, 45°, 50°, 60°, 70°, 80°, 90°, 100°, 120°, 140°, 160°. The sky radiances in the almucantar are measured in
two symmetric branches with respect to the Sun, so that the value used for the inversion at each scattering angle is the mean of the pair of symmetric
points. This symmetry is also used for AERONET cloud-screening criterion (Holben et al., 2006, level 1.5 of AERONET version 2), so that if the
relative difference between a pair of symmetric points is higher than 20 %, the sky radiance corresponding to that scattering angle is rejected. The
RCS is given at 60 log-spaced bins at different heights, as in Lopatin et al. (2013), between 250 m and 7000 m a.g.l., and normalized by the integrated
RCS. A detailed description of the methodology can be accessed in Roma’n et al. (2018).

In order to evaluate whether the scenarios are suitable for inversion, AERONET applies a quality assurance criterion to the sky radiances

remaining after cloud-screening. For each wavelength, it only considers the sky radiance distribution representative if there is at least one
measurement in each of the following scattering angle regions: > 3.2° to

6° = 6 to 30°; > 30" to 80°; and > 80". In this work the 80° scattering angle limits have been replaced by 78° to include scenarios with SZA = 40°,
since for that solar elevation the 80 scattering angle corresponds to the 180° azimuth angle, which is not considered in the inversion (Rom”an

et al., 2018). If the sky radiances for certain inversion do not satisfy the quality assurance criterion for the four wavelengths the inversion will be
rejected.

GRASP,,. gives as output a set of column-integrated properties and vertical profiles of extensive properties. We will focus here in the anal-ysis
of the most representative: single scattering albedo, asymmetry factor, and complex refractive index at 440, 675, 870, 1020 and 1064 nm; and the
volume size distribution which is assumed as a 22 triangle radius bins distribution. For the volume size distribution the bi-
lognormal size distribution parameters have been extracted: volume median radius (r), standard deviation of log-normal distribution (o) and aerosol
volume concentration (VC), all for fine (f) and coarse (c¢) modes. The residual of the final inversion will be used as a quality assurance criterion for
convergence; retrievals with a value higher than 10 % will
be rejected.

2.2. libRadtran/MYSTIC

libRadtran (library for Radiative transfer; Mayer and Kylling, 2005; Emde et al., 2016) is a widely used software package for radiative transfer
calculations. This package includes the radiative transfer solver MYSTIC (Monte Carlo code for the phYSically correct Tracing of photons In Cloudy
atmospheres; Mayer, 2009; Emde et al., 2010), which allows 3D radiative transfer simulations by Monte Carlo techniques. It is ideal to estimate sky
radiances under partially cloudy scenarios.



In this work we have used MYSTIC (libRadtran version 2.0.5) to simulate the same sky radiances used in the GRASP,,. (see Section 2.1.1) under
different aerosol conditions. These simulations have been done for different partially cloudy scenarios but also for their equivalent sce-narios without
clouds. MYSTIC has been run with the Variance Reduc-tion Optimal Options Method (VROOM; Buras et al., 2011) using a total of one million of
photons to be traced and a minimum value of photons to be used per sky radiance simulation. Polarization has been considered in the simulations
(Emde et al., 2010).

2.3. Scenario description

In order to have a representative set of aerosol conditions, different aerosol types and loads have been considered for the inversion. Four aerosol
types have been selected to cover a representative range of ab-sorption and size distribution properties, corresponding to the key aerosol types
observed worldwide: urban, biomass burning, dust and oceanic. One kind from each of the mentioned aerosol types has been extracted from the
climatology developed by Dubovik et al. (2002): African Savanna (ZAMB; Zambia) for biomass burning, Solar Village (SOLV; Saudi Arabia) for
dust, Goddard Space Flight Center (GSFC; Maryland, USA) for urban, and Lanai (LANA; Hawaii, USA) for oceanic. These aerosol types are mainly
characterized by their complex refractive index, the bimodal size distribution and the spherical particle fraction (fraction of sphere/non-sphere
particles; Sph), all extracted from Torres et al. (2017).

Four scenarios with different aerosol loads have been created for each aerosol type, resulting in a total of 16 (4 X 4) aerosol scenarios. These
aerosol loads correspond to AOD at 440 nm (4ODu4) values of 0.1
(low load), 0.2 (moderate load), 0.4 (high load) and 1.0 (extreme load). For simplicity, the acrosol has been assumed to be vertically distributed in a
triangular layer with maximum concentration at 2 km a.g.l. and zero
at 1 km and 3 km a.g.1. In this study we have used the coordinates of Valladolid, Spain (41.6639° N, 4.7056° W), with an altitude of 0 m a.s.1. for the
location. The surface reflectance has been assumed to be zero,
since we will use synthetic observations and for ground-based atmo-spheric measurements the reflected light is of second-order importance
(Dubovik and King, 2000).

The inversion of aerosol properties is not usually carried out under high cloud cover conditions since a high amount of sky points are covered
by a cloud or the sun is obstructed by clouds. Therefore, this study will be conducted only for partially cloudy skies with not obstructed Sun that
overcome the cloud-screening and quality assurance criteria detailed in Section 2.1.1. 3D fields of partially cloudy skies have been extracted from the
dataset by Jakub and Gregor (2022), which comprises a 6-h evolution of clouds with an ever increasing cloud deck, at times 90 (Cloud cover A),
150 (Cloud cover B) and 152 min (Cloud
cover C), represented in Fig. 1. These cloud fields are defined on a 256 X
256 horizontal grid with a 25 m pixel resolution. The vertical resolution consists of 119 layers, ranging from 0 to 5.5 km a.g.1., with a resolution that
varies from 25 m in the lowest layers to 78 m in the highest. The three cloudy scenarios correspond to shallow cumulus located about 1 km a.g.l.
with low to moderate cloud presence (cloud fractions of 13.2
%, 36.5 % and 34.0 %, respectively) and different liquid water content (LWC) and cloud optical depths (COD) values (see Fig. 1). COD presents values
about 10 in the Cloud cover A, while it reaches maximum values close to 50 and 40 in the B and C cases, respectively. More information about the
cloud properties of the three Cloud cover cases is detailed in Table 1.

For each cloud cover, different Sun positions have been considered. Since the sky radiances in the points of the almucantar depend on the
relative position of the Sun, this will determine different partially cloudy scenarios for the same cloud cover. Three different SZAs and solar azi-
muth angles (SAA) have been considered for each of the three cloud covers, resulting in a total of 9 (3 X 3) partially cloudy scenarios. The all-sky
images simulated for these cloud covers can be seen in Fig. 2.
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Fig. 1. Cloud liquid water content (LWC; upper panels) and vertically integrated cloud optical depth (COD; bottom panels) for the three cloudy scenarios: Cloud
cover A (left), B (middle) and C (right).

Table 1

Overview of the aerosol and cloud cover properties used to create the analysed scenarios. The aerosol types include ZAMB (biomass burning), SOLV (dust), GSFC
(urban), and LANA (oceanic), and are described by the real refractive index (RRI), imaginary refractive index (IRI), the bi-lognormal parameters of the volume size

distribution (volume median radius (r), standard deviation of log-normal distribution (0) and aerosol volume concentration (VC)) for the fine (f) and coarse (c) and the
spherical particle fraction (Sph). The main characteristics of the cloud covers are: the relative Sun position, defined by the solar zenith angle (SZA) and the solar

azimuth angle (SAA), the cloud fraction (CF), the cloud base (CBH) and top (CTH) heights, the maximum (and mean, in parenthesis) cloud optical depth (COD), the
maximum (and mean, in parenthesis) liquid water content (LWC) and maximum (and mean, in parenthesis) effective radius (Rey).

Ve, l"uml/ymZJ

AOD (440 nm) RRI IRI rylpm) re[um] aylum] o [um] Ve t ) #mz] Sph
(440-1064 (440-1064 (%)
nm) nm)
ZAMB 0.1,0.2, 04, 1.51 0.0210 0.12 + 0.025 3.22 + 0.71 0.40 0.73 0.12 AOD449 0.09 AOD449 100
1.0 AODusg AODusg
SOLV 1.56 0.0029 0.12 2.32 0.40 0.60 0.02 + 0.02 -0.02 + 0.98 0
AODa49 AODa49
GSFC 1.41-0.03 0.0030 0.12 + 0.11 3.03 + 0.49 0.38 0.75 0.15 AODa449 0.01 + 0.04 100
AODusg AODusg AODusg AODa49
LANA 1.36 0.0015 0.16 2.70 0.48 0.68 0.40 AODa40 0.80 AODa40 100
SZA SAA CF (%) CBH CTH COD LWC R«/r(‘uml)
(0] 0 (km a.g.l) (km a.g.l) (g/m’)
40 135
Cloud 55 135 13.2 0.846 1.188 11.243 0.394 10.150
cover (2.254) (0.098) (5.836)
A
70 135
40 45
Cloud 50 50 13.2 0.945 1.687 53.019 1.183 14.640
cover (7.450) (0.227) (7.674)
B
55 45
40 45
Cloud 50 50 34.0 0.945 1.606 42.417 1.080 14.200
cover (8.088) (0.233) (7.747)
C
55 90




The 16 aerosol scenarios have been considered under the 9 partially cloudy scenarios, obtaining a total of 9 X 16 clouds-aerosol scenarios. A
summary of the aerosol and cloud cover properties used to create the
scenarios has been included in Table 1.

2.4. Observations simulation

The inversion strategy used in this study, GRASP,.., uses as input three different observations: sky radiances, AOD and RCS. These ob-
servations have been simulated using the two RTMs described in 2.1 and
2.2: GRASP and MYSTIC. The measurements have been generated for the 9 X 16 clouds-aerosol scenarios described in the previous section, but
also for the equivalent cloud-free conditions, which will be used as
the reference retrieval. The RTM from GRASP has been used to simulate the sky radiances, AOD and RCS under cloud-free conditions. This module
does not consider the clouds, therefore, MY STIC has been used to simulate the sky radiances for cloudy conditions. The sky radiances
have been simulated with MYSTIC for the 9 X 16 clouds-aerosol sce-
narios and for the equivalent cloud-free situation, in order to calculate the enhancement induced by the presence of clouds. This enhancement will
be added to the sky radiances simulated with GRASP in cloud-free conditions, to derive the synthetic observations under partially cloudy conditions.
In this way, only the sky radiances are affected by clouds presence; the AOD and RCS are assumed to be unaffected.

The aerosol properties for the input to the forward module (RTM) from GRASP have been directly extracted from the climatology values of Dubovik
et al. (2002), i.e.: the bimodal size distribution parameters for fine and coarse modes, the complex refractive index at 440, 675, 870, 1020 and 1064
nm, and the spherical particle fraction for the corre-sponding aerosol load and type. The aerosol properties at 1064 nm have been assumed to be
equal as for 1020 nm, since they are not included in the climatology. The spherical particle fraction has been considered 0 for SOLV for all
aerosol loads, as a simplification based on the values given in Torres et al. (2017). Finally, for the vertical aerosol distribution, the corresponding
concentration at each altitude has been calculated for the assumed vertical triangular distribution and introduced by the RCS at 1064 nm as
described in 2.1.

In MYSTIC, the aerosol properties are introduced by the AOD, the aerosol phase function and the single scattering albedo, all at 440, 675, 870
and 1020 nm. These parameters have been extracted from the output file given by the forward module from GRASP. Finally, the ver-tical aerosol
distribution has been introduced by the fraction of aerosol concentration at each height.

Cloud cover A (12.3%)

SZA= 55° SAA = 135° SZA= 70° SAA = 135°

Cloud cover B (36.5%)

SZA= 40°°SAA =45° SZA= 50° SAA =50° SZA= 55° SAA = 90°

Fig. 2. Simulated all-sky images produced with MYSTIC for the 9 partially cloudy scenarios created with the 3 different cloud covers using different Sun positions
(different solar zenith angle, SZA and solar azimuth angle, SAA), where the south direction corresponds to a SAA value of 0°: a)-c) Cloud cover A, d)-f) Cloud cover B,
g)-1) Cloud cover C. The red points correspond to the sky points measured by CE318-T photometers in the almucantar geometry. The values in parenthesis indicate
the cloud fraction of each cloud cover. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



In this study, the input data used for the inversion correspond to synthetic measurements. Since real measurements have some uncer-tainty
associated to the instrument, the synthetic observations have been perturbed. As we have used GRASP,, for the inversion, which was developed to
use data from photometers and ceilometers, the uncertainty associated with these instruments has been used to introduce a Gaussian distributed
random noise as described in Roman et al. (2018). A total of 200 perturbed sets of synthetic observations have been created for each of the original 9
X 16 sets of observations (without perturba-tion), assuming the instrumental uncertainty of the measurements as the

perturbing noise (see Roman et al., 2018; Roman et al., 2022b; Herrero-Anta et al., 2023). The perturbed sky radiances from all cloud-free and partially
cloudy synthetic observations have been subjected to the cloud-screening and quality assurance criteria in order to reject the observa-tions not
suitable for the inversion.

3. Results
3.1. Cloud-free scenarios: Sky radiances comparison

As mentioned before, the RTM from GRASP does not consider the presence of clouds, and therefore it is necessary to use a 3D RTM like
MYSTIC to simulate the sky radiances under partially cloudy skies. In order to check whether the two models are comparable, the sky radi-ances
simulated with both models in the almucantar geometry for cloud-free conditions have been compared for the 16 aerosol scenarios and different SZA
values (40°, 50°, 55° and 70°), in accordance with those used for the partially cloudy scenarios. The “2000 ASTM Standard Extraterrestrial

Spectrum Reference E-490-00 (http://rredc.nrel.go v/solar/spectra/am0), has been used to convert the output from both RTMs into radiance
physical units.

In Fig. 3 sky radiances from MYSTIC and GRASP have been plotted against the scattering angle at the photometer wavelengths for the ZAMB
aerosol type with an AOD4s of 0.4 and a SZA value of 40°. Both sky radiances show a very similar behaviour at the four wavelengths,

with slightly higher differences observed at the smallest scattering an-gles. For a detailed analysis the relative differences between MYSTIC and
GRASP sky radiances (ALuysric-crasp) have been calculated and included in the panel b of Fig. 3. These differences are usually within + 1%
except for the two highest scattering angles, where they reach values of 2% and specially for those in the solar aureole region, that present values of
almost 4%. These results are similar for all the wavelengths and they do not present a clear pattern. The observed differences might be partially caused
by the random nature of the Monte Carlo method employed by MY STIC, which also explains why the relative differences are not symmetric with the
scattering angle.

For a global analysis of the correlation between both models, the average of the differences has been calculated considering the 16 available
aerosol scenarios for each SZA. The mean values and the corresponding standard deviations obtained at each scattering angle and wavelength are
shown in Fig. 4 for each SZA. The general behaviour is similar to the one obtained for the single aerosol scenario of Fig. 3,
showing higher relative differences at the lowest and the highest scat-tering angles (> 70°), but generally within 2% for all the SZAs. Here it can be
appreciated a dependence with respect to the SZA, showing lower
differences for higher SZAs (lower Sun elevation), specially for the scattering angles in the solar aureole region.

3.2. Cloud enhancement factor under partially cloudy scenarios

The effect of the presence of clouds in the sky radiances has been quantified with a new parameter named cloud enhancement factor (CEF). It
has been defined, for each wavelength and scattering angle, as the ratio of the sky radiance under cloudy conditions to the sky radiance under the
equivalent scenario in cloud-free conditions. In this work, the CEFs in the almucantar geometry have been calculated using the sky radiances
simulated with MY STIC for the cloudy and cloud-free condi-
tions for each of the 9 X 16 clouds-aerosol scenarios.

The sky radiances simulated in the almucantar for cloud-free and partially cloudy conditions (Cloud cover C with SZA = 50° and SAA = 50° for

ZAMB aerosol type; Fig. 2h) are shown in Fig. 5 with their cor-
responding CEF values for different AOD values. The sky radiances, shown in the upper panel, present sharp changes with the scattering angle for

the partially cloudy conditions, which are related to the presence of clouds in those points of the sky (as can be seen in Fig. 2h). The sky radiances at
these points are much higher than in the cloud-free conditions, where there is a smooth variation with respect to the scattering angle and,
therefore, the corresponding CEFs are very high too. In the points where no clouds are located the differences in the sky radiances are not visually
noticeable.
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Fig. 3. a) Sky radiances (L) in the almucantar geometry simulated with MYSTIC (cross marker) and GRASP (circle marker) as a function of the scattering angle
(negative angles represent negative azimuth values), at 440, 675, 870 and 1020 nm. The aerosol scenario corresponds to ZAMB under cloud-free conditions with an
AOD at 440 nm of 0.4 and a solar zenith angle of 40° and b) the corresponding relative differences (ALurvsric-Grasp) between the MYSTIC and GRASP simulated sky
radiances of the upper panel.
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Fig. 4. Error bar plots of the mean relative differences between the sky radiances (L) simulated with MYSTIC and GRASP calculated considering the 16 different
aerosol scenarios for solar zenith angle (SZA) equal to 40° (a), 50° (b), 55° (c) and 70° (d). The error bars represent the standard deviation of the average.

Fig. 5 also shows a decrease in CEF values when AOD increases. This is because more light is scattered by aerosols as the AOD increases, which
increases the sky radiance in cloud-free conditions. Therefore, the ratio between the radiance in a point affected by clouds and the corre-sponding
radiance for cloud-free conditions is lower. This can also difficult the differentiation of clouds with respect to a cloud-free back-ground with high
aerosol load. The sky radiances at angles where a cloud is viewed (cloud-contaminated) are usually identified using cloud-screening algorithms, like
the one from AERONET, which evaluates the differences between symmetric sky radiances. This criterion has been applied to the simulated sky
radiances to detect the CEF corresponding to cloud-contaminated scattering angles, and have been labeled with cross markers in the bottom panels
of Fig. 5. As it was expected, some cloud-contaminated data are not correctly identified when the AOD increases. This effect is primarily observed
at 440 nm due to the higher



background sky radiance at this wavelength under cloud-free condi-tions; i.e. for scattering angles between 50 and 100° in Fig. 5g and h. The cloud-

screening used is applied separately for each wavelength, because
real measurements are not instantaneously recorded for all the wave-lengths and, therefore, these contaminated measurements may be included in

the retrieval.
The CEF has been averaged over the four types of aerosol for each partially cloudy scenario and aerosol load to obtain a more represen-tative

result of each scenario for all aerosol types, since they show a similar behaviour. The averaged CEF values and their standard devia-tion (error
bars) are shown in Fig. 6 for the nine partially cloudy sce-narios when 4ODyy is 0.2. In this figure, the CEF values corresponding to sky radiances
identified as cloud-contaminated have not been included. Unlike in Fig. 5, where there are very high CEF values corre-sponding to the clouds, in
Fig. 6 it can be clearly appreciated the effect of clouds only in the sky radiances that pass the cloud-screening criterion. Fig. 6 points out that higher
CEF values appear for high scattering angles and they are higher at longer wavelengths, except for scattering
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Fig. 5. Sky radiances (L) in the almucantar geometry simulated with MYSTIC for the ZAMB aerosol type in cloud-free conditions (circle marker) and partially cloudy
conditions (Cloud cover C with SZA = 50° and SAA = 50°) (cross marker) and the corresponding CEFs at 440, 675, 870 and 1020 nm for AOD at 440 nm (4ODaa0)
equal to 0.1 (a,e), 0.2 (b,f), 0.4 (c,g) and 1.0 (d,h). The CEF values corresponding to the scattering angles at which the sky radiances do not pass the cloud-screening

are marked with a cross and those that do pass with an empty circle.
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Fig. 6. Error bar plots of the mean cloud enhancement factor (CEF) for AOD at 440 nm (4ODa40) of 0.2 calculated averaging the CEF of the four aerosol types for

each cloud cover as a function of the scattering angle. The error bars represent the standard deviation of the average. Only the scattering angles that satisfy the cloud-
screening criterion have been plotted.

angles close to the solar aureole. This behaviour in the aureole is mainly due to aerosols, because their scattering is stronger at shorter scattering
angles (e.g., see Fig. S5 of Roman et al., 2022b), specially for coarse particles, causing higher cloud-free sky radiances and, hence, lower CEF values
at these angles. It also explains the different spectral behaviour of the CEF with the scattering angle since the lower angles are dominated by aerosol
scattering, with lower spectral dependence, and the higher ones are dominated by Rayleigh scattering, with a higher spectral dependence that
increase the CEF values at longer wavelengths. Fig. S1 included in the supplementary material, which is similar to Fig. 6 but

considering a pure Rayleigh cloud-free atmosphere (AOD = 0), corrob-

orates this explanation: if there are no aerosols then the CEF values are higher, with a lower dependence on scattering angle, and always higher for
longer wavelengths. This was expected because the Rayleigh scat-tering is stronger for shorter wavelengths and its variation with scat-tering angle
is lower than in the Mie scattering from aerosols. In addition, the significant asymmetries on the CEF values with respect to the scattering angle
observed in Fig. S1 (e.g. in Cloud cover C with SZA = 50° and SAA = 50° Fig. 2h), reveal that the enhancement caused by clouds could also depend

on the cloud positions regarding the observed sky point, with higher enhancements closer to the clouds.

To characterize each partially cloudy scenario, the mean and median CEF values at each wavelength have been calculated considering all the
scattering angles that pass the cloud-screening criterion. These values have been also collected in Table 2 for each partially cloudy scenario and
AOD. For all the scenarios it is observed that the median CEF values decrease with the AOD, which is more evident at shorter wavelengths. For
higher aerosol load, the sky radiance increases and therefore the ratio between cloud-free and cloudy conditions is smaller. In contrast, the mean
values generally increase with the AOD. The cloud-screening exhibits a worse performance for higher aerosol loads and therefore some cloud-
contaminated points are not correctly identified and introduced in the average. The Cloud cover A (12.3 % of cloud fraction) is in general the one that
presents the lower cloud impact in the sky radiances, which presents a median enhancement of about 0-3 %. For the Cloud cover B (36.5 % of cloud
fraction) and C (34.0 % of cloud fraction) a higher enhancement is observed, with median values of about 1-5 %. These values are strongly influenced
by the low values observed at the scattering angles from the solar aureole, where there are more points, but it can be clearly seen (Fig. 6) that the
CEF values are higher for longer scattering angles in Cloud cover B and C, with enhancements around 10-20 %. Some extreme values appear for
the means due to cloud-contaminated points, specially for the Cloud cover B with SZA = 55° and SAA = 45° (Fig. 2f) and the Cloud cover C with SZA

= 55° and SAA = 90° (Fig. 2i), where there are symmetric points with clouds which are not efficiently filtered. This could be partially caused by the

artificial cloud scene, where likely the clouds are more similar than in reality.
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Table 2

Mean (an median in parenthesis) cloud enhancement factor (CEF) values at wavelengths (1) of 440, 675, 870 and 1020 nm for each partially cloudy scenario (three Sun positions for each of the three cloud covers) for AOD

at 440 nm equal to 0.1, 0.2, 0.4 and 1.0. Only the CEFs corresponding to sky radiances identified as cloud-free with the cloud-screening have been considered in the average.

Cloud cover A

SAA

SZA = 70°

SAA

SZA = 55°

SAA =

SZA = 40°

A (1020 nm)
1.038 (1.027)
1.033 (1.026)
1.037 (1.023)
1.020 (1.014)

A (870 nm)
1.034 (1.030)
1.045 (1.026)
1.035 (1.020)
1.020 (1.012)

A (675 nm)

A (440 nm)
1.028 (1.020)

1.015 (1.013)
1.006 (1.009)
0.998 (1.008)

A (1020 nm)
1.027 (1.012)
1.024 (1.008)
1.021 (1.008)
1.021 (1.008)

A (870 nm)
1.026 (1.014)
1.024 (1.011)

A (675 nm)
1.024 (1.017)
1.020 (1.011)

A (440 nm)
1.019 (1.012)

1.016 (1.010)
1.015 (1.008)
1.009 (1.005)

A (1020 nm)
1.012 (1.004)
1.011 (1.004)
1.009 (1.004)
1.008 (1.004)

A (870 nm)

A (675 nm)
1.013 (1.008)

1.010 (1.007)
1.008 (1.004)
1.037 (1.003)

A (440 nm)

AOD (440 nm)

1.039 (1.027)
1.030 (1.023)
1.026 (1.016)
1.020 (1.011)

1.013 (1.007)
1.011 (1.006)
1.009 (1.005)
1.007 (1.003)

1.012 (1.009)
1.010 (1.008)
1.038 (1.005)
1.022 (1.004)
Cloud cover B

SZA Y4 40°

0.1

0.2

1.019 (1.008)
1.018 (1.006)

1.021 (1.008)
1.021 (1.007)

0.4
1.0

SAA Vs

SZA Y4 55°

SAA Vs

SZA Y4 50°

SAA Vs

A (1020 nm)
2.742 (1.038)

A (870 nm)
2.125 (1.046)

A (675 nm)

A (440 nm)
1.140 (1.053)

1.108 (1.041)
1.074 (1.029)

A (1020 nm)
1.065 (1.034)
1.055 (1.028)
1.048 (1.025)
1.039 (1.022)

A (870 nm)
1.066 (1.039)
1.055 (1.035)
1.047 (1.027)
1.037 (1.022)

A (675 nm)
1.066 (1.050)
1.053 (1.035)
1.043 (1.027)
1.033 (1.020)

A (440 nm)
1.062 (1.052)

1.049 (1.038)

A (1020 nm)
1.033 (1.011)
1.029 (1.012)
1.027 (1.013)
1.022 (1.011)

A (675 nm) A (870 nm)
1.042 (1.028)

A (440 nm)

AOD (440 nm)

1.546 (1.055)
1.362 (1.042)
1.210 (1.031)
1.084 (1.023)

1.037 (1.017)
1.030 (1.014)
1.026 (1.015)
1.021 (1.012)

1.049 (1.043)
1.037 (1.029)
1.068 (1.021)
1.070 (1.021)

0.1

1.992 (1.034)
1.513 (1.028)
1.183 (1.026)

1.674 (1.039)
1.361 (1.033)
1.134 (1.024)

1.033 (1.022)
1.026 (1.016)

0.2

1.038 (1.027)
1.049 (1.023)

0.4
1.0

1.054 (1.024)

1.062 (1.013)

Cloud cover C
SZA Y4 40°

SAA Vs

SZA Y4 55°

SAA Vs

SZA Y4 50°

SAA Vs

A (1020 nm)
4252 (1.031)
2.871 (1.031)

A (870 nm)
3.112 (1.043)

A (675 nm)
2.253 (1.033)

A (440 nm)
1.219 (1.052)
1.158 (1.038)
1.101 (1.031)
1.046 (1.023)

A (1020 nm)
1.053 (1.027)
1.047 (1.023)
1.042 (1.021)
1.035 (1.020)

A (870 nm)
1.057 (1.036)
1.048 (1.031)
1.041 (1.025)
1.033 (1.020)

A (675 nm)
1.059 (1.046)
1.048 (1.036)
1.038 (1.025)
1.089 (1.019)

A (440 nm)
1.058 (1.050)

1.045 (1.037)
1.085 (1.028)
1.057 (1.021)

A (675 nm) A (870 nm) A (1020 nm)
1.039 (1.035)
1.029 (1.024)
1.022 (1.019)

A (440 nm)

AOD (440 nm)

1.992 (1.051)
1.638 (1.037)
1.359 (1.027)
1.126 (1.024)

1.029 (1.017)
1.025 (1.015)
1.022 (1.014)
1.019 (1.014)

1.034 (1.026)
1.027 (1.020)
1.023 (1.018)
1.018 (1.014)

1.046 (1.045)
1.034 (1.032)
1.031 (1.021)
1.039 (1.016)

0.1

0.2

1.963 (1.026)
1.327 (1.023)

1.659 (1.028)
1.227 (1.024)

0.4
1.0

1.024 (1.015)
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3.3. Retrieval of aerosol properties under partially cloudy scenarios

Once determined the CEF for each scenario, in this subsection we
have studied the impact of this sky radiance enhancement on the
retrieval of aerosol properties under partially cloudy conditions. To this
end, we have used the set of synthetic observations (sky radiances, AOD
and RCS) generated with the RTMs (see Section 2.4) for 8 X 16 cloud-
aerosol scenarios; the Cloud cover C with SZA = 40° and SAA = 45°
scenario has been discarded since it does not present enough scattering
angles to pass the quality assurance criterion detailed in 2.1.1 (see
Fig. 6) for any aerosol scenario. Only the N-convergent aerosol proper-
ties retrieved by GRASP,,. for these observations (200 for each partially
cloudy/cloud-free scenario, minus those rejected by the cloud-screening
criteria) have been averaged to obtain the mean aerosol properties for
each clouds-aerosol scenario together with their standard deviation.

The analysis of the aerosol properties retrieved under partially
cloudy scenarios has been divided into two parts. First, an analysis has
been conducted using some particular cloudy scenarios: one with low
and other with higher CEF values. Finally, an average analysis has been
performed using only partially cloudy scenarios which show a clear
impact of clouds, in order to estimate the bias introduced by their
presence in the retrieved aerosol properties.

3.3.1. Individual cases of study: Weak and stronger sky radiance
enhancement

The Cloud cover A with SZA = 55° and SAA = 135° (Fig. 2b) has been
selected as a weak cloud impact scenario, since it presents median en-
hancements of 0.5—-1.7 % (see Table 2).

The mean and standard deviations of the retrieved RRI, IRI, SSA, g
and size distribution from the cloud-free and partially cloudy scenarios,
but also the ones corresponding to the reference aerosol, have been

plotted for the aerosol types ZAMB (fine), in Fig. 7, and SOLV (coarse), in

Fig. S2 in the supplementary material. In both cases, the aerosol prop-
erties retrieved under the cloudy and the equivalent cloud-free condi-
tions generally show a good correlation with the reference aerosol
properties, especially for high AOD as expected (Holben et al., 2006). In
the case of the RRI, SSA and g the presence of clouds shows some impact,
as the values retrieved for these conditions are more separated from the
reference values than those from cloud-free conditions. Nevertheless, as
the shaded areas indicate, this difference is within the uncertainty of the
retrieval for cloud-free conditions. The retrieved volume size distribu-
tion is similar in both retrievals; no significant differences are observed.
The same plots for GSFC and LANA, included in Fig. S3 and S4
respectively in the supplementary material, show similar results than
ZAMB and SOLV; we do not observe a clear dependence on type of
aerosol.

For a quantitative analysis, the differences between the retrieved
properties and the reference values have been calculated for each indi-
vidual retrieval; i.e. the 200 (perturbed observations) x 16 (aerosol
scenarios) retrievals that satisfy the quality criteria for the cloud-free
and partially cloudy scenarios. The means and standard deviations of
these differences for the partially cloudy and the equivalent cloud-free
scenarios, calculated for each aerosol load and considering the re-
trievals from the four aerosol types, have been reported in Table 3. For
the optical properties, the mean differences for both cloudy and cloud-
free conditions decrease (in absolute value) for higher AODs, as ex-
pected; while these differences for the volume size distribution param-
eters do not show any clear dependence with AOD. For the optical
properties, the precision (standard deviation) improves for higher AODs
in both cloudy and cloud-free conditions, but for the volume size dis-
tribution parameters it remains similar for all AODs. In particular, for
the SSA the precision decreases (the standard deviation increases) at
longer wavelengths. For all the parameters, the standard deviations
obtained in cloudy conditions are similar to the ones obtained in the
cloud-free conditions, indicating that the precision of the retrieval is not
related to the presence of clouds. However, there is a significant change
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Fig. 7. Mean values of the retrieved aerosol properties under cloud-free (blue dashed line) and partially cloudy conditions (red dashed line) for the Cloud cover A
with SZA = 55° and SAA = 135° for the ZAMB scenarios. Original properties are included as reference (black solid line). The shaded area represents the standard

deviation of the properties for the cloud-free and partially cloudy scenarios. The number of available retrievals (N) used for the average for the cloud-free
(NPpcioud-free) and the partially cloudy (Npariaiy cioudy) scenarios, at each AOD, have been included. Each column corresponds to one aerosol property; in order: real
refractive index (RRI), imaginary refractive index (IRI), single scattering albedo (SSA), asymmetry factor (g) and volume size distribution (dV/dIn(r)). Each row

corresponds to the different values of AOD at 440 nm (4ODa40) values; in order, equal to 0.1, 0.2, 0.4 and 1.0. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

in the mean differences that shows that, in the partially cloudy scenario, the overestimation and underestimation observed in the cloud-free
conditions for the RRI and the g, respectively, are doubled. For AOD
at 440 nm equal to 0.4, the bias averaged for all wavelengths increases from 0.008 to 0.026 for the RRI, and from -0.006 to —0.016 for the g. The
results for the volume size distribution are similar in both condi-
tions, probably because the retrieval of this property is mostly influ-enced by the AODs observations, which have not been affected by the presence
of clouds (Torres et al., 2017).

The obtained values corroborate the low effect of the presence of clouds in the retrieval of aerosol properties observed in Fig. 7, S2, S3 and S4 for
this partially cloudy scenario.

For the analysis of a stronger cloud impact scenario it has been selected the Cloud cover C with SZA = 50° and SAA = 50° (Fig. 2h), which

presents median enhancements of 1.9-5 % (see Table 2). The average retrieved aerosol properties for ZAMB aerosol type, together with the
reference values, have been represented in Fig. 8; the results for
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§dﬁ€’”\’ﬁ’t}§i~‘t‘faﬁ’d LANA are included in Figs. S5, S6 and S7, respectively, in the supplementary material. For this scéﬁ"é%f%”si’%%@{fils’ff’n%{fdﬁ”%%-{%é%%
the results for cloudy and cloud-free conditions is more evident. The aerosol properties retrieved under cloud-free conditions closely correlate with
the reference results, especially for the higher aerosol loads. On the other hand, the differences between the aerosol properties retrieved in cloudy
conditions and the reference values are higher than the method’s precision, since the shaded areas generally do not cover the reference values,
specially for high AODs. In both ZAMB and SOLV, the SSA is always overestimated in the presence of clouds. This is explained by the fact that, for
cloudy conditions, there is an enhance-ment effect (as shown in Fig. 6) and therefore more sky radiance is measured than under the expected cloud-
free conditions, which is compensated in the retrieval by lower aerosol absorption. Consequently, this affects the other optical properties, which are
less accurate than in the absence of clouds. For low AODs, the agreement for IRI and SSA (Figs. S5, S6 and S7) is occasionally a little bit
better for the cloud

Table 3

Mean (and standard deviations in parenthesis) values of the differences between the aerosol properties retrieved in the inversion and the reference properties, for the
partially cloudy scenario Cloud cover A with SZA = 55° and SAA = 135° and its corresponding cloud-free. These values have been calculated individually for AOD at
440 nmequal to 0.1, 0.2, 0.4 and 1.0., considering the available inversions from ZAMB, SOLV, GSFC and LANA. The optical properties, given at wavelengths (1) of 440,
675, 870 and 1020 nm, are: the real refractive index (RRI), imaginary refractive index (IRI), single scattering albedo (SSA) and asymmetry factor (g). The volume size
distribution is described by the bi-lognormal parameters for the fine and coarse modes: the volume median radius (r), standard deviation of log-normal distribution (0)
and aerosol volume concentration (VC).
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contaminated measurements, but the shaded areas mainly overlaps for both retrievals. This is because the sunlight scattered by aerosols is lower for
low aerosol concentration and therefore it gives few infor-

mation for the retrieval, presenting a less accurate result. For example, AERONET requires AOD at 440 nm > 0.4 to consider the retrieved SSA as
quality assurance product (level 2.0 data; Sinyuk et al., 2020). Then,

the observed results can be explained because the uncertainty in the aerosol retrievals is higher for low aerosol loads, and both retrievals are within
this uncertainty. The volume size distribution still shows a very good agreement both in the cloudy and cloud-free conditions, in consistence with
the previous reasoning about the influence of the AOD values on the retrieval of this property.

This behaviour is similar for all the aerosol types, therefore the average for the quantitative analysis can be conducted again without differentiation

12



between aerosol types. The mean and standard de-viations of the differences between the retrieved and the reference aerosol properties for this
scenario are collected in Table 4. As expected, the mean differences for the cloud-free conditions are very similar to the ones obtained in the previous
scenario (see Table 3). With respect to the cloudy conditions, the mean differences for the optical properties again decrease for higher AODs.
However, in this case, this dependence is less evident, especially for the highest AODs. In general, for the optical properties, these differences are
higher (in absolute value) than the ones showed in Table 3 for the previous scenario; this increase is not so evident for the volume size distribution
parameters. The corresponding standard deviations are similar to those from Table 3, confirming that the presence of clouds does not affect the
precision of the inversion strategy, but it does affect the accuracy, introducing a bias in some of the retrieved properties, which are systematically
overestimated or under-estimated. In this situation, the RRI and the g are again the most over-estimated and underestimated properties, respectively,
but now the bias observed in the cloud-free conditions is usually more than doubled in the partially cloudy conditions, with the highest change
observed for higher AOD. For AOD at 440 nm equal to 0.4, the bias averaged for all wavelengths is now 0.070 compared to 0.026 in the

previous scenario for the RRI, and — 0.032 instead of —0.016 for the g. With respect to the size distribution parameters, those corresponding to the

coarse mode are now slightly more underestimated, especially for the volume concen-tration, than in Table 3. This effect is also seen for the volume
concen-tration of the fine mode, but any clear pattern is yet observed for the median radius and standard deviation of this mode.

3.3.2.  Average cloud impact

It has been seen in the previous subsection that the partially cloudy scenarios with low CEF do not introduce a strong impact in the retrieved
aerosol properties. In order to estimate the average effect in the retrieval of aerosol properties of scenarios that present a significant CEF, all the
retrievals from the five partially cloudy scenarios corresponding to the Cloud cover B and C, which present median enhancements between 1
and 5 %, have been averaged for aerosol type and load. The presence of symmetric points viewing clouds in the Cloud cover B with SZA = 55° and
SAA = 45° (Fig. 2f) and in the Cloud cover C with SZA = 55° and SAA = 90° (Fig. 2i) scenarios, which are not efficiently removed by the cloud-
screening (see Fig. 6), complicates the retrieval, giving high
values of the residual. Therefore the convergence quality assurance criterion rejects all the retrievals from these partially cloudy scenarios,
excluding them from the average analysis. The mean properties ob-tained for the partially cloudy scenarios and their corresponding cloud-free
scenarios, together with the reference values, for ZAMB, SOLV, GSFC and LANA have been represented in Figs. S8, S9, S10 and S11 in the
supplementary material, respectively. As expected, these figures are very similar to Fig. 8, S5, S6 and S7 obtained in the previous section for the
stronger cloud impact analysis, showing a clear impact of the pres-ence of clouds on the retrieval of aerosol properties in these cloudy conditions.
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Fig. 8. Mean values of the retrieved aerosol properties under cloud-free (blue dashed line) and partially cloudy conditions (red dashed line) for the Cloud cover C
with SZA = 50° and SAA = 50° for the ZAMB scenarios. Original properties are included as reference (black solid line). The shaded area represents the standard
deviation of the properties for the cloud-free and partially cloudy scenarios. The number of available retrievals (N) used for the average for the cloud-free (Ncioud fiee)
and the partially cloudy (Nrariaity ciouay) sScenarios, at each AOD, have been included. Each column corresponds to one aerosol property; in order: real refractive index
(RRI), imaginary refractive index (IRI), single scattering albedo (SSA), asymmetry factor (g) and volume size distribution (dV/dIn(r)). Each row corresponds to the
different values of AOD at 440 nm (4ODaa40) values; in order, equal to 0.1, 0.2, 0.4 and 1.0. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Table 4. Mean (and standard deviations in parenthesis) values of the differences between the aerosol properties retrieved in the inversion and the reference properties,
for the partially cloudy scenario Cloud cover C with SZA = 50° and SAA = 50° and its corresponding cloud-free. These values have been calculated individually for
AOD at 440 nm equal to 0.1, 0.2, 0.4 and 1.0., considering the available inversions from ZAMB, SOLV, GSFC and LANA. The optical properties, given at wavelengths
(A) of 440,

675, 870 and 1020 nm, are: the real refractive index (RRI), imaginary refractive index (IRI), single scattering albedo (SSA) and asymmetry factor (g). The volume size
distribution is described by the bi-lognormal parameters for the fine and coarse modes: the volume median radius (r), standard deviation of log-normal distribution (o)
and aerosol volume concentration (VC).
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In order to quantify the bias introduced in the retrieved aerosol properties due to a significant enhancement of sky radiances under partially
cloudy scenarios, the differences between the mean values retrieved under cloudy (Cloud cover B and C) and cloud-free conditions have been
calculated and shown in Table 5. The presence of clouds introduces a positive bias in the retrieved RRI values of about 0.05, which slightly increases
with AOD to almost 0.06 for extreme aerosol loads. This effect does not vary significantly with the wavelength. On the other hand, the IRI is
underestimated due to the enhancement of the radiances; this underestimation tends to be greater for shorter wavelengths and lower AOD values.
Clouds also induce a positive bias in the retrieved SSA values of 0.05-0.06 for low AOD values; this bias is reduced up to around 0.03 when the AODu4
increases to 1.0. These results indicate a significant underestimation of the aerosol absorption due to the enhancement of sky radiance
caused by clouds. This cloud effect also leads to an underestimation between —0.015 and — 0.027 in the asymmetry factor for all wavelengths and

aerosol loads. The differences between the cloud-free retrievals and the reference values are also included in Table 5, highlighting the loss of
accuracy in all the retrieved optical properties when the retrieval is performed under cloudy conditions. Regarding the size distribution
parameters, very small bias values are obtained under cloudy conditions, generally slightly increasing (in absolute value) the bias for cloud-free
conditions (included in parenthesis), especially for the volume concentration. The effect of clouds in the retrieved volume size distribution
parameters is not very significant, since the differences obtained are very small and usually smaller than the bias for cloud-free conditions (in
parenthesis).

Table 5. Differences between the mean values retrieved under cloudy (significant Cloud cover B and C) and cloud-free conditions for different aerosol properties.
The bias values of the mean cloud-free retrievals regards the reference values are in parenthesis. These values have been calculated individually for AOD at 440 nm
equal to 0.1, 0.2, 0.4 and 1.0., considering the available inversions from ZAMB, SOLV, GSFC and LANA. The optical properties, given at wavelengths (1) equal to 440,
675, 870 and 1020 nm, are: the real refractive index (RRI), imaginary refractive index (IRI), single scattering albedo (SSA) and asymmetry factor (g). The volume size
distribution is described by the bi-lognormal parameters for the fine and coarse modes: the volume median radius (r), standard deviation of log-normal distribution
(0) and aerosol volume concentration (VC).

AOD (440 nm) A (440 nm) A (675 nm) A (870 nm) A (1020 nm)
0.1 0.0526 (0.0403) 0.0526 (0.1013) 0.0530 (0.0530) 0.0530 (~0.0005)
RRI Ve 0.0522 (0.0236) 0.0515 (0.0576) 0.0532 (0.0180) 0.0537 (~0.0050)
0.4 0.0527 (0.0038) 0.0533 (0.0200) 0.0564 (0.0075) 0.0578 (0.0016)
1.0 0.0588 (0.0230) 0.0578 (0.0111) 0.0590 (0.0164) 0.0593 (~0.0018)
0.1 ~0.0067 (0.0196) ~0.0065 (0.0113) ~0.0060 (0.0047) —0.0063 (0.0041)
IRI v ~0.0050 (0.0041) —0.0046 (0.0048) ~0.0039 (0.0016) ~0.0029 (0.0008)
0.4 ~0.0046 (0.0005) ~0.0037 (0.0013) ~0.0030 (0.0004) ~0.0019 (0.0001)
1.0 ~0.0035 (0.0019) ~0.0027 (0.0001) ~0.0021 (0.0001) —0.0014 (0.0001)
0.1 0.0479 (~0.0351) 0.0576 (~0.0725) 0.0566 (~0.0439) 0.0566 (~0.0408)
SSA v 0.0408 (0.0005) 0.0458 (-0.0336) 0.0461 (=0.0177) 0.0446 (~0.0092)
0.4 0.0384 (0.0068) 0.0374 (~0.0087) 0.0368 (—0.0045) 0.0318 (~0.0005)
1.0 0.0321 (0.0017) 0.0287 (0.0004) 0.0259 (0.0007) 0.0228 (~0.0001)
0.1 —0.0154 (-0.0235) ~0.0206 (~0.0095) ~0.0248 (~0.0056) ~0.0274 (0.0089)
. 0.2 ~0.0170 (-0.0207) —0.0182 (~0.0084) ~0.0193 (-0.0021) ~0.0205 (0.0006)
0.4 -0.0232 (-0.0173) ~0.0229 (~0.0089) -0.0217 (-0.0022) ~0.0209 (-0.0038)
1.0 —0.0244 (-0.0145) -0.0239 (~0.0068) —0.0229 (-0.0032) ~0.0216 (-0.0014)
fine coarse
0.1 0.0012 (0.0023) -0.0223 (-0.0913)
um] Ve 0.0004 (0.0038) ~0.0293 (-0.1218)
0.4 ~0.0035 (0.0037) ~0.0377 (-0.1234)
1.0 ~0.0033 (0.0047) —0.0805 (—0.1384)
0.1 ~0.0113(0.0112) 0.0016 (-0.0323)
oluml v —0.0053 (—0.0050) —0.0006 (—0.0660)
0.4 —0.0031 (-0.0015) —0.0048 (-0.0788)
1.0 0.0004 (0.0256) ~0.0059 (-0.1035)
0.1 —0.0012 (-0.0011) —0.0011 (-0.0010)
vCt um? [ um* Ve ~0.0032 (-0.0011) ~0.0025 (—0.0023)
0.4 ~0.0059 (0.0010) ~0.0052 (~0.0042)
1.0 ~0.0164 (-0.0022) ~0.0135 (-0.0161)

4. Conclusions

In this work we have analysed how the sky radiance is modified in the presence of clouds in comparison to the equivalent cloud-free situ-ation
using the simulations run in the 3D radiative transfer model (RTM) MYSTIC from libRadtran. The sky radiance usually increases in all the points of
the almucantar geometry used, even where there are not clouds located. This enhancement depends on the partially cloudy scenario. In the partially
cloudy scenarios considered, it has been observed an enhancement with values generally between 0 and 20 %, being the major
enhancement for cloud-free sky points close to clouds and for low scattering angles (close to the Sun). This enhancement is higher for longer
wavelengths, except at the solar aureole due to aerosol scattering. The enhancement of sky radiance is much higher in points where there is a
cloud located. Therefore, if the difference between the sky radiances in two symmetric points is very high (over certain threshold), at least one of
the points must be affected by clouds. This criterion is commonly used for cloud-screening, but here it has been observed that in the presence of
high aerosol loads it does not identify correctly some cloud-contaminated measurements, specially for the shorter wave-lengths. This is related
to the increase in scattered radiance by aerosols for higher aerosol loads, which also leads to a lower proportion of light scattered by the clouds.
Consequently, the differences between the sky radiances from two symmetric points become smaller under these sce-narios. This should be
carefully considered, since this type of cloud-screening criterion, like the one used by AERONET, is usually applied to the observations used as
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input in retrieval algorithms, which assume that they are not contaminated by clouds.

It has also been analysed the use of sky radiances enhanced by the presence of clouds as input for an inversion algorithm like GRASP
(Generalized Retrieval of Atmosphere and Surface Properties), whose RTM assumes a cloud-free sky. For that, the inversion strat-egy’ GRASP,a.’
has been applied, using as input synthetic measurements under partially cloudy scenarios and their equivalent cloud-free sce-narios. In general, the
optical properties are less accurate when the retrieval is conducted under the presence of clouds. This bias depends on the partially cloudy scenario,
and becomes more evident when the enhancement of sky radiances due to the presence of clouds increases.

For the partially cloudy scenarios which show a significant enhancement of the sky radiances, it has been observed an underesti-mation of the
aerosol absorption, introducing a bias in the single scattering albedo (SSA) of 0.05-0.06 for a low aerosol load, and of about
0.03 for extreme AOD values (equal to 1.0 at 440 nm). A lower ab-sorption seems to compensate for the excess of radiation in the sky due to
clouds. The presence of clouds also induces a positive bias in the real refractive index (RRI) of 0.05-0.06 and a negative bias in the asymmetry
factor (g) of about —0.02. On the other hand, a negligible effect has been observed on the aerosol size distribution parameters, and in particular for the
fine mode. This is probably because the volume size distribution is mainly derived from the AOD, which in this study was assumed to be unaffected
by the presence of clouds.

From all the exposed here, it is clear that the presence of clouds in the sky can significantly affect the accuracy of the aerosol properties when they
are retrieved using sky radiances, even when these clouds are not in the direction of the sky points used. It is therefore recommended to be cautious
with the products retrieved in these conditions. Nevertheless, these results have been obtained using synthetic data for clouds and aerosol, therefore
a future scope of this work will be to conduct a similar study but with a larger number of cloudy conditions and real observations.
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