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Abstract. Surface solar irradiance (SSI) is a fundamental parameter whose components (direct and diffuse)
and variabilities are highly influenced by changes in atmospheric content and scene parameters. The respective
importance of cloudy-sky conditions and atmospheric aerosols on SSI evolutions is region dependent and only
partially quantified. Here we provide a comprehensive analysis of SSI variabilities recorded in northern France,
a region with extensive variability in sky conditions and aerosol loads. Through the application of automatic
filtering methods to 1 min resolution SSI ground-based measurements over Lille, sky conditions are classified
as clear-sky, 11 %; clear-sun-with-cloud, 22 %; and cloudy-sun situations, 67 % from 2010 to 2022, for which
we analyze the statistics and variabilities in the global horizontal irradiance (GHI), beam horizontal irradiance
(BHI), and diffuse horizontal irradiance (DHI). Coincident photometric measurements of aerosol properties and
radiative-transfer simulations provide the means to conduct a multivariate analysis of the SSI observed trends and
year-to-year evolutions and to estimate aerosol and cloud forcings under clear-sun conditions. The analysis of the
record value of all-sky GHI in spring 2020 attributes 89 % of the changes to the exceptional sunlight conditions
(57 % of clear-sun situations). It highlights also for that season the importance of solar zenith-angle changes,
whose positive effects on clear-sun conditions surpass those due to aerosols. Our results show all-sky GHI and
BHI positive trends of around + 4.0 and +4.4 Wm−2 yr−1, respectively, in both spring and summer, which are
explained by more than 60 % by an increase in clear-sun occurrences of +1 %yr−1. Additional significant BHI
increases under clear-sun conditions are mainly explained in spring by the negative trend in aerosol optical depth
(−0.011 yr−1) and partly by angular effects in summer. Moreover, we find that clear-sun-with-cloud situations
are frequently marked by irradiance enhancement due to clouds, with 13 % more GHI on a monthly average and
10 % additional diffuse proportion than in clear-sky situations. Under such conditions, clouds add on average
25 Wm−2 of diffuse irradiance that sets the GHI at the remarkable level of pristine (aerosol-and-cloud-free)
conditions or even higher, by more than +10 Wm−2 in summer and for low aerosol loads. Overall, our results
highlight the dominant and complex influence of cloudy conditions on SSI, which precedes or combines with
that of aerosols and geometrical effects, and leads to a remarkable global level of SSI in clear-sun-with-cloud
situations.

Published by Copernicus Publications on behalf of the European Geosciences Union.
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1 Introduction

The amount of solar energy that reaches the Earth’s surface
plays a critical role in the Earth’s energy balance and gov-
erns a wide range of key physical processes, including evap-
oration and associated hydrological components, snow and
glacier melt, and plant photosynthesis and related terrestrial
carbon uptake, as well as the diurnal and seasonal course of
surface temperatures. Furthermore, the amount of incident
solar irradiance at the surface (SSI) has significant implica-
tions for solar energy production technologies and agricul-
tural productivity.

Studies conducted in recent decades, through both obser-
vations and modeling, suggest that surface solar radiation is
not necessarily constant on a decadal timescale. Instead, it
exhibits significant decadal variations, with a worldwide de-
creasing (dimming) trend until the 1990s followed by an in-
creasing (brightening) trend from then onwards (Wild et al.,
2005; Wild, 2009; Liepert, 2002; Norris and Wild, 2007).

Determining the cause of the observed trends in SSI has
proven to be a challenging task. However, an increasing num-
ber of studies indicate that the aerosol–radiation interaction
is likely responsible for an increase in all-sky radiation since
1985 (Philipona et al., 2009; Manara et al., 2016; Ruckstuhl
et al., 2008; Wild et al., 2021). It should be noted that the
timing and intensity of the minimum cannot be accurately
simulated using current aerosol emission inventories, as has
been reported by Liepert and Tegen (2002), Romanou et
al. (2007), Ruckstuhl and Norris (2009), and Turnock et al.
(2015). This is due to the high temporal and spatial variabil-
ity in clouds and aerosols, which is particularly difficult to
represent in models.

Regional studies that record changes in surface radiation
while taking into account atmospheric parameters that can
impact such changes are crucial, as they provide more insight
into the relationship between the variations in these parame-
ters and the changes in surface radiation. A few studies were
recently conducted in the Benelux region, especially over
the Netherlands (Boers et al., 2017, 2019; van Heerwaar-
den et al., 2021), and over larger European areas (Pfeifroth
et al., 2018; Schwarz et al., 2020) characterized by substan-
tial proportions of clouds (Hahn and Warren, 2007) as well
as a high population density that results in elevated levels
of atmospheric particulate pollution. Most of these studies
have so far primarily focused on the analysis of the impact
of clouds and aerosols on the evolution of the global surface
solar radiation and did not consider the variability in the di-
rect and diffuse components. However, depending on their
optical properties, aerosols and clouds influence incident ra-
diation by reducing the direct component while enhancing
the diffuse component. Although the impact on photovoltaic
production depends mainly on the total amount of solar ir-
radiation reaching the surface, the performance of all solar
conversion systems is also sensitive to the partition between

the diffuse and direct components (Kirn et al., 2015; Lindsay
et al., 2020; Sengupta et al., 2021).

The study of incident direct and diffuse radiation is partic-
ularly important in the context of climate change, as signif-
icant changes in the composition of the atmosphere are ex-
pected by the end of the century, with varying magnitudes de-
pending on the corresponding SSP (Shared Socioeconomic
Pathway) and RCP (Representative Concentration Pathway)
scenario (Moss et al., 2010; Hauglustaine et al., 2014; Drugé
et al., 2021), leading to potentially very different solar en-
vironments. Moreover, mitigating the impact of greenhouse
gas emissions on climate change requires the development
of alternative methods of energy production. Currently, pho-
tovoltaic technologies represent one of the most important
and promising technologies, in addition to energy produced
by wind turbines. Several studies have investigated the fu-
ture resilience of renewable installations (Tobin et al., 2018),
especially photovoltaic ones (Gutiérrez et al., 2020; Hou et
al., 2021; Jerez et al., 2015). These studies show that the fu-
ture evolution of the solar environment and of the surface
temperature will have a significant impact on the future de-
velopment of these technologies and their production.

In the current study, we analyze the variability in the global
surface solar irradiance and its direct and diffuse components
in northern France over the years 2010–2022 as measured by
the ATOLL (ATmospheric Observations in LiLle) platform,
as well as the variability in coincident sub-hourly measure-
ments of aerosol optical properties. Our analysis relies, in
particular, on the development of a classification of the sky
conditions based on automated processing of irradiance mea-
surements by cloud filters and identification of aerosol class.
Aside from obtaining climatologies at our site, our objec-
tive is to disentangle and quantify the influence of the differ-
ent parameters that contribute to the year-to-year irradiance
variabilities observed in Lille over the period of 2010–2022.
These classifications allow us to distinguish the influence of
the occurrence of cloudy and clear-sky situations from the in-
fluence of the atmospheric content (aerosols and gases) and
of other parameters, such as the solar zenith angle, on the
variability in the SSI and its direct and diffuse components.
The effect of atmospheric parameter variability is quantified
with radiative-transfer simulations in clear-sky conditions.

Section 2 provides a brief overview of the data and meth-
ods used to identify cloudy and clear-sky moments. A clas-
sification of the aerosol content based on the optical prop-
erties measured at the same time as part of the AERONET
network is also introduced. The aim of this classification is
twofold. On the one hand, it enables a more-precise char-
acterization of the radiative impact of aerosols observed in
Lille through the definition of new models of aerosol optical
properties, which are used to perform simulations using the
radiative-transfer code SOLARTDECO. On the other hand,
it facilitates the study of the variability in the aerosol con-
tent in Lille. In particular, used in tandem with the classifica-
tion of the sky conditions and radiative-transfer simulations,
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it enables the quantification of the contribution of the differ-
ent atmospheric and geometric parameters to the variability
in the surface solar irradiance over the period of 2010–2022,
as described in Sect. 3. An analysis of the radiative effect
of aerosols and clouds on the downwelling solar radiation at
the surface over 2010–2022 is also presented in Sect. 4, with
the objectives of quantifying the mean aerosol non-net di-
rect radiative effect in clear-sky conditions and analyzing the
combined effects of aerosols and clouds under irradiance en-
hancement conditions (Pecenak et al., 2016). Finally, Sect. 5
synthesizes the results of our study and outlines the possible
directions for future work.

2 Data and methods

In this section, the measurement datasets, algorithms, and
methods used in this study are described. Information on the
data availability is given separately at the end of the paper.

2.1 Ground-based measurements from the ATOLL
platform

2.1.1 Description of the site

This study relies on the coincident aerosol optical proper-
ties and surface solar irradiance measurements routinely per-
formed at the ATOLL platform located in the north of France
(50.61° N, 3.14° E; 70 m a.s.l.), 6 km southeast of the Lille
downtown area on the rooftop of a building of the University
of Lille in Villeneuve d’Ascq. As the metropolitan area of
Lille is characterized by a high population density and more
than 1.1 million inhabitants, the ATOLL site can be consid-
ered suburban. As shown in Fig. 1, with the Belgian border
at a distance of roughly 15 km, the site is located very close
to the Benelux region, one of the most densely urbanized
and industrialized areas in northwestern Europe. It is thus
influenced by many anthropogenic emission sources, both
regional and trans-regional, with strong contributions from
the residential and industrial sectors as well as transport and
agriculture, which contribute to relatively frequent particu-
late pollution episodes (Potier et al., 2019; Favez et al., 2021;
Velazquez-Garcia et al., 2023). It should be noted that the site
is also subject to a significant maritime influence due to its
proximity to the English Channel and the North Sea. Accord-
ing to the Köppen–Geiger climate classification (Beck et al.,
2018), the climate is described as Cfb, meaning it is mostly
temperate (C) with a warm summer (b) and the absence of a
dry season (f). The typical precipitation amount is about 600
to 800 mmyr−1 and is related to a relatively high frequency
of clouds throughout the year, with average cloud fraction
values ranging between 60 % to 80 % depending on the time
of year (Warren et al., 2007).

2.1.2 SSI measurements

A Kipp & Zonen CHP1 pyrheliometer mounted on a sun-
tracking device measures the incident direct (or beam) nor-
mal irradiance (DNI) at the surface in the direction of the
Sun with a field of view of 5± 0.2°. The beam horizontal ir-
radiance (BHI) is then derived from these measurements us-
ing the cosine of the solar zenith angle (µ0 = cos(SZA)), as
BHI= DNI×µ0. In addition to the pyrheliometer, a Kipp &
Zonen CMP22 pyranometer is also placed on the sun tracker.
The pyranometer is paired with a shading sphere that blocks
the incoming direct irradiance, allowing for coincident mea-
surements of the diffuse horizontal irradiance (DHI). The
global horizontal irradiance (GHI) is then computed as the
sum of the BHI and DHI. Such a procedure has the advantage
of reducing cosine errors at low sun angles compared to mea-
surements obtained with a single pyranometer (Michalsky et
al., 1999). Both instruments measure radiation in the broad-
band range, between 200–3600 nm for the CMP22 and 200 to
4000 nm for the CHP1. Therefore, we have access to instan-
taneous measurements (50 ms) of the incoming surface solar
irradiance and its direct and diffuse components on an hori-
zontal plane sampled at a 1 min time resolution since Febru-
ary 2009. To guarantee the smooth operation of the system,
regular maintenance is performed, including daily cleaning.
Moreover, both instruments were calibrated in 2012, 2017,
and 2022, and new calibration factors were applied after each
calibration, with differences in calibration factors lower than
3 %. Under such operational conditions, the uncertainties in
the measurements are expected to be on the order of 2 % to
3 % for the GHI and DHI and 1.5 % for the BHI, as typi-
cally reported in the literature (Derimian et al., 2008, 2012;
Vuilleumier et al., 2014; Wild et al., 2021). It is worth not-
ing that there are some missing values in the measurement
series for winter months of several years, particularly in Jan-
uary and February. This gap occurs because the instruments
are regularly sent to either M’Bour (Senegal), for calibration
of local instruments, or Delft (the Netherlands), for a recali-
bration by the manufacturer.

2.1.3 Aerosol measurements

A CIMEL sun/sky photometer from the PHOTONS (PHO-
tométrie pour le Traitement Opérationnel de Normalisation
Satellitaire) network, which is the French part of AERONET
(Aerosol Robotic Network; Holben et al., 2001), is used to
characterize and monitor aerosol optical and columnar mi-
crophysical properties in Lille. The photometer provides di-
rect measurements of the aerosol optical depth (AOD) at
six different wavelengths (340, 380, 440, 500, 870, and
1020 nm) along with their corresponding Ångström expo-
nents (AE). In addition, precipitable water vapor content
(PWV, in cm) is derived from measurements at 940 nm.
AERONET almucantar inversions (Dubovik and King, 2000;
Dubovik et al., 2002) of aerosol size distribution, complex
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Figure 1. Map representing the location of the ATOLL platform (red marker). The white area represents the Benelux region. Adjacent to the
map is a picture of the platform including the main instruments used in this study, i.e., the pyronameter and pyrheliometer on a sun-tracking
device (purple box), the AERONET sun photometers (orange box), and the sky imager (black arrow). Map created with Datawrapper.
© OpenStreetMap contributors 2024. Distributed under the Open Data Commons Open Database License (ODbL) v1.0.

refractive index (m= n+ ik), and single-scattering albedo
(SSA) were also used in this study. However, as they re-
quire a relatively large optical air mass (SZA> 50°) and a
perfectly cloudless sky, the number of available inversions
is small (fewer than 500 data points). Their climatological
weight is thus relatively limited. Therefore, they have been
mainly used to compute site-specific aerosol optical proper-
ties through Mie calculations, as described in Sect. 2.3.1. In
this study, mostly level 2.0 (cloud-screened and quality con-
trolled) data have been used, except for the measurements
from September to December 2022, for which only level 1.5
(cloud-screened only) data were available at the time of writ-
ing. The uncertainty in measured AOD is estimated to be ap-
proximately 0.02 for the ultraviolet (UV) channels (340 and
380 nm) and 0.01 otherwise (Giles et al., 2019). The reported
uncertainty in the PWV measurements is around 10 %–15 %
(Pérez-Ramírez et al., 2014; Smirnov et al., 2004), with a
dry-bias of around 5 %–6 % (Pérez-Ramírez et al., 2014).
The retrieval of the complex refractive index and volume
size distribution is a challenging task, and the associated un-
certainties are highly variable depending on the observation
conditions. For example, the uncertainty in the volume size
distribution ranges from 15 % to 100 %, depending on the
size of the particles, while the imaginary part of the refrac-
tive index (k) varies between 30 % and 50 % for strongly
and weakly absorbing aerosols, respectively (Dubovik et al.,
2000; Dubovik and King, 2000; Nakajima et al., 1983, 1996).

2.1.4 Coincident aerosol and SSI measurements

For this study, we chose to analyze the period from 2010 to
2022, as it represents the longest period of continuous co-
incident aerosol and irradiance measurements available. The
number of coincident data points is mainly determined by the
frequency of AERONET direct observations. In the absence
of clouds in the direction of the Sun, the standard time res-

olution of the photometric measurements was 15 min prior
to 2016 and was later increased to 3 min due to a change
in the instrument model. Overall, the complete dataset of
synchronous aerosol and irradiance measurements comprises
approximately 82 000 coincident observations in clear-sun
conditions.

2.1.5 Other measurements

In addition to aerosol optical properties and irradiance mea-
surements, other coincidental observations from the ATOLL
platform have been used. Notably, sky images captured by
a sky imager (CMS Schreder VIS-J1006) since 2009 with
a time resolution of 3 min, have been visually examined
to assess the cloud cover state over short periods of time.
This manual evaluation of the sky images helped validate
more systematic cloud-screening methods based on irradi-
ance measurements, as described in Sect. 2.2.1. Meteorolog-
ical observations of relative humidity (RH) have also been
used to perform simulations of the surface solar irradiance in
clear-sky conditions, as described in Sect. 2.3.1, while wind
speed and wind direction measurements were used to com-
plete the climatological study of the aerosol content and irra-
diance measurements in Sect. 3.1.

2.2 Classification of atmospheric conditions in Lille

2.2.1 Sky conditions

The presence of clouds in and out of the Sun’s direction
leads to situations with contrasting levels and characteris-
tics of SSI, for which the sensitivity to atmospheric condi-
tions varies widely. Most notably, the sensitivity of the SSI
to aerosol properties is low when clouds are present, aside
from some exceptions characterized by thin cirrus or isolated
clouds. In order to describe and study the variabilities in the
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SSI and to analyze differences in its characteristics between
different periods or identify the origin of observed tempo-
ral trends, we chose to divide sky conditions into three pos-
sible categories with contrasting levels of irradiance: clear-
sky (CSKY), i.e., no clouds in the sky; clear-sun-with-cloud
(CSWC), i.e., clouds are present but not in the Sun’s direc-
tion; and cloudy-sun (CLOS) situations. The first two cate-
gories are characterized by high levels of surface solar irra-
diance and its direct component, but they differ in their dif-
fuse contributions. In contrast, the third situation is charac-
terized by much lower levels of SSI with a predominant con-
tribution from diffuse radiation. Although AERONET mea-
surements are cloud cleared, they only allow the distinction
between clear-sun and cloudy-sun moments. Additionally,
their time resolution is lower than that of our irradiance mea-
surements. Therefore, two cloud-screening methods based on
the available 1 min irradiance measurements were selected
from the literature. The method of Batlles et al. (2000) is
used to distinguish clear-sun moments from cloudy-sun sit-
uations, while a revised method based on the algorithm of
García et al. (2014) is used to isolate clear skies (no clouds,
i.e., CSKY) from situations with clouds. These two binary
distinctions allow for the intended classification of the sky
conditions into three categories: CLOS, CSKY, and CSWC.
Both methods were evaluated in Gueymard et al. (2019) and
were found to perform particularly well for these distinc-
tions on a 1 min basis. Moreover, the method of García et
al. (2014) relies on the popular detection scheme developed
by Long and Ackerman (2000) and does not require parallel
clear-sky simulations. It also relies on collocated AOD in-
formation, which should improve the detection of clear skies
under higher aerosol loads compared to the initial method of
Long and Ackerman (2000). Both methods used in this study
are described in more detail in Appendix A.

In the present study, the performance of the cloud-
screening methods has been evaluated by comparison with
ground observations of the sky conditions based on the man-
ual inspection of coincident sky images from ATOLL at a
3 min time resolution for the months of January and May
2018. The images were individually analyzed to determine
the presence or absence of clouds in the sky and in the vicin-
ity of the Sun. In the latter case, the assessment of clouds in
the direction of the Sun was purposefully strict in order to
account for the rather-large field of view of the pyrheliome-
ter (5°), which is larger than the Sun’s viewing angle (0.5°).
The potential motion of clouds into or out of the pyrheliome-
ter’s field of view was also considered to account for any time
delay between the irradiance measurements and the sky im-
ages. Since the output of both manual and irradiance-based
estimates is binary, i.e., clear or cloudy, there are only four
possible outcomes. This allows the definition of a confusion
matrix as follows:

– true positive (TP), the sky (Sun) is clear in both manual
and filter-based estimates;

– true negative (TN), the sky (Sun) is correctly identified
as cloudy;

– false positive (FP), the sky (Sun) is identified as clear by
the cloud-screening method but is manually assessed as
cloudy; and

– false negative (FN), the sky (Sun) is wrongly assessed
as cloudy by the algorithm.

The results are presented in Table 1 for both clear-sun and
clear-sky conditions simultaneously. For the clear-sky detec-
tion, the revised method of García et al. (2014) gives satis-
fying results, with a low FP score (2.7 %) compared to the
TP score (12.5 %), which leads to overall good precision
( TP

TP+FP ) of 82 %. The latter score highlights that 82 % of the
time the sky is correctly identified as clear by the algorithm.
This method also presents a relatively low FN score (2.6 %),
suggesting that it is also able to accurately isolate cloudy mo-
ments (either CSWC or CLOS). This leads to overall sat-
isfactory performance for distinction between clear-sky and
cloudy conditions, with a risk ( FP+FN

FP+FN+TP+TN ) of only 5 % of
misidentifying sky conditions.

For the identification of clear-sun conditions, the method
of Batlles et al. (2000) produces satisfactory but less-optimal
results. The method shows strong ability to identify cloudy-
sun moments (FN score of 0.8 %) and shows an overall
satisfactory risk of only 12 % for the distinction between
clear-sun and cloudy-sun conditions. However, its FP and TP
scores are closer compared to the Garcia method, and thus
its precision at correctly identifying clear-sun conditions is
lower (67 %), which might lead to a slight overestimation of
the proportion of clear-sun situations. Nonetheless, further
analysis indicates that the Batlles FP cases are often due to
the presence of cloud edges or clouds of low atmospheric
optical depth in the Sun’s direction, such as cirrus scenes or
small isolated clouds, and that most of the time, 1352 out
of 1356 FP cases, DNI values are greater than 120 Wm−2.
These FP cases, while not clear-sun cases, are thus almost
entirely sunny moments (sunshine threshold defined by the
WMO) and can be considered quasi clear-sun. In addition, a
similar analysis of the performance of the AERONET cloud-
screening method in January and May 2018 further confirms
the results of the Batlles method, as it highlights compara-
ble performance in distinguishing clear-sun and cloudy-sun
conditions, with a satisfactory risk of 13 %.

It should be noted that both methods perform quite well
under almost any aerosol load. Both algorithms properly
transcribe the global probability density function (PDF) of
AOD440 over 2010–2022 from the unfiltered AERONET ob-
servations. Comparisons were made with the initial algo-
rithm of Long and Ackerman (2000). The overall precision
of this method is higher (90 %), in connection with a much-
lower FP score (1.0 %). However, the corresponding AOD
probability density function suggests that this algorithm is
less representative of the variability in the aerosol content in
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Table 1. Confusion matrix for the estimation of the sky conditions between SSI-based filters and manual ground observations from sky
images for January and May 2018 in Lille.

TP TN FN FP Precision Risk

Definition
Filter→ clear Filter→ cloudy Filter→ cloudy Filter→ clear TP

TP+FP
FP+FN

FP+FN+TP+TNObs→ clear Obs→ cloudy Obs→ clear Obs→ cloudy

Clear-sky
(Garcia) No. of cases 1549 (12.5 %) 10 186 (82.1 %) 328 (2.6 %) 340 (2.7 %) 82 % 5 %

Clear-sun (% of cases)
(Batlles) 2702 (21.8 %) 8247 (66.5 %) 98 (0.8 %) 1356 (10.9 %) 67 % 12 %

Lille, as it tends to misidentify clear skies for AOD values
greater than 0.3.

Finally, note that irradiance measurements considered in
this study were limited to times between sunrise+ 30 min
and sunset− 30 min in order to reduce the bias observed in
Long and Ackerman (2000) for large solar-zenith angles, as
such situations tend to be systematically classified as cloudy
by the algorithm. This limitation was chosen to eliminate as
many measurements in winter as in summer, which would
not have been the case for a criterion based on the solar zenith
angle. For the sake of simplification, in what follows, the
method of García et al. (2014) will be labeled simply clear-
sky (CSKY) and the method of Batlles et al. (2000) clear-sun
(CSUN). Furthermore, situations qualified as CSUN but not
CSKY will be referred to as CSWC (clear-sun-with-cloud),
as they should correspond to moments when the sky is (par-
tially) cloudy without clouds in the Sun aureole.

2.2.2 Aerosol conditions

For the present study, in addition to the classification of sky
conditions, a specific classification of aerosol optical proper-
ties inspired by the work of Toledano et al. (2007) has been
defined. The aim of this classification is twofold. On the one
hand, it enables the definition of the new models of aerosol
optical properties, which represent typical aerosol conditions
encountered in northern France, and can then be used for
radiative-transfer simulations as described in Sect. 2.3. On
the other hand, it also serves a climatological purpose as it
facilitates the characterization of the nature of and variabil-
ity in the aerosol content and type present in the Lille area
over the period of 2010–2022. This classification represents a
rough categorization of the aerosol properties in Lille among
six classes of measured AOD440 and AE440−870. The defi-
nition of each class, as well as the corresponding AOD440
and AE440−870 thresholds and their respective proportions, is
summarized in Table 2. A graphical illustration of the classi-
fication is also available as Fig. S1 in the Supplement, which
represents the scatterplot of AOD440 versus AE440−870 for all
AERONET level 2.0 measurements acquired in Lille from
2010 to 2022.

2.3 Radiative-transfer simulations with SOLARTDECO

This section describes the SOLARTDECO radiative-transfer
code used in this study. An evaluation of SOLARTDECO
radiative-transfer simulations in clear-sky conditions over the
period of 2010–2022 is also presented in Sect. 2.3.2 to ensure
good transcription of the radiative effect of aerosols in Lille.

2.3.1 Description

The radiative-transfer code SOLARTDECO is a solar version
of ARTDECO (Atmospheric Radiative Transfer Database for
Earth Climate Observation), a toolbox comprising data of
the properties of atmospheric components as well as several
radiative-transfer models intended for the simulation of at-
mospheric radiances and radiative fluxes (Dubuisson et al.,
2016). The scientific numerical core is written in Fortran90,
while the configuration files and libraries are defined through
Python and ASCII formats. It is thus flexible and highly
portable, hence its selection for this study. The overall op-
erating scheme of SOLARTDECO described below is also
represented Fig. 2.

Initially, ARTDECO was designed for radiative-transfer
simulations over the whole ultraviolet (UV) to thermal in-
frared (IR) range. It works for specific channels (monochro-
matic mode) as well as for more general spectra through the
use of k distributions (Lacis and Oinas, 1991). SOLART-
DECO, on the other hand, is dedicated to the study of the
incoming surface solar radiation in clear-sky conditions. The
spectral resolution of the simulations is defined using the k
distribution of Kato et al. (1999), which is composed of 32
spectral bands spanning the solar range (0.24–4.0 µm) and is
well suited for the computation of spectrally integrated ir-
radiances. This k distribution is coupled with the gas con-
centration vertical profiles from Anderson et al. (1986) for
a midlatitude summer to represent the gaseous absorption
of the atmosphere. The profiles of O3 and H2O are scaled
for each simulation with respect to the total ozone (Dobson
units) and precipitable water vapor (cm) columnar contents
available in the AERONET datasets. Note that SOLART-
DECO also accounts for the absorption of CO2 and O2 with
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Table 2. Definition of the aerosol classes in Lille and associated AOD440 and AE440−870 thresholds. The last column of the table represents
the respective proportion of each aerosol class measured in Lille over the period of 2010–2022.

Class Definition AOD440 AE440−870 Proportion (%)

Continental Mostly fine (anthropogenic) particles (AE440−870 ≥ 1) [0,0.10) [1.00,1.34) 38

with low to medium aerosol loads (AOD440 < 0.21) [0,0.21) [1.34,2.10)

Continental Same as continental with stronger AOD values [0.21,0.85) [1.34,2.30) 20
polluted (0.21≤ AOD440 < 0.85)

Maritime Mostly coarse particles (AE440−870 < 1) with low to [0,0.19) [−0.04,0.17) 14

medium aerosol loads (AOD440 < 0.19) [0,0.12) [0.17,0.82)

[0,0.10) [0.82,1.00)

Desert dust Mainly coarse particles with higher AOD440 values [0.12,2.4) [0.17,0.82) 5
than maritime aerosols (AOD440 > 0.12)

Mixed Situations with important contributions of both fine [0.10,0.85) [0.82,1.34) 22
and coarse particles

Strong event Events characterized by very high AOD values [0.85,2.90) [0.82,2.30) 0.3
(AOD440 ≥ 0.85) and dominated by fine particles

Total number of associated photometric measurements in Lille over 2010–2022 95 923

homogeneous concentrations of 407 and 209 000 ppmv, re-
spectively.

Regarding the absorption and scattering of solar radiation
by aerosols, SOLARTDECO uses a lookup table of extinc-
tion coefficients (Cextλ), single-scattering albedo (SSAλ),
and components of the phase function (P11, P21, P34, and
P44), which are used as inputs for radiative-transfer simu-
lations. The idea is to limit time-consuming Mie calcula-
tions and to allow the definition of aerosol optical proper-
ties at a higher resolution than that of AERONET inver-
sions, which are quite rare (less than 500 data points over
2010–2022) due to requirements regarding the optical air
mass, AOD, and need for a perfectly cloudless sky (Dubovik
et al., 2002). This lookup table relies on the AOD440 and
AE440−870 classification defined in Sect. 2.2.2, as well as sur-
face relative-humidity measurements from ATOLL, which
are used to split AERONET inversions of volume size dis-
tribution and refractive index into several subsets. Note that
level 2.0 inversions were used for classes that present AOD
values greater than 0.4 (i.e., Continental polluted, Desert
dust, Strong event, and Mixed), while level 1.5 data were
used otherwise, provided that apart from the AOD threshold,
all the other criteria were met. For each subset of the lookup
table, the size distribution is divided into two modes (fine or
coarse). Then, datasets of Cextλ, SSAλ, and phase function
components are computed for each mode through Mie calcu-
lations based on the normalized mean number size distribu-
tions (i.e., number size distribution of each mode divided by
the corresponding number concentration) and the total mean
complex refractive index. Overall, the lookup table includes
120 datasets divided between the 2 modes, 6 classes, and 10

relative-humidity bins. These datasets are used to compute
the total aerosol optical properties needed for each radiative-
transfer simulation at the resolution of AERONET direct-sun
measurements by mixing the pre-computed properties of the
fine and coarse modes selected based on AOD440, AE440−870,
and surface relative-humidity measurements. The methodol-
ogy adopted in the present study to compute the total aerosol
optical properties is described in detail in Appendix B. It in-
volves solving a system of two equations with two unknowns
for each simulation, based on the measured values of AOD440
and AE440−870 with the additional use of AOD550 data. The
two coefficients derived from this system are then used, to-
gether with the mean number concentrations of the fine and
coarse modes derived from AERONET size distributions, to
mix the pre-computed optical properties of the two modes
specific to each simulation. It is worth mentioning that the
chosen system of two equations with two unknowns involv-
ing AOD440 and AE440−870 measurements was chosen as it
shares inputs with the lookup table of aerosol optical prop-
erties. Furthermore, proxy simulations were also conducted
with another parameterization based on a more common sys-
tem involving the measured AOD440 and AOD870. Com-
parisons with ground-based measurements, similar to those
presented for the system chosen in the following section,
show very comparable results (Fig. S2 in the Supplement).
Note that following the mixing of the two modes, the total
columnar aerosol extinction for the simulation is scaled us-
ing the corresponding measured AERONET AOD550,meas as
follows:

AODλ,mix = AOD550,meas×
Cextλ,mix

Cext550,mix
, (1)
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where AODλ,mix represents the total columnar aerosol op-
tical depth at wavelength λ used for the simulation and
Cextλ,mix the new extinction coefficients computed by mix-
ing the corresponding fine and coarse modes. Although, this
equation only represents the total columnar AOD, i.e., from
the surface to the top of the atmosphere, AOD at other alti-
tudes can be derived given the vertical profile of the aerosol
layer. In this study, the aerosol layer was defined as an expo-
nential decay of the aerosol density with a 2 km scale height
(i.e., AODλ,mix(z)= AODλ,mix×e

−z/2, with z the altitude in
km). As only surface solar irradiance outputs were analyzed
in this study, our results do not greatly depend on the vertical
profile of the aerosol layer.

Finally, the remaining inputs of SOLARTDECO include
the solar zenith angle and surface optical properties. For sim-
plicity, this study assumes a Lambertian surface with a spec-
trally homogeneous albedo arbitrarily set at 0.15. The afore-
mentioned properties of the atmosphere (gaseous absorption
and aerosol extinction) and surface reflectivity then allow for
computation of the incoming and outgoing spectral solar ir-
radiances in clear-sky conditions between the top of the at-
mosphere and the surface through the use of the radiative-
transfer model DISORT (Stamnes et al., 1988).

2.3.2 Validation of SSI simulations over 2010–2022

Figure 3a–c represent scatterplots of the differences between
SOLARTDECO simulations and measurements of (a) GHI,
(b) BHI, and (c) DHI over the period of 2010–2022 in Lille
for all AERONET observations performed between sunrise
plus 30 min and sunset minus 30 min in clear-sky situations
(44 239 comparisons). Identification of clear-sky situations
comes from the algorithm presented in Sect. 2.2.1. Simulated
and measured mean flux values and associated standard de-
viations are plotted on the axes. Comparison statistics such
as the mean bias (MBD), mean absolute bias (MAD), and
root-mean-square deviation (RMSD) are also shown in each
figure in a beige box.

Overall, the performance of SOLARTDECO simulations
is satisfactory for all irradiance components, with RMSD val-
ues lower than 10 % for the DHI (8.06 %) and 5 % for the
BHI (3.18 %) and GHI (2.66 %), which are comparable to the
results of the best-performing clear-sky irradiance models as-
sessed in the latest studies of Sun et al. (2019) for the GHI
and Sun et al. (2021) for the BHI and DHI. Note however
that the Sun et al. (2019, 2021) validations were obtained us-
ing reanalysis atmospheric data from MERRA2 (instead of
AERONET as was used here) and based on a larger number
of worldwide stations of ground-based irradiance observa-
tions. Moreover, the performance of SOLARTDECO is well
within the error margins expected for network-operational
instruments (World Meteorological Organization, 2008), as
mean absolute differences (MAD) are close to the resolution
of network instruments (5 Wm−2) for all irradiance compo-

nents, and more than 95 % of the comparisons have mean
differences lower than ±20 Wm−2.

A focus on the years 2018 and 2019 shows that the perfor-
mance of SOLARTDECO is also comparable to that of the
radiative-transfer tool SOLARES under clear-sky conditions
(also identified using the modified Garcia algorithm) in Lille
over the same period (Elias et al., 2024).

However, SOLARTDECO does appear to slightly overes-
timate the DHI. This discrepancy could be linked to the cir-
cumsolar contribution, i.e., the diffuse part of the incident
solar irradiance located in the vicinity of the direction of
the Sun (0.6 to 8°). Indeed, the circumsolar contribution is
measured by the instruments as part of the incident direct ir-
radiance at the surface, while it is generally accounted for
as part of the diffuse irradiance in radiative-transfer simula-
tions. This difference between simulations and ground mea-
surements, which represents at most 2 % to 3 % of the DNI
in the majority of cloud-free events (Gueymard, 2001, 2010;
Blanc et al., 2014), usually leads to an underestimation of the
BHI and overestimation of the DHI in radiative-transfer sim-
ulations. This is in accordance with the overestimation of the
diffuse irradiance by SOLARTDECO. However, no underes-
timation of the BHI is reflected by the mean biases, which
could indicate the existence of other biases with opposite ef-
fects.

2.4 Multivariate analysis of SSI variability

In the present study, we undertake a multivariate analysis of
the variability in the surface solar irradiance in Lille over the
period of 2010–2022. The objective is to disentangle the con-
tributions of the change in sky conditions (presence or ab-
sence of clouds, aerosol class and loading, and atmospheric
parameters) and of geometrical conditions to the observed
variabilities in the SSI. This section presents the methodol-
ogy for the multivariate analysis (Sect. 2.4.1), as well as the
sensitivity study of the SSI to input parameters that are used
to perform the multivariate analysis (Sect. 2.4.2). For the pur-
pose of this study, this methodology has been applied to an-
alyze trends and year-to-year variability in the SSI over the
period of 2010–2022 (Sect. 3.2) in spring (i.e., March–April–
May) and summer (i.e., June–July–August). Nonetheless, it
is worth mentioning that it could also be applied at other tem-
poral resolutions, including monthly and intra-daily scales.

2.4.1 Methodology

The seasonal mean all-sky solar irradiance can be written as a
weighted sum of the observed irradiances per sky condition:

FASKY =
∑
k

Fk × freqk, (2)

where k represents the sky condition (CLOS, CSWC, or
CSKY), Fk corresponds to the associated measured seasonal
mean irradiances (GHI, BHI, or DHI), and freqk represents
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Figure 2. Schematic description of SOLARTDECO simulations.

Figure 3. Scatterplot of SOLARTDECO simulations based on level 2.0 AERONET inputs versus corresponding measurements of (a) GHI,
(b) BHI, and (c) DHI performed in Lille over the period of 2010–2022. The black line represents the 1 : 1 line. Mean SSI values and associated
standard deviations are shown on their respective axes for both simulations and observations. Absolute and relative values of MBD (mean
bias difference), MAD (mean absolute difference), and RMSD (root-mean-square deviation) are also displayed in the beige boxes included in
the different figures. Only observations that coincide with clear-sky flux measurements (identified by the algorithm presented in Sect. 2.2.1)
and performed between sunrise plus 30 min and sunset minus 30 min are considered for these comparisons.

the yearly mean frequency of the kth sky condition for the
corresponding season.

With this approach it is possible to isolate the contribu-
tions of the change in frequency of occurrence of sky condi-
tions and of the change in irradiance under each sky condi-
tion to both inter-annual variability and trends in all-sky ir-
radiances. Indeed, this decomposition allows the analysis of
the observed differences between the year y and the overall

mean over the period of 2010–2022:

1FASKY,y =
∑
k

(
1Fk,y × freqk,y +Fk,y ×1freqk,y

)
, (3)

where Fk,y and freqk,y represent the mean seasonal irradi-
ances and frequencies of the various sky conditions for the
year y, and the terms 1Fk,y and 1freqk,y correspond, re-
spectively, to the observed differences in irradiance and fre-

https://doi.org/10.5194/acp-24-12375-2024 Atmos. Chem. Phys., 24, 12375–12407, 2024



12384 G. Chesnoiu et al.: About multiple influences on SSI variability in northern France

quency of sky conditions between the seasonal averages for
the year y and over the whole period of interest. With this
framework, the term Fk,y ×1freqk,y represents the contri-
bution of the change in the sky’s frequency of occurrence
to the variability 1FASKY,y , while the term 1Fk,y × freqk,y
corresponds to the contribution of the change in irradiance
observed under each sky condition.

A similar approach can be used to decompose the eventual
observed trends under all-sky conditions over the period of
2010–2022, following Eq. (4):

dFASKY

dt
=

∑
k

(
dFk
dt
× freqk +Fk ×

dfreqk
dt

)
, (4)

where Fk and freqk are the same as in Eq. (3), while dFk
dt and

dfreqk
dt correspond, respectively, to the slopes of the observed

seasonal trends in irradiances and frequencies of the various
sky conditions. Again, the terms Fk ×

dfreqk
dt and dFk

dt × freqk
represent the influence of the trends in the occurrences of the
sky conditions and the trends in other atmospheric parame-
ters, respectively.

This analysis of the different contributions to the observed
irradiance variabilities can be extended by further decompos-
ing the terms related to the variability in the irradiances ob-
served under each sky condition that we note here: CSKY,
CSWC, and CLOS. We describe here a second and third step,
for which we decompose the irradiance variability only in
the case of the CSKY and CSWC (i.e., CSUN) situations by
accounting for changes in the occurrence of the five main
aerosol classes and changes in solar irradiances per aerosol
class. Note that for CSWC conditions, this is only valid for
the BHI that is not influenced by clouds.

As in the previous paragraph, the seasonal mean solar ir-
radiance for CSKY and CSWC conditions can be written as
a weighted sum of the observed mean irradiances per aerosol
class:

Fclear =
∑
i

Fi × freqi, (5)

where Fclear represents the mean seasonal irradiances mea-
sured under clear-sky or clear-sun-with-cloud conditions,
and the terms freqi and Fi correspond to the mean frequen-
cies and irradiances of the ith aerosol class1 (i.e., Continen-
tal, Continental polluted, Mixed, Maritime, and Desert dust)
for the same conditions (CSKY or CSWC). Then, similarly
to the approach used under all-sky conditions, it is possible
to isolate the contribution of the change in aerosol class fre-
quency and the change in irradiance per aerosol class for both

1The Strong event class is not considered for the decomposition
of the clear-sun irradiances, as it represents less than 1 % of obser-
vations in Lille.

the inter-annual variability (Eq. 6) and the trends (Eq. 7):

1Fclear,y =
∑
i

(
1Fi,y × freqi,y +Fi,y ×1freqi,y

)
, (6)

dFclear

dt
=

∑
i

(
dFi
dt
× freqi +Fi ×

dfreqi
dt

)
, (7)

where1Fi,y and1freqi,y represent the observed differences
in irradiances and frequencies of the different aerosol classes
between the seasonal averages for the year y and over the pe-
riod of 2010–2022, and the terms dFi

dt and dfreqi
dt correspond

to the slopes of the observed seasonal linear trends in irradi-
ances and frequencies of the various aerosol classes. In this
form, 1Fi,y and dFi

dt result from the variabilities in the pa-
rameters of every scene (AOD, SSA, SZA, PWV, etc.) to
which the irradiances are sensitive. In order to isolate and
identify the impacts of each parameter, it is possible to fur-
ther decompose these terms following Eqs. (8) and (9):

1Fi,y =
∑
x

[
∂F

∂x

]
i,y

×1xi,y, (8)

dFi
dt
=

∑
x

[
∂F

∂x

]
i

×
dxi
dt
, (9)

where
[
∂F
∂x

]
corresponds to the seasonal sensitivity of the

irradiances to the various x parameters (AOD, SZA, SSA,
etc.), and the terms 1xi,y and dxi

dt represent the temporal
variations (for a given season) of the considered param-
eter for the ith aerosol class. Note that the comparisons
between SOLARTDECO simulations based on AERONET
measurements and irradiance measurements from ATOLL
under clear-sky conditions in Lille showed satisfactory re-
sults (Sect. 2.3.2). This validates the modeling of both the
aerosol optical properties and the radiative-transfer pro-
cesses. Hence, we use SOLARTDECO simulations with con-
fidence to compute the sensitivities of irradiances to the var-
ious atmospheric parameters, as described in Sect. 2.4.2.

2.4.2 Sensitivity study of clear-sky SSI

The sensitivity of clear-sky irradiances, F , to each input of
SOLARTDECO, x, is quantified by the computation of par-
tial derivatives, which are obtained by imposing a small per-
turbation, δx, on the value of x as in Eq. (10):

∂F

∂x
≈
δF

δx
=
F (x+ δx,y1, . . .,yn)−F (x,y1, . . .,yn)

δx
, (10)

where y1, . . .,yn are the other parameters besides the variable
of interest, x, needed to compute the clear-sky irradiances, F
(i.e., GHI, BHI, or DHI). As in Thorsen et al. (2020), the per-
turbation of the parameter x is taken as an arbitrary increase
of 1 % of the base value, which should be simultaneously
small enough to cause a linear impact on the irradiances and
large enough to avoid noise from numerical truncation errors.
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The analysis of these sensitivities is interesting in itself, as it
provides an understanding of the importance of each param-
eter and how accurately it should be defined. It also shows
how different the sensitivities of the direct and diffuse irradi-
ances can be, and how they can lead to reduced sensitivities
of GHI through compensation mechanisms. It also indicates
the possible importance of aerosol’s nature that interacts dif-
ferently with solar radiation over the solar spectrum. As the
values of the scene-related parameters have different mag-
nitudes (e.g., SZA versus AOD), we chose to provide here
values of the logarithmic sensitivity:

∂ ln(F )
∂ ln(x)

=
∂F/F

∂x/x
, (11)

where F represents the irradiances (GHI, BHI, or DHI) and
x the parameter of interest. The logarithmic sensitivities thus
represent the response of the irradiances (in %) to a relative
variation in the input parameter (here an increase) of 1 %.

Table 3a presents the logarithmic sensitivities of the clear-
sky irradiances to the input parameters of SOLARTDECO
(aerosol-related parameters are grouped) in the case of the
most-frequent aerosol class in Lille, i.e., the Continental
class. The sensitivities are calculated with a fixed set of prop-
erties that correspond to mean values observed in clear-sky
conditions over the period of 2010–2022 (Table S1 in the
Supplement). Note that for the aerosol layer height (Haer),
we used the fixed input value (2 km) from SOLARTDECO
described in Sect. 2.3.1 as the reference. The mean value of
fine fraction, ff, used in this study comes from AERONET
estimates based on the method of O’Neill et al. (2003).
Moreover, as the number of available AERONET inversions
of SSA is relatively small and thus less representative, the
mean single-scattering albedo is based on the aerosol op-
tical properties computed by mixing the fine and coarse
modes (Eq. B9) for each clear-sky simulation over 2010–
2022. This is valid, as the satisfactory results of SOLART-
DECO simulations suggest a good transcription of aerosol
optical properties derived for the mixing of the fine and
coarse modes. Overall, our sensitivity results show that the
most important parameter is the solar zenith angle, the 1 %
increase (0.6°) of which induces a 2.5 % decrease in the
GHI. The second-most-significant parameter is the single-
scattering albedo that affects only the diffuse component.
The third-most-important parameter is the aerosol optical
depth, although the compensation between two opposite-in-
sign effects on BHI and DHI leads to an overall effect on
GHI on the order of the effects of the PWV variation. We
noticed that an increase in the fine fraction for a constant
AOD550 does increase the BHI and decrease DHI, which re-
sults from an overall decrease in the aerosol extinction over
the solar spectrum, the consequence of a higher Ångström
exponent. Sensitivity results in the case of larger particles,
e.g., Maritime, not shown here, show sensitivities to AOD
5 % to 10 % higher in magnitude. It also shows a sensitivity
to ff 2 or 3 times higher in magnitude. Both differences can

Table 3. Logarithmic sensitivities of global (GHI), direct (BHI),
and diffuse (DHI) SSI to SOLARTDECO input parameters (the pa-
rameters related to aerosol properties are grouped) in the case of
the Continental aerosol class. Results are given in percentages and
equal the relative variation in irradiances for (a) a 1 % variation and
(b) a variation on the order of the coefficient of variation for each
input parameter. Computations were carried out for the Continental
aerosol class using a fixed set of parameters based on average prop-
erties observed under clear-sky conditions over 2010–2022. The pa-
rameter ff represents the aerosol fine-mode fraction, RH the rela-
tive humidity, PWV the precipitable water vapor content, Haer the
aerosol layer height (fixed at 2 km), and α the surface albedo.

(a) GHI BHI DHI

SZA (°) −2.47 −2.80 −1.18

AOD550 −4.92× 10−2
−1.67× 10−1 4.08× 10−1

SSA550 1.71× 10−1 0 8.38× 10−1

ff 1.59× 10−3 2.18× 10−2
−7.69× 10−2

Haer (km) −2.12× 10−4 0 −1.04× 10−3

RH (%) 2.81× 10−3
−3.98× 10−4 1.53× 10−2

PWV (cm) −5.68× 10−2
−6.68× 10−2

−1.78× 10−2

O3 (DU) −2.74× 10−2
−2.41× 10−2

−4.01× 10−2

O2 (ppmv) −7.55× 10−3
−8.03× 10−3

−5.69× 10−3

CO2 (ppmv) −2.64× 10−3
−3.25× 10−3

−2.55× 10−4

α 1.30× 10−2 0 6.34× 10−2

(b) GHI BHI DHI

SZA (°) −58.6 −66.5 −28.0

AOD550 −3.0 −10.3 25.1
SSA550 0.6 0.0 2.7
ff 0.0 0.5 −1.9
RH (%) 0.1 −0.0 0.5

PWV (cm) −2.6 −3.0 −0.8
O3 (DU) −0.3 −0.2 −0.4

be attributed to a modification of the aerosol optical proper-
ties over the whole solar spectrum.

It is nevertheless biased to compare the irradiance sensi-
tivities to all parameters as in Table 3a, as these parameters
actually have different ranges of variation. It is thus more
pertinent to account for these different ranges by multiply-
ing each logarithmic sensitivity by the coefficient of variation
in each parameter, defined as the ratio between the standard
deviation and the associated mean value of this parameter
observed in Lille. Table 3b provides the sensitivities of the
irradiances (in %) to the various parameters for changes on
the order of the coefficient of variation, still in the case of the
Continental aerosol class. Note that the sensitivities to the
surface albedo (α), oxygen (O2) and carbon dioxide (CO2)
concentrations, and aerosol layer height (Haer) are not repre-
sented, as these parameters are constant in our simulations.
Accounting for the variation in the input parameters, the clear
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sky irradiance sensitivities in Lille are thus, in decreasing
order, related to the solar zenith angle, the aerosol optical
thickness, the precipitable water vapor content, the single-
scattering albedo, and the fine fraction, with relatively weak
impacts (< 1 % for all irradiance components) of the relative
humidity and ozone content. The ordering of the sensitivi-
ties to SSA and PWV are inverted when considering only
the diffuse irradiance. These results indicate the primary im-
portance of the SZA: a temporal change in a clear-sky con-
dition can lead to a significant change in the solar irradiance
through modification of both the optical air mass and the hor-
izontal projection of radiances, which affects the direct more
than the diffuse horizontal irradiance. Also, a typical increase
in aerosol loading (AOD+σ ) would lead to a 10 % decrease
in BHI, a 25 % increase in DHI, and a 3 % decrease in GHI.
A more-thorough analysis of the global non-net direct radia-
tive impact of aerosols on the solar irradiance in Lille over
2010–2022, based on SOLARTDECO simulations as well as
ATOLL irradiance measurements, is presented in Sect. 4 for
clear-sun conditions, with seasonal and yearly averages and
a distinction by aerosol class.

Finally, it is important to note that the sensitivities pre-
sented in this section are only for the Continental class and
over the entire period of 2010–2022. Specific sensitivities,
which vary according to the time period considered as well
as the aerosol class, have been computed in order to perform
the multivariate analysis of inter-annual variability and trends
presented in Sects. 3.2.1 and 3.2.2.

3 Analysis of SSI variability over 2010–2022

In this section, the results of the joint analysis of the simul-
taneous measurements conducted in Lille over the period of
2010–2022 are presented. This analysis relies on classifica-
tions of both the sky conditions and aerosol optical proper-
ties introduced in Sect. 2, as well as on the radiative-transfer
simulations (in clear-sky conditions) of SOLARTDECO. The
objectives are to obtain a climatology of the solar environ-
ment in Lille over the past decade (Sect. 3.1) and examine
the influence of clouds, aerosols, and gases on the variability
in surface radiation in northern France (Sect. 3.2).

Firstly, in Sect. 3.1.1, the seasonal variability in solar irra-
diance, aerosol optical properties, and sky conditions is ex-
amined. Then we focus in Sect. 3.1.2 on the inter-annual
variability in spring (i.e., March–April–May) and summer
(i.e., June–July–August) over the period of 2010–2022. Fi-
nally, Sect. 3.2 presents the results of the multivariate analy-
sis of the year-to-year variability and trends in surface solar
irradiances in spring and summer, based on the methodology
described in Sect. 2.4.

3.1 Recorded variabilities in sky conditions, aerosols,
and SSI

3.1.1 Mean climatology and seasonal cycle

Figure 4a–h present the average monthly variations during
daytime over the 13-year period of 2010–2022 in differ-
ent measured and derived atmospheric quantities associated
with the solar environment in Lille: Fig. 4a – sky conditions
identified using the irradiance-based cloud-screening meth-
ods described in Sect. 2.2.1; Fig. 4b–d – aerosol properties
from AERONET measurements; and Fig. 4e–h – irradiances
measured for the different sky conditions.

The results of our cloud-screening approach confirm the
significant influence of clouds in Lille observed by Warren et
al. (2007). Over the 13-year period considered, we find that,
on average, the Sun is obscured by clouds (CLOS situations)
in nearly 67 % of cases, while completely clear skies are ob-
served only 11 % of the time and intermediate conditions of
partly cloudy skies with a visible Sun (CSWC conditions)
represent only an average of 22 % of observed situations.
Thus, the Sun is clear of clouds 33 % of the time (CSUN con-
ditions). Note that CLOS situations also encompass instances
characterized by thin clouds or clouds partially covering the
Sun (cloud edges), which have a limited impact on inci-
dent solar radiation, with direct normal irradiance (DNI) val-
ues exceeding 120 Wm−2 (sunshine criterion defined by the
World Meteorological Organization; WMO, 2003). On aver-
age over the period of 2010–2022, these situations, which can
be considered sunny, represent 9 % of observed conditions
and account for about 13 % of cloudy-sun situations. The
maximum (minimum) of CSKY (CLOS) occurrence happens
in March–April. Clear-sky conditions are at a minimum in
winter, with average occurrences of only around 5 %, asso-
ciated with a maximum of cloudy-sun conditions of around
80 %. A relatively stable plateau of minimum (maximum)
cloudy-sun (clear-sun) monthly proportions, with values con-
sistently lower (greater) than 65 % (11 % and 24 % for clear-
sky and clear-sun-with-cloud conditions), is also noticeable
from March to September, i.e., spring (March–April–May)
and summer (June–July–August).

Figure 4b–d illustrate the monthly variability in aerosol
optical properties in Lille over the period of 2010–2022.
Panels (b) and (c) represent the mean values of AOD and
AE, respectively, for all AERONET measurements, as well
as individually for situations coincident with clear-sky and
clear-sun-with-cloud observations. In addition, panel (d) il-
lustrates the monthly variability in the occurrence of the six
aerosol classes defined in Sect. 2.2.2, as well as the monthly
proportion of clean situations (AOD440 ≤ 0.1), considering
all AERONET measurements. Overall, Lille appears to be a
fairly polluted site, as only 27 % of AOD440 measurements
show values lower than 0.1. Table 2 shows that the main con-
tribution is from the Continental class (38 %), followed by
Mixed cases (22 %) and Continental polluted events (20 %).
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Figure 4. Monthly variations in Lille over the period of 2010–2022 for several quantities derived from ATOLL measurements. (a) Fre-
quencies of cloudy-sun (black line), clear-sun-with-cloud (grey line), and clear-sky moments (blue line) in percentages. (b) Monthly mean
values of AOD440 for all AERONET measurements (i.e., AERONET reference; black line) and for the clear-sun-with-cloud (orange line)
and clear-sky (green line) conditions. (c) Same as (b) but for the AE440−870. (d) Proportions of the different classes presented in Table 2:
Continental (red line), Continental polluted (purple line), Desert dust (orange line), Maritime (blue line), Mixed (black line), and Strong event
(green line) classes. The proportion of clean situations (AOD440 ≤ 0.1) for all coincident AERONET measurements is also represented as
pink columns. (e–h) Mean monthly SSI for different cloud cover states: (e) all-sky, (f) cloudy-sun, (g) clear-sun-with-cloud, and (h) clear-sky
conditions. Only values during daytime between sunrise+ 30 min and sunset− 30 min are considered. The GHI is represented as columns
with the lower, blue part corresponding to the DHI and the upper, yellow part to the BHI. The dashed grey lines represent the mean GHI over
2010–2022. Note that the percentages reflect the contribution of the DHI to the overall mean yearly GHI, the values of which are reported
above each column.

Hence, aerosols observed in Lille are mostly related to an-
thropogenic activities, as fine particles prevail at least 58 %
of the time. However, a non-negligible contribution of coarse
particles is observed, as the Maritime and Desert dust classes
represent 14 % and 5 % of the observations, respectively (Ta-
ble 2). Note that the proportion of Desert dust influence ob-
tained from our aerosol classification in clear-sun conditions
in Lille is consistent with that previously provided by Putaud
et al. (2010) based on particulate matter measurements in all-
sky conditions, as these authors estimate a mean proportion
of Desert dust particles in the range of 5 % to 12 % in the
north of Europe. Moreover, Fig. 4b–d show that the period
from March to September, characterized by a higher propor-
tion of clear-sun conditions, is also significantly influenced
by aerosols, with monthly mean AOD440 values greater than
0.15 (Fig. 4b). The stability of the associated Ångström ex-
ponents (values greater than 1.2; Fig. 4c) indicates a signifi-
cant influence of fine particles, primarily from anthropogenic
emissions, reaching a maximum in April (monthly mean val-

ues of AOD440 exceeding 0.2), with a minimum proportion
of AOD measurements below 0.1 (clean conditions) of only
11 % (Fig. 4d). Spring is indeed characterized by a significant
increase in agricultural activity, including fertilizer spread-
ing in open fields that releases substantial amounts of ammo-
nia into the atmosphere, which contributes to the formation
of secondary aerosols (Hauglustaine et al., 2014). Moreover,
the predominantly northeast wind flow observed in spring
in Lille (Fig. S4b in the Supplement) could be the result
of a higher frequency of anticyclonic conditions during this
season. Overall, this would explain the lower frequency of
cloudy moments and the accumulation of anthropogenic par-
ticles originating partly from the Benelux region. The accu-
mulation of anthropogenic particles is consistent with the
strong influence of the Continental polluted aerosol class,
reaching a maximum monthly average of about 35 % around
April (Fig. 4d). Conversely, in winter, when cloudy condi-
tions are more frequent (Fig. 4a), the monthly mean val-
ues of AOD generally remain below 0.12, reaching a min-
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imum of 0.09 in December (Fig. 4b). This winter drop in
AOD is associated with a decrease in the monthly mean AE
(Fig. 4c). These two decreases result from a higher propor-
tion of the Maritime aerosol class, with monthly proportions
exceeding 35 % for winter months (Fig. 4d). This finding
aligns with surface wind direction and speed measurements
from the ATOLL platform, which highlight prevailing west-
erly winds (Fig. S4a) that are less influenced by continental
anthropogenic activities.

Figure 4e–h represent the monthly variability in the in-
cident global surface flux in Lille over the period of 2010–
2022, as well as the partitioning between direct and diffuse
components for (e) all-sky (ASKY), (f) cloudy-sun (CLOS),
(g) clear-sun-with-cloud (CSWC), and (h) clear-sky (CSKY)
conditions. Note that only measurements performed between
sunrise+ 30 min and sunset− 30 min are considered, as the
identification of the sky state performs better during this pe-
riod.

Overall, the climatological yearly mean value of global
irradiance is at a minimum in cloudy-sun conditions
(192 Wm−2), when the Sun is obscured by clouds. In com-
parison, the measured surface flux in clear-sky conditions
is twice as high, with an average value around 375 Wm−2.
The maximum irradiance is observed for clear-sun-with-
cloud conditions, which, due to the cloud side effects on the
diffuse component, show a mean value around 424 Wm−2

(13 % more than clear-sky). Thus, in conjunction with the
frequency of each sky condition (Fig. 4a), the average so-
lar radiation incident in Lille under all-sky conditions is ap-
proximately 253 W m−2. In addition to the discrepancies in
GHI, it is worth mentioning that each sky condition is as-
sociated with varying proportions of direct and diffuse irra-
diance. In particular, the yearly mean diffuse ratio observed
in Lille over the period of 2010–2022 varies between a mini-
mum of 22 % in CSKY conditions and a maximum of 87 % in
CLOS situations, with intermediate values of 32 % and 56 %
in CSWC and ASKY conditions. This broad range of values
highlights the predominant effects on the measured surface
global irradiance of clouds in Lille and their position relative
to the Sun and the observer.

Figure 4e–h show that the seasonal variations in the mean
measured irradiances for all-sky states display almost sym-
metrical inverted U-shapes over the year that are linked to
changes in solar zenith angle (Fig. S3a–d in the Supplement)
and thus optical air mass, which are greater in winter (mini-
mum GHI) than in summer (maximum GHI). Moreover, the
variability in the optical air mass has a large influence on the
proportion of diffuse irradiance, which varies under all-sky
conditions from 51 % in summer to more than 65 % in winter.
Note that in all-sky conditions, the influence of the optical air
mass is enhanced by changes in occurrence of the sky condi-
tions, as the frequency of cloudy-sun conditions (Fig. 4a) is
greater (lower) in winter (summer), leading to overall lower
(greater) mean ASKY GHI values. The influence of clouds
is particularly important under CSWC conditions, as clouds,

through 3D effects, enhance the amount of diffuse radiation
reaching the surface. Most notably, our results highlight that
due to the additional contribution of clouds, the monthly av-
erages of global flux are, throughout the year, consistently
higher for CSWC conditions (Fig. 4g) than for CSKY sit-
uations (Fig. 4h), with relative differences varying between
+4 % in March and +21 % in January and with an abso-
lute maximum difference of 95 Wm−2 in July. Under CSWC
conditions, the gain from clouds results in diffuse flux val-
ues around 170 Wm−2 on average in summer, which are rel-
atively comparable to those observed in CLOS conditions,
reaching around 200 Wm−2 on average for the same season.
In relative terms, the contribution of diffuse radiation is, how-
ever, significantly lower in CSWC conditions, with an aver-
age proportion of DHI around 28 % in summer compared to
81 % in CLOS conditions. CLOS conditions thus typically
offer very low direct radiation and a moderate amount of dif-
fuse radiation, leading to global surface radiation levels that
are 2 to 3 times lower, depending on the month, compared to
other situations.

To conclude, our joint analysis of the seasonal variabil-
ity in the solar environment suggests that the period cover-
ing spring and summer is characterized by relatively high
amounts of incident radiation and surface energy, linked to
smaller solar zenith angles and longer day lengths. Both sea-
sons are thus particularly interesting in terms of solar en-
ergy exploitation, as the period from March to September
represents nearly 80 % of the total energy accumulated over
a year (approximately 1 MWhm−2; Fig. S3a). Hence, we
chose to focus our study of the inter-annual variability in
the solar environment in Lille over the period of 2010–2022
(Sect. 3.1.2) on spring and summer seasons. Note that as
these two seasons are generally characterized by a lower in-
fluence of clouds and relatively high levels of AOD, they are
of great interest for the study of the impact of aerosols on the
SSI and its direct/diffuse partition.

3.1.2 Year-to-year evolution in spring and summer

Figures 5 and 6 represent the year-to-year evolution from
2010 to 2022 of daytime sky conditions (Figs. 5a and 6a),
aerosol properties obtained from AERONET measurements
(Figs. 5b–d and 6b–d), and surface solar irradiances mea-
sured for the different sky conditions (Figs. 5e–h and 6e–h)
in Lille in spring and summer, respectively. Figures 5 and
6 show some local extrema of interest for these quantities,
such as the maximum of irradiance and clear-sky occurrence
for spring 2020. They show also some interesting trends over
the past decade, some of which are statistically significant.

The 2010–2022 yearly averaged occurrence of clear-sky
(CSKY) conditions represents 15 % of the observations in
spring, whereas in summer it is substantially lower, corre-
sponding to 11 %. The Sun is obscured by clouds (cloudy-
sun, CLOS) 62 % of the time in spring and 65 % in sum-
mer, on average. The Sun is clear and surrounded by clouds

Atmos. Chem. Phys., 24, 12375–12407, 2024 https://doi.org/10.5194/acp-24-12375-2024



G. Chesnoiu et al.: About multiple influences on SSI variability in northern France 12389

Figure 5. Same as Fig. 4 but for yearly variations in spring between 2010 and 2022.

Figure 6. Same as Fig. 5 but for summer.
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(clear-sun-with-cloud, CSWC) 23 % and 24 % of the time in
spring and summer, respectively. For both seasons, the year-
to-year variabilities reported in Figs. 5a and 6a show decreas-
ing linear trends in the frequency of CLOS conditions (of
about−0.9 %yr−1) and inversely increasing trends in the fre-
quency of CSWC and CSKY conditions (of about +0.4 % to
0.5 %yr−1). Precise values of the trends are given in Table 4.
As highlighted in bold in Table 4 and with solid green lines in
Figs. 5a and 6a, these seasonal trends are statistically signif-
icant (application of Mann–Kendall trend tests, Mann, 1945,
and Kendall, 1990, with a significance level of 5 %) only in
summer and only for the occurrences of CLOS and CSWC
situations. These trends are issued from only 13 years of data
and rely on the imperfect filtering of sky conditions. Their
scope should thus be considered with caution, as they are
quite sensitive to year-to-year variability and as uncertainty
in the occurrence of sky conditions impacts their validity.
However, it is worth noticing that the strongest (significantly
decreasing) trend in CLOS situations was found to be asso-
ciated with high confidence in the related occurrences (1.2 %
of misidentifications) and that this observation is consistent
with results from CM SAF data (C3S, 2024) that, since 2010,
show repeated negative annual anomalies in cloud cover and
positive ones in sunshine duration over European land areas
and relative to the reference period of 1991–2020. It does
encourage a multivariate analysis that includes the observed
variabilities in the observed occurrence trends as in Eq. (4).
In spring, the trends in sky conditions are not statistically
significant (Table 4a), possibly due to the higher year-to-
year variabilities recorded for this season. The spring of 2020
is particularly exceptional, with 35 % of CSKY occurrences
and only 43 % of CLOS situations. An anomaly with very
low cloud fraction was also observed in Cabauw (the Nether-
lands) in spring 2020 by van Heerwaarden et al. (2021). This
study showed that the particular anticyclonic meteorologi-
cal conditions of that spring were associated with record-
breaking all-sky global irradiance measurements in Cabauw.
These conditions were also characterized by a relatively low
contribution of diffuse radiation, accounting for 38 % as op-
posed to over 50 % on average in spring in Cabauw. Simi-
larly, in Lille, a high average global irradiance under all-sky
conditions was observed in spring of 2020 (389 Wm−2), rep-
resenting the maximum GHI over the whole period of 2010–
2022 for the spring season (Fig. 5e). This remarkable value is
55 Wm−2 higher (+16 %) than the spring average observed
over the period of 2010–2022 (334 Wm−2). Additionally, the
low contribution of the DHI (36 %), similar to that measured
in Cabauw, is notably lower than the seasonal averages ob-
served in spring in Lille, while the other years of 2010–2022
ranged between 43 % and 60 %. A detailed analysis of the
contribution of the variability in the aerosol content and of
the occurrence of sky conditions to the maximum solar radi-
ation in the spring of 2020 is presented in Sect. 3.2.1.

Figures 5b–d and 6b–d represent the variations in the
yearly averaged aerosol content and properties in Lille over

the period of 2010–2022 in spring and summer, respec-
tively. For both seasons, strong fluctuations in AOD440
are observed (Figs. 5b and 6b) when considering all ref-
erence AERONET measurements (i.e., clear-sun measure-
ments; black line) as well as only those coincident with
clear-sun-with-cloud (orange line) and clear-sky (green line)
observations. In spring, our measurements show a signifi-
cant decreasing trend in AOD440 over the period of 2010–
2022 (−0.008± 0.002 yr−1) from a yearly mean value of
0.26 in 2010 to around 0.20 in 2022. By comparison, the
observed negative trend in summer (−0.004± 0.003 yr−1)
appears to be much lower and statistically non-significant
(Table 4). This decrease in AOD recorded in Lille agrees
with the analysis of Ningombam et al. (2019), who identi-
fied a generalized decreasing trend in AOD for several Eu-
ropean AERONET stations since 1995. The yearly mean
Ångström exponent appears to be relatively stable for both
seasons (Figs. 5c and 6c), with overall mean values of 1.27
and 1.33 in spring and summer, respectively. Interestingly,
in spring, the stable AE and decrease in AOD translates to
a balancing of trends in the occurrences of the Continen-
tal (+1.9 %± 0.4 %yr−1) and Continental polluted classes
(−1.2 %± 0.7 %yr−1), while in summer no trends in the oc-
currences of these two aerosol classes are statistically signif-
icant (Figs. 5d and 6d).

Figures 5e–h and 6e–h depict the annual variations, for
the different sky conditions, of the incident solar irradiance
(colored columns) at the surface in Lille and the partition
between the direct flux (yellow component) and diffuse flux
(blue component) over the period of 2010–2022 in spring and
summer, respectively. Under all-sky conditions, significant
fluctuations in both the global irradiance and its direct com-
ponent are observed, while the contribution of the diffuse flux
remains relatively stable for both seasons (Figs. 5e and 6e).
In summer in particular, measurements show a difference
of 115 Wm−2 between the minimum in 2011 (307 Wm−2)
and the maximum in 2022 (421 Wm−2). In spring, a sim-
ilar gap of around 105 Wm−2 is also identified between
the recorded minimum in 2013 (285 Wm−2) and the max-
imum in 2020 (389 Wm−2) mentioned earlier. These signif-
icant variations, which appear to be strongly linked to the
year-to-year variability in meteorological conditions, sug-
gest an increasing trend in all-sky incident solar irradiance
at the surface in Lille in both spring and summer. Seasonal
Mann–Kendall trend tests support this hypothesis, as simi-
lar increasing trends are indeed observed for both seasons,
with a magnitude of approximately +4± 2 Wm−2 yr−1 over
the period of 2010–2022 (Table 4). As the observed trends
in diffuse irradiance are relatively uncertain, the overall in-
crease in global irradiance appears to be primarily linked to a
rise in the direct component, which also displays significant
trends in both spring (+4.4± 2.3 Wm−2 yr−1) and summer
(+4.7± 1.9 Wm−2 yr−1).

Our findings are consistent with the conclusions of other
studies (Boers et al., 2017; Mateos et al., 2014; Sanchez-
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Table 4. Trends per year in frequency of sky conditions (a), aerosols (b), and SSI (c) recorded in Lille in spring and summer over the period
of 2010–2022. Only parameters with at least one statistically significant trend (Mann–Kendall test, highlighted in bold text) in spring or
summer are reported. Note that other parameters such as the solar zenith angle, precipitable water vapor content, and Ångström exponent
were also investigated; however, no significant trends were observed.

(a) Frequency of sky conditions

2010–2022 mean (%) /
[trend ± standard-deviation] (%yr−1)

Proportion of Spring Summer

Cloudy-sun 62 % / [−0.98± 0.60] 65 % / [–0.92 ± 0.40 ]
Clear-sun-with-cloud 23 % / [0.42± 0.26] 24 % / [0.48 ± 0.20]
Clear-sky 15 % / [0.56± 0.49] 11 % / [0.44± 0.28]

(b) AOD and frequency of occurrence of the Continental and Continental polluted aerosol classes

Trend± standard deviation

AOD [440 nm] (unit per year) Spring Summer

Clear-sun (–0.008 ± 0.002) (−0.004± 0.003)
Clear-sun-with-cloud (–0.011 ± 0.003) (−0.004± 0.003)
Clear-sky (–0.006 ± 0.002) (−0.003± 0.003)

Frequency of occurrence (%yr−1)

Continental
Clear-sun-with-cloud / clear-sky

(+2.2 ± 0.6) / (+1.7 ± 0.5) (+1.2± 0.6) / (+0.4± 1.0)

Continental polluted
Clear-sun-with-cloud / clear-sky

(–1.8 ± 0.7) / (–0.9 ± 0.8) (−1.0± 0.6) / (−1.5± 0.9)

(c) Surface solar irradiances

Trend in GHI / BHI / DHI (Wm−2 yr−1) ± standard deviation

Spring Summer

All-sky (3.95 ± 1.90) / (4.36 ± 2.30) / (−0.41± 0.77) (4.21 ± 1.85) / (4.66 ± 1.89) / (−0.45± 0.46)
Cloudy-sun (0.27± 1.31) / (−0.45± 0.65) / (0.72± 0.79) (0.63± 1.16) / (0.09± 0.61) / (0.54± 0.59)
Clear-sun-with-cloud (3.34± 1.43) / (3.70 ± 1.07) / (−0.36± 0.61) (3.73 ± 1.19) / (3.84 ± 1.21) / (−0.11± 0.55)
Clear-sky (1.35± 1.99) / (2.27± 2.08) / (–0.92 ± 0.29) (3.08 ± 1.26) / (3.08 ± 1.33) / (0.002± 0.76)

Lorenzo et al., 2013), which also observed increasing trends
in surface solar irradiance for various European measure-
ment sites, in both the presence and absence of clouds. It
is also coherent with the general increase in SSI and sun-
shine duration observed over Europe since 1991 based on
CM SAF SARAH-3 data (C3S, 2024). However, it should be
noted that trends of increasing all-sky surface solar irradiance
reported in the literature, which often cover longer periods
(several decades) or earlier periods, are less pronounced than
those highlighted in this study in Lille over the past 13 years.
Apart from differences related to geographic position of the
measurement sites and periods considered in each study, a
possible explanation for these discrepancies is the time range
used for our analysis. As mentioned previously, our analysis
is based exclusively on daytime measurements, performed
between sunrise+ 30 min and sunset− 30 min. In contrast,

studies from the literature usually consider irradiance mea-
surements over a 24 h period, which include nighttime mea-
surements that are characterized by an absence of incident
solar radiation. The average over 24 h is thus lower than when
considering only daytime measurements. To put our results
into perspective, we applied seasonal Mann–Kendall trend
tests to the year-to-year means over the period of 2010–2022
with the addition of nighttime measurements in our datasets.
In this configuration, an increasing trend in all-sky GHI is
statistically significant for all seasons (even in winter), with
maximum magnitudes in summer (+2.8± 1.1 Wm−2 yr−1)
and spring (+2.3± 1.0 Wm−2 yr−1). Thus, on an annual av-
erage, a trend of about +1.5 Wm−2 yr−1 is observed, which
is more in line with the trends reported in the literature.

In Lille, significant increasing trends of both global
and direct irradiances are also observed under CSWC
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(+3.8± 1.2 Wm−2 yr−1 for both components) and CSKY
(+3.1± 1.3 Wm−2 yr−1 for both components) situations in
summer (Table 4). In spring, the trends are more uncer-
tain, apart from a significant increase in BHI of about
+3.7± 1.1 Wm−2 yr−1 under CSWC conditions. Our results
also highlight a significant decreasing trend in diffuse irradi-
ance for CSKY situations of around−0.9± 0.3 Wm−2 yr−1.

The results of van Heerwaarden et al. (2021) regarding
spring 2020 in Cabauw showed that sky conditions had a
significant influence on the variability in the measured all-
sky global irradiance. It is also very likely that the GHI
maximum of spring 2020 in Lille, as well as the increas-
ing trends in both spring and summer observed under all-sky
conditions, are strongly associated with the decrease in the
frequency of CLOS conditions in favor of the CSWC and
CSKY situations, which exhibit higher radiation values, es-
pecially for the direct component of the flux. Under clear-
sun-with-cloud and clear-sky conditions, the observed trends
in irradiances could be partly related to the observed declin-
ing trends in AOD440, especially the decrease in clear-sky
DHI in spring. They could also be related to the evolution of
water vapor content, ozone, or the solar zenith angle under
clear-sun conditions, which are influenced by the frequency
of occurrence of the sky conditions. However, an analysis of
the inter-annual variability in these various atmospheric pa-
rameters (not shown) reveals no significant trends over the
period of 2010–2022 in spring or summer, apart from the
negative trend in springtime AOD mentioned previously.

To isolate the contribution of the different parameters (oc-
currence of sky conditions, AOD, SZA, PWV, etc.) to the
observed variabilities in the SSI under the different sky con-
ditions, a more-detailed analysis was conducted using irradi-
ance measurements from ATOLL and radiative-transfer sim-
ulations from SOLARTDECO based on the methodology of
the multivariate analysis presented in Sect. 2.4.

3.2 Investigating main factors of SSI variability

This section presents the results of the multivariate analy-
sis of the variability in surface solar irradiance over the pe-
riod of 2010–2022, following the methodology introduced
in Sect. 2.4. Our analysis focuses on the specific trends and
annual extrema observed over the period of 2010–2022 in
spring and summer, as these seasons are the most significant
in terms of surface solar energy, exhibiting robust trends and
substantial yearly variations in SSI over the 13-year period.
First, results of the multivariate analysis of the all-sky irra-
diance record of spring 2020 are presented in Sect. 3.2.1.
Then, the analysis of the observed irradiance temporal trends
in spring and summer is presented in Sect. 3.2.2.

3.2.1 Multivariate analysis of spring 2020

As mentioned previously, the approach presented in
Sect. 2.4.1 can be applied to the analysis of the year-to-year

variability in the solar irradiance measured at the surface for
all seasons, as well as to the study of the observed seasonal
trends in irradiances presented in Sect. 3.1.2.

We analyze here the record-high mean GHI value from
spring 2020 measured at the ATOLL platform. Spring
2020, in connection with the particular conditions linked to
COVID-19 and the associated confinement period, has been
the subject of numerous studies about anthropogenic pollu-
tion and air quality in France and around the world (Ordóñez
et al., 2020; Reifenberg et al., 2022; Voigt et al., 2022; Cuesta
et al., 2022; Petit et al., 2021; Fu et al., 2020; Velders et al.,
2021), as well as about the possible impact of the reduc-
tion in anthropogenic emissions on incident solar radiation
(Shuvalova et al., 2022; Reifenberg et al., 2022; van Heer-
waarden et al., 2021). In particular, the study of van Heer-
waarden et al. (2021) showed similarly high values of all-sky
global irradiance in Cabauw (the Netherlands), a site about
250 km northeast of Lille that experienced the same large-
scale high-pressure meteorological situation. The mean GHI
for that spring was 389 Wm−2, 55 Wm−2 (i.e., 16 %) higher
than the average springtime GHI observed in Lille over the
2010–2022 period.

Figure 7a and b illustrate the results obtained from our
methodology for spring 2020 in Lille. Figure 7a presents the
results of the decomposition of all-sky irradiance measure-
ments in terms of sky conditions, using Eq. (3), for all irradi-
ance components. Figure 7b presents the additional decom-
position of the direct irradiance component under clear-sun-
with-cloud (1FCSWC) and clear-sky (1FCSKY) conditions in
terms of changes in aerosol class partition and changes in
scene parameters, as in Eqs. (6) and (8).

Overall, the decomposition of all-sky irradiances based on
the different sky condition categories (cloudy-sun, clear-sun-
with-cloud, and clear-sky) satisfactorily reproduces the mea-
sured differences in irradiances between the mean values of
spring 2020 and the overall averages over the period of 2010–
2022 for all components (Fig. 7a). Indeed, our approach es-
timates a variation of +65, +89, and −25 Wm−2 for GHI,
BHI, and DHI, respectively, versus the measured +55, +81,
and −25 Wm−2. As discussed in Sect. 3.1.2, spring 2020 in
Lille was characterized by an exceptionally low frequency
of cloudy-sun conditions (44 % compared to an average of
60 % in spring over 2010–2022; Fig. 5a). In contrast, clear-
sky conditions were more than 2 times more frequent, rep-
resenting 34 % of situations in spring 2020 compared to the
spring average of 15 %. This change in sky conditions led,
as shown in Fig. 7a, to an increase in BHI of +74 Wm−2

(+83 % of the total increase in BHI) and a decrease in DHI
of −16 Wm−2 (−64 % of the total change in DHI). It did re-
sult in an increase in GHI of +58 Wm−2, which represents
89 % of the total increase in GHI. Our approach also esti-
mates that the remaining contribution (of only +7 Wm−2,
+11 % of the GHI change) comes mostly from changes
in BHI resulting from effects that are partially opposite in
sign, with fewer cloudy-sun situations being less bright at
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Figure 7. Illustration of the decomposition for spring 2020: (a) the
all-sky SSI components (GHI, BHI, and DHI) and (b) the direct
component (BHI) in clear-sun-with-cloud and clear-sky conditions.
In panel (a), the dashed green lines represent the observed deviation
from the 2010–2022 spring average for spring 2020. The dashed
red lines correspond to the deviation derived from the decompo-
sition based on the sky conditions. The decomposition is repre-
sented by the black, gray, orange, and blue columns, which cor-
respond to the contributions of the variability in the frequency of
occurrence of sky conditions (freqcond) and the intrinsic variability
in the irradiances in CLOS (FCLOS), CSWC (FCSWC), and CSKY
(FCSKY) conditions, respectively. The additional decomposition of
BHICSWC and BHICSKY with respect to the scene parameters is il-
lustrated in panel (b). The orange and blue columns from panel (a),
which represent the intrinsic variability in the BHI under CSWC
and CSKY conditions, respectively, are represented as dashed lines
of the same colors in panel (b). The pink dashed lines represent
the values estimated from the decomposition of the BHI according
to the scene parameters as in Eq. (6). The latter decomposition is
also illustrated by the colored columns, which represent the contri-
butions of the variability in the frequency of occurrence of aerosol
classes (freqaer; black column), as well as the variability in the AOD
(green column), ff (violet column), PWV (blue column), and SZA
(brown column).

the surface (FCLOS =−8 Wm−2), more clear-sky situations
being brighter (FCSKY =+11 Wm−2), and clear-sun-with-
cloud being slightly brighter (FCSWC =+4 Wm−2).

The results of the decomposition of the changes in BHI un-
der clear-sun situations (CSUN, i.e., the sum of CSWC and
CSKY) related to changes in aerosol classes and scene pa-
rameters, illustrated in Fig. 7b, provide more insight into the

remaining +17 % increase in BHI that complements the ef-
fects of the change in sky situations. They suggest that most
of the increase due to the change in scene parameters is due
to a decrease in SZA for CSUN situations (−1.5 and −0.9°
in the CSKY and CSWC situations, respectively) that by it-
self causes an increase of around +14.6 Wm−2, which rep-
resents 71 % of the overall increase in BHI under clear-sun
conditions. The remaining 29 % comes mostly from a change
in aerosol properties. In CSWC situations, the increase in
BHI due to SZA is 3 times higher than the increase due to
a change in aerosol properties (linked with an average AOD
of 0.16 in 2020 compared to the 2010–2022 average of 0.22).
In the CSKY situation, the modification of aerosol class fre-
quencies (a significant decrease in the occurrence of the Con-
tinental polluted class in favor of the Continental class; see
Fig. 5d) is the main aerosol-related effect that results in a
contribution of +4.1 Wm−2, which is around slightly more
than half of that due to changes in SZA (+7.8 Wm−2).

Our estimates are consistent with the results of van Heer-
waarden et al. (2021), who found that the observed irradi-
ance record for spring 2020 in Cabauw is primarily due to
the exceptionally low cloud fraction that year (a contribu-
tion of approximately 89 %), with modest additional contri-
butions from changes in AOD (6 %) and water vapor content
(5 %). Indeed, our analysis attributes an 89 % increase in all-
sky GHI to the change in sky condition occurrences, which
are also responsible for 83 % of the BHI increase and 64 %
of the DHI increase. In addition, our results emphasize the
predominant role of the SZA compared to aerosol changes
for that season. We did not evaluate the CLOS situations that
show a slight decrease in GHI, BHI, and DHI in the present
study. However, we observe a slight increase in the SZA un-
der CLOS situations, which might contribute to this general
decrease in SSI in CLOS situations.

Our methodology was also used to explain the variabil-
ity in irradiances for other years in spring and summer. Our
analysis highlighted again the primary influence of the vari-
ability in the sky conditions, which also explains, for exam-
ple, 69 % and 84 % of the variability in the all-sky GHI ob-
served during the summer of 2022 (maximum of 421 Wm−2)
and spring 2013 (minimum of 285 Wm−2), respectively. It
also showed the primary importance of SZA associated with
the variations in the occurrence of the sky conditions, which
plays a key role in the variability in the irradiances for other
years, while the influence of the variability in both aerosol
and water vapor content is relatively limited. These results
are consistent with the order of importance of the parameters
determined by the sensitivity analysis in Sect. 2.4.2.

3.2.2 Multivariate analysis of spring and summer trends

As stated in Sect. 3.1.2 and Table 4, all-sky GHI irradi-
ances show significant positive trends in spring and sum-
mer, with respective magnitudes of +4.0± 1.9 Wm−2 yr−1

and +4.2± 1.9 Wm−2 yr−1 due to an important increase in
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Figure 8. Decomposition of the observed trends in all-sky SSI com-
ponents (from left to right: global, direct, and diffuse) in (a) spring
and (b) summer. The meanings of the colored lines and columns are
similar to those described in Fig. 7a.

the direct component, with magnitudes of +4.4± 2.3 and
+4.7± 1.9 Wm−2 yr−1 in spring and summer, respectively.
Figure 8a and b illustrate the results of these trend decompo-
sitions obtained from Eq. (4).

The decomposition of the trends shows similar features in
spring and summer. The observed upward trends in all-sky
GHI and BHI are largely linked to the trends in the occur-
rence of sky conditions, with contributions in spring of ap-
proximately +2.7 (71 %) and +3.3 (79 %) Wm−2 yr−1 for
the global and direct components, respectively, and +2.6
(62 %) and +3.4 (74 %) Wm−2 yr−1 in summer. These re-
sults are consistent with the negative trends in the frequencies
of CLOS situations observed almost equally for both sea-
sons that lead to almost equal increases in the frequencies of
CSWC and CSKY situations (Table 4). The remaining con-
tributions in the GHI and BHI upward trends arise almost en-
tirely from positive irradiance trends observed under the var-
ious sky conditions. The most important contribution comes
from CSWC conditions (approx. +0.8–0.9 Wm−2 yr−1 for

both components), which align with the significant positive
trends observed for these situations (Table 4) and their rel-
atively high seasonal frequencies (25 % in spring, 22 % in
summer). The statistical significance of these trends and the
similarities between observed and derived all-sky GHI and
BHI trends further validate these conclusions.

We further analyze the BHI variability in CSWC and
CSKY conditions for spring and summer, decomposing their
trends following Eqs. (7) and (9). Note that apart from the
CSKY BHI trend in summer (where no parameter trends are
significant), the computed trends generally yield results simi-
lar to the observed trends, with magnitudes within the uncer-
tainty in the observations (±σ ). The significant trends ob-
served for CSWC BHI in spring (+3.7± 1.7 Wm−2 yr−1)
and summer (+3.8± 1.2 Wm−2 yr−1), which contribute to
the all-sky BHI trends by +0.85 and +0.91 Wm−2 yr−1, can
be decomposed as in Fig. 9a and b. It shows that the main
contribution to these trends in spring is related to changes in
aerosol loading through variations in aerosol class frequen-
cies (+0.21 Wm−2) and increases in AOD (+0.35 Wm−2)
that explain 87 % of the CSWC BHI trend, while changes
in SZA for those situations account for around 14 % of
the CSWC BHI trend. These results align with the signif-
icant trends observed for both AOD and aerosol class fre-
quencies in spring (Table 4). In summer, the contribution
of aerosol properties is smaller, 49 %, while the contribu-
tion from changes in SZA reaches 44 %. Hence, although
the trends in BHI under CSWC situations are very close in
magnitude in spring and summer, the contribution of the dif-
ferent parameters is quite different for both seasons. It results
from a decrease in AOD more than 2 times larger in spring
compared to summer (see Table 4) and a decrease in SZA 3
times smaller in spring (−0.03± 0.09°yr−1; confidence level
of 62 %) than in summer (−0.094± 0.09°yr−1; confidence
level of 80 %). The contribution of the SZA variability is thus
not to be neglected. Besides its effects on CSWC BHI, it also
explains the limited CSKY BHI trend in spring, as the ef-
fects of the AOD decrease are compensated by an increase
in SZA (+0.04± 0.14°yr−1; confidence level of 52 %). Fur-
thermore, changes in SZA (−0.1± 0.09°yr−1; confidence
level of 80 %) represent almost the sole contribution to the
CSKY BHI trend in summer (Fig. 9).

Finally, it is worth noting that the influence of the other at-
mospheric parameters remains relatively limited, even for the
water vapor content whose contribution is at a maximum for
both seasons in clear-sun-with-cloud conditions but is lim-
ited to +3 % and +6 % in spring and summer, respectively.

4 Radiative effects of atmospheric components on
SSI

In this section, we assess the radiative effects of atmospheric
components, especially aerosols, on the downwelling sur-
face solar irradiances (called REd, for radiative effect on the
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Figure 9. Illustration of the decomposition of observed trends in
the direct component of SSI (BHI) under clear-sun-with-cloud and
clear-sky conditions in (a) spring and (b) summer. The meanings
of the colored lines and columns are similar to those described in
Fig. 7b.

downwelling SSI) consistent with our ground-based dataset
and relevent to surface-related applications (such as photo-
voltaic solar systems) and surface processes (e.g., photosyn-
thesis). Note that only a few studies have assessed the direct
radiative impact of aerosols specifically on downward sur-
face solar radiation, as for example, was done in Papadimas
et al. (2012) over the Mediterranean basin. Furthermore, our
approach encompasses the shortwave radiative effects of at-
mospheric particles on the global, direct, and diffuse compo-
nents of the downwelling SSI, as in Witthuhn et al. (2021).
In Sect. 4.1 our analysis of the REd focuses on clear-sky

conditions through a statistical investigation of the aerosol
radiative effects on all downwelling SSI components (GHI,
BHI, and DHI) over the whole period of 2010–2022. In ad-
dition, Sect. 4.2 provides an analysis of aerosol and cloud ra-
diative effects in CSWC conditions. This approach relies on
two sets of pristine (i.e., aerosol-and-cloud-free) and cloud-
free simulations, which, by comparison with ground-based
measurements that include the effect of clouds on SSI, allow
the quantification of aerosol and cloud REd in CSWC con-
ditions. Finally, the respective and cumulative REd of clouds
(on DHI) and aerosols (on DHI and BHI) can be quantified
over all CSUN (CSKY and CSWC) situations, which repre-
sent on average 33 % of sky conditions in Lille.

4.1 Clear-sky conditions

In clear-sky conditions, the radiative effect on the down-
welling SSI (REd) of aerosols is defined as

REd, aer, CSKY = Fmeas−Fpristine (12)

or in relative terms as

rREd, aer, CSKY =
Fmeas−Fpristine

Fpristine
, (13)

where Fpristine and Fmeas correspond to the pristine (aerosol-
and-cloud-free) simulations of SOLARTDECO and to the
ATOLL measurements of the downwelling solar irradiance
components (GHI, BHI, or DHI) in clear-sky conditions, re-
spectively. The radiative effect efficiency of aerosols on the
downwelling SSI (REEd) under clear-sky conditions, defined
as

REEd, aer, CSKY =
REd, aer, CSKY

AOD440
, (14)

is also investigated in this section, as it allows the comparison
of the REd for different aerosol loads (see for example Kok
et al., 2017). Furthermore, as the REd is approximately linear
with AOD (Satheesh and Ramanathan, 2000), REEd provides
the sensitivity of REd to AOD.

The mean radiative effect of aerosols in Lille is investi-
gated over the whole period of 2010–2022. Results are ana-
lyzed by season, by aerosol class, and by distinguishing be-
tween clean (AOD440 ≤ 0.1) and polluted (AOD440 > 0.1)
situations. Table 5 provides the mean absolute and relative
REd of aerosols along with the corresponding REEd for all
coincident CSKY measurements and for the three compo-
nents of the SSI.

Our results show that in Lille over the period of 2010–
2022, the overall yearly averaged radiative impact of aerosols
constitutes a loss of around−61 Wm−2 (−18 %) in direct ir-
radiance and a gain of roughly +42 Wm−2 (+92 %) in dif-
fuse radiation, compared to pristine conditions. This leads
to an important modification of the DHI contribution with
a twofold (+105 %) increase in the average DHI/GHI ra-
tio, from 12 % in pristine conditions to an average of 24 %

https://doi.org/10.5194/acp-24-12375-2024 Atmos. Chem. Phys., 24, 12375–12407, 2024



12396 G. Chesnoiu et al.: About multiple influences on SSI variability in northern France

Table 5. Mean (absolute), [relative] aerosol REd, and associated<absolute efficiencies>, REEd, on SSI in clear-sky conditions in Lille over
the period of 2010–2022 for coincident AERONET measurements only. The instantaneous values were computed using ATOLL irradiance
measurements and SOLARTDECO pristine simulations for all irradiance components. The total mean corresponds to the overall mean REd
and REEd for all coincident measurements in clear-sky conditions over the period of 2010–2022. Similar averages were made for each season
as well as for the different classes and for clean (AOD440 ≤ 0.1) and polluted conditions.

REd of aerosols in CSKY conditions in Lille over 2010–2022 (Wm−2) [%] <
Wm−2

unit of AOD440
>

GHI BHI DHI

Total (−19.7) [−5.5] <−125> (−61.4) [−17.5] <−379> (41.7) [91.7] < 254>

Winter (−15.6) [−6.4] <−158> (−37.9) [−18.3] <−386> (22.3) [59.8] < 227>
Spring (−21.4) [−5.9] <−116> (−68.3) [−19.1] <−377> (46.8) [101.7] < 261>
Summer (−18.8) [−4.8] <−120> (−62.7) [−16.4] <−376> (43.9) [93.5] < 256>
Autumn (−19.2) [−5.5] <−139> (−53.7) [−15.9] <−385> (34.5) [80.2] < 245>

Continental (−15.0) [−4.0] <−129> (−43.2) [−11.7] <−362> (28.2) [61.5] < 233>
Continental polluted (−31.6) [−8.7] <−105> (−98.6) [−27.5] <−326> (67.0) [144.4] < 221>
Mixed (−22.3) [−6.2] <−120> (−73.8) [−21.2] <−396> (51.5) [112.6] < 276>
Maritime (−11.5) [−4.2] <−152> (−36.2) [−14.7] <−463> (24.7) [61.3] < 311>
Desert dust (−25.4) [−6.2] <−126> (−92.1) [−21.2] <−456> (66.7) [149.3] < 330>

Clean (−10.5) [−2.9] <−144> (−30.1) [−9.2] <−403> (19.6) [45.8] < 259>
Polluted (−23.2) [−6.4] <−118> (−73.5) [−20.7] <−369> (50.2) [109.5] < 252>

in CSKY conditions. The opposite-in-sign aerosol effects
on BHI and DHI lead to a reduced effect of GHI, evi-
dently always negative, which is on average reduced by
about −20 Wm−2 (−5.5 %). During polluted CSKY situa-
tions, which happen 73 % of the time, the aerosol REd ex-
ceeds −20 % and +100 % for BHI and DHI and −6 % for
GHI. Inversely, for clean situations that mostly happen in fall
and winter, the aerosol REd is weaker and smaller in mag-
nitude than −10 % and +50 % for BHI and DHI and −3 %
for GHI, i.e., 2 times smaller than in polluted situations. The
compensation mechanism between the REd for the direct and
diffuse irradiances shows, through the values of REEd, an
aerosol-independent feature, with direct and diffuse compo-
nents that are about 3 and 2 times more sensitive to the AOD
than the GHI, respectively.

The analysis of the REd (GHI/BHI/DHI) indicates that
the maximum radiative impact happens both in absolute
(−21/−68/+47 W m−2) and relative (−6 %/−19 %/+102 %)
terms in spring, with slightly higher values compared to sum-
mer (−19/−63/+44 Wm−2; −5 %/−16 %/+94 %), and also
for Continental polluted aerosols (−32/−99/+67 Wm−2,
−9 %/−28 %/144 %). This result is consistent with our anal-
ysis of the seasonal variability in the solar environment in
Lille, which shows higher values of AOD in spring than in
summer (Fig. 4b) and a high proportion of Continental pol-
luted aerosols in spring. The minimum radiative impact oc-
curs in absolute values in winter (−16/−38/+22 Wm−2) and
in Maritime aerosol conditions (−12/−36/+25 Wm−2). This
result is also consistent with the observed lower values of
AOD in winter and higher proportion of Maritime aerosols

during this season. It can also be related to higher solar-zenith
angles that lead to overall lower surface irradiances in winter
and thus lower aerosol REd in absolute values.

The REd efficiency (REEd) is higher in magnitude for
Maritime and Desert dust aerosols, with values above −450
and +310 Wm−2 for BHI and DHI, respectively. These re-
sults align with the conclusions of the sensitivity analysis
(Sect. 2.4.2), which show higher sensitivities of the direct and
diffuse components to Maritime and Desert dust aerosols. As
already hypothesized, this result may be linked to the differ-
ences in the size of the particles, as the lower absolute value
of the Ångström exponent for large particles implies higher
extinction properties over the whole solar spectrum. Note
that, on average, the radiative impact of the Maritime and
Desert dust classes remains, however, relatively limited over
the course of the year, as these two classes represent only
14 % and 5 % of observed situations, respectively. Moreover,
although the Maritime class exhibits large REEd, the corre-
sponding REd values remain relatively small due to low cor-
responding aerosol optical depths. Therefore, the radiative
impact of aerosols in clear-sky conditions is largely domi-
nated by the Continental, Continental polluted, and Mixed
classes, which represent 38 %, 20 %, and 22 % of the situa-
tions in Lille, respectively.

4.2 Clear-sun-with-cloud conditions

In clear-sun-with-cloud conditions, the overall particle REd
on the direct SSI component is only related to aerosols. On
the contrary, due to the presence of clouds out of the Sun’s di-
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Table 6. Mean (absolute), [relative] aerosol REd, and <REEd> on SSI over the period of 2010–2022 in Lille under clear-sun-with-cloud
conditions. Due to the presence of clouds in the sky, the instantaneous values are not based on ATOLL irradiance measurements but rather
are computed using SOLARTDECO clear-sky simulations with aerosol properties issued from AERONET measurements as inputs.

REd of aerosols in CSWC conditions in Lille over 2010–2022 (Wm−2) [%] <
Wm−2

unit of AOD440
>

GHI BHI DHI

Total (−21.2) [−6.0] <−126> (−71.6) [−20.0] <−411> (50.4) [108.1] < 285>

Winter (−17.2) [−6.5] <−158> (−45.4) [−19.3] <−413> (28.1) [71.7] < 254>
Spring (−24.2) [−6.2] <−121> (−84.1) [−21.4] <−414> (59.8) [125.4] < 293>
Summer (−20.6) [−5.1] <−110> (−76.9) [−18.4] <−405> (56.3) [115.0] < 296>
Autumn (−20.3) [−6.6] <−139> (−62.2) [−21.2] <−417> (41.9) [96.0] < 277>

Continental (−14.5) [−4.1] <−121> (−45.4) [−12.9] <−372> (30.9) [66.7] < 252>
Continental polluted (−31.3) [−8.0] <−91> (−111.6) [−27.6] <−328> (80.3) [165.8] < 237>
Mixed (−22.1) [−6.3] <−110> (−78.4) [−21.9] <−395> (56.3) [120.6] < 284>
Maritime (−16.5) [−5.5] <−198> (−48.2) [−17.2] <−582> (31.7) [74.5] < 383>
Desert dust (−28.8) [−8.5] <−145> (−103.1) [−30.6] <−517> (74.3) [163.2] < 372>
Strong event (−70.2) [−12.8] <−76> (−260.3) [−50.5] <−284> (190.2) [381.1] < 208>

Clean (−12.3) [−4.0] <−163> (−36.7) [−12.4] <−484> (24.4) [56.2] < 321>
Polluted (−24.3) [−6.7] <−113> (−83.8) [−22.7] <−386> (59.5) [126.3] < 273>

rection, their effects on the diffuse component are more com-
plex, with contributions from both aerosols and clouds.

Their respective effects on the SSI diffuse component can
generally not be separated. They are scene dependent and
vary significantly with the cloud cover, notably the cloud
fraction and the cloud opacities, even with the angular dis-
tance of the cloud cells to the Sun direction or the vertical
profile of aerosols relative to clouds. Undoubtedly, aerosol
REd on the diffuse SSI is minimal (maximal) when the cloud
fraction is high (low). It is in any case out of the scope of the
current study to find a complete distinction or disentangling
of aerosol versus cloud REd in CSWC situations.

The radiative effects of all atmospheric particles, hydrom-
eteors, and aerosols lead to an overall REd (REd, all) that can
be decomposed as

REd, all = Fmeas−Fpristine

= Fmeas−Fcsky+Fcsky−Fpristine.
(15)

Fmeas−Fcsky is by definition the cloud REd, i.e., the differ-
ence between the downwelling solar irradiance actually mea-
sured and due to the overall effects of all atmospheric com-
ponents (gas, aerosol, and clouds) and the incoming radia-
tion in the same conditions without clouds (i.e., clear-sky).
In the solar direction, Fcsky−Fpristine equals the aerosol REd.
However this is not the case for the diffuse SSI component.
Fcsky−Fpristine is rather the radiation one would have com-
pared to the pristine case if no clouds were present. Yet, in
the rest of this section, Fcsky−Fpristine is named aerosol REd
as in Sect. 4.1 and is written as Faer−Fpristine. Due to the
presence of clouds, Faer is obtained from SOLARTDECO
clear-sky simulations.

The motivation to analyze Faer−Fpristine is to appreciate
the difference in aerosol REd between CSKY and CSWC sit-
uations and investigate the radiative compensation between
cloud and aerosol REd in CSWC situations. Table 6 provides
the mean absolute and relative values of Faer−Fpristine in
CSWC situations over the period of 2010–2022. Values of
REd are 15 % to 20 % higher than in CSKY, given in Table 5.
This discrepancy is related to the slightly higher AOD440 val-
ues observed in CSWC conditions (0.19) compared to CSKY
conditions (0.17), as well as to the slightly lower SZA values
(60° on average in CSWC versus 62° in CSKY conditions),
which lead to higher irradiance values and thus greater ab-
solute radiative effects. Note that REEd are slightly greater
than under clear-sky conditions, by about 30 Wm−2 per unit
of AOD for all irradiance components. This result is consis-
tent with the effects of lower solar zenith angles and with the
observation that aerosol Ångström exponents are on average
slightly lower (by 0.06) in CSWC situations compared with
the CSKY cases, leading to a higher REd efficiency.

Note that the study of CSWC situations allows us to ana-
lyze conditions characterized by the Strong event class (see
Table 2), which were not identified as clear-sky because of
either the presence of clouds or their high AOD values, as
the clear-sky filter used in this study tends to erroneously
misidentify CSKY conditions when the AOD is high (Liu et
al., 2021). The aerosol REd for the Strong event class appears
very substantial for both direct (−260 Wm−2; i.e., −50 %)
and diffuse (+190 Wm−2; i.e., +381 %) components, lead-
ing to a relatively important reduction in the GHI of about
−70 Wm−2 (−13 %) on average. The climatological impact
of the Strong event class is, however, relatively limited, as
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these situations only represent about 0.3 % of the situations
observed in Lille over the period of 2010–2022.

As mentioned previously, the overall radiative effect of
atmospheric components on CSWC conditions is obtained
from the difference between measurements and pristine-like
simulations and is the result of combined and compensat-
ing effects of both aerosols and clouds. Calculations of mean
Faer−Fpristine, REd, cloud, CSWC, and REd, all CSWC over 2010–
2022 according to the season and aerosol situation are syn-
thesized in Fig. 10.

The radiative effects of all atmospheric particles (aerosols
and clouds) are represented in yellow in Fig. 10 and those
of clouds only are in grey. The REd of aerosols that would
occur in cloud-free situations is in blue and corresponds to
the values in Table 6.

As expected, REd, cloud, CSWC for the direct SSI component
is close to zero (with an accuracy of±1 Wm−2), which is co-
herent with the absence of clouds in the Sun’s direction. This
result further validates the performance of both the CSWC
filtering and our clear-sky radiative-transfer simulations (for
most of the cases except for the Desert dust and Strong event
situations, where small residuals exist).

In the case of clean situations (AOD< 0.1), clouds con-
tribute to an increase in DHI of around +22 Wm−2 (gray
column, Fig. 10c), comparable to the contribution of aerosols
alone (+24 Wm−2, blue column). In these conditions, the
decrease in BHI due to aerosols (−37 Wm−2, Fig. 10b) is
overcompensated by the cumulative impact of both aerosols
and clouds on the DHI, leading to GHI values greater than
under pristine-like conditions (without aerosols and clouds)
by about+13 Wm−2 (yellow column, Fig. 10a). For polluted
situations characterized by higher aerosol loads (AOD≥
0.1), which are more frequent, the cumulative effect of
clouds and aerosols results in a GHI greater than that in the
pristine situations by +3 Wm−2. The cloud contribution to
DHI,+28 Wm−2, is slightly higher than for clean situations,
while the aerosol cloud-free contribution to BHI and DHI is
significantly higher. If one considers all CSWC situations,
clouds add, on average, 25 Wm−2 compared to cloud-free
atmospheres, i.e., half of the aerosol cloud-free REd of the
diffuse component. Cloud REd is even higher than 50 Wm−2

20 % of the time. As a consequence, the mean observed GHI
in CSWC situations is close to pristine conditions or even
slightly above, by +4 Wm−2 (Fig. 10a). The corresponding
proportions of direct and diffuse irradiances are, however, in
this case very different, with an average decrease of about
−20 % in BHI and an increase of +164 % in DHI compared
to pristine-like conditions. The DHI proportion in the pres-
ence of clouds and aerosols under CSWC conditions (25 %)
is thus on average much higher than under pristine conditions
(10 %, i.e., cloud-free and aerosol-free situations).

The seasonal difference reveals that the global REd of par-
ticles is maximal in absolute (relative) values in summer (au-
tumn) with +12.7 Wm−2 (+0.9 %) above the pristine level.
In spring, the global REd is lower due to higher aerosol

REd but remains positive (+3 Wm−2). In contrast, despite
a weaker radiative impact of aerosols in winter, the corre-
sponding effect of clouds is so small (+10 Wm−2, i.e., 3
times less than the effect of aerosols; Fig. 10c) that the re-
duction in the BHI by aerosols is not fully compensated for,
with average GHI values lower than under pristine-like con-
ditions by about−7 Wm−2 (Fig. 10a). Similar results are ob-
served for the Continental polluted, Desert dust, and Strong
event classes, with a decrease in GHI of about −6, −5, and
−77 Wm−2, respectively, compared to pristine-like condi-
tions. In contrast, for the Maritime and Continental condi-
tions characterized by lower aerosol loads, the combined REd
of aerosols and clouds remains positive.

In summary, these results highlight the importance of
clouds that cause a significant enhancement effect on the
diffuse irradiance field in CSWC situations. For these situ-
ations, which occur 22 % of the time, the mean GHI level
is comparable to pristine-like conditions (the difference is
+4 Wm−2). The SSI is even higher than in pristine condi-
tions during clean, summer, or Continental aerosol moments,
with an average increase in solar radiation of up to 13 Wm−2.
Clouds add on average between 20 and 30 Wm−2, depend-
ing on the situation, and overall on average around 25 Wm−2

compared to atmospheres that would be cloud-free. Hence,
they not only substantially increase the level of GHI but
also modify the direct/diffuse partition of the SSI, increas-
ing the diffuse proportion by+4 % (21 % to 25 %) compared
to the cloud-free atmosphere. Overall, the combined effects
of aerosols and clouds lead to an increase in the DHI pro-
portion of+15 % compared to the pristine atmosphere (from
10 % to 25 %).

Finally, mean radiative effects can also be computed con-
sidering all clear-sun situations, i.e., the sum of the CSKY
and CSWC situations, which represent on average 33 % of
the situations per year over 2010–2022. These REd are writ-
ten as the sum of the REd per sky condition weighted by
their respective occurrences, keeping in mind that the REd of
aerosols in CSWC conditions is equal to Faer−Fpristine and is,
as has already been said, the REd aerosols would have in the
absence of clouds. Overall, the yearly clear-sun aerosol REd
for measurements coincident with AERONET retrievals, is
around −20 Wm−2 (−66.5 and +46.6 of the direct and dif-
fuse components, respectively), and the cloud REd is around
+10 Wm−2. As clouds act only on the diffuse component,
the resulting mean measured CSUN GHI is about 10 Wm−2

lower than under pristine conditions (no aerosols or clouds)
but still 10 Wm−2 above the cloud-free level.

5 Conclusions

We perform in this study an analysis of the variabilities in
global horizontal irradiance (GHI) and its direct (BHI) and
diffuse (DHI) components measured routinely at a 1 min res-
olution over the period of 2010–2022, as well as coinci-
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Figure 10. Mean REd on SSI, under CSWC conditions, of aerosols and clouds combined (yellow), clouds (gray), and cloud-free REd of
aerosols (blue) on SSI for the (a) global, (b) direct, and (c) diffuse components over the period of 2010–2022. Only points coincident with
AERONET measurements are considered for the present computations. Instantaneous values are calculated using ATOLL SSI measurements
and SOLARTDECO clear-sky simulations with and without aerosols. As in Table 5, the total averages correspond to the overall mean REd
over the period of 2010–2022.

dent aerosol optical properties measured by AERONET us-
ing ground-based measurements from the ATOLL platform
(Villeneuve d’Ascq, France) in a region marked by extensive
variabilities in sky conditions and aerosol loadings.

As the amount and characteristics of the SSI are quite
different depending on sky situations, as well as its sensi-
tivity to atmospheric parameters, we distinguish sky condi-
tions by applying adapted filters based on irradiance compo-
nents that lead to three categories: clear-sky (CSKY), clear-
sun-with-cloud (CSWC), and cloudy-sun (CLOS) situations.
Over 2010–2022, these sky condition occurrences represent
11 %, 22 %, and 67 % of the situations. The performance of
this automatic filtering was validated with a visual analysis of
around 12 000 sky imager observations. The risk of misinter-
pretation is 5 % and 12 % for the clear-sky and clear-sun (sum
of CSKY and CSWC) situations, respectively, and higher for
strong aerosol load situations, which are rare in our case.
Climatologies of SSI and its components were obtained for
these three situations between sunrise plus 30 min and sunset
minus 30 min in order to minimize bias. CSWC situations,
generally marked by irradiance enhancement effects due to
clouds (Gueymard, 2017; Mol et al., 2023), are particularly
interesting with, on a monthly average, 13 % more GHI than
in CSKY situations (between +4 % to +21 %) and with dif-
fuse proportions in CSWC situations on average 10 % above
the mean proportion in CSKY situations (31 % versus 21 %).

A second classification of the sky condition concerns the
atmospheric column loading of aerosols. A six class cate-
gorization of aerosols, inspired by the work of Toledano et

al. (2007) and based on photometric measurements of the
aerosol optical depth (AOD), serves a climatological purpose
and allows the definition of new models of aerosol optical
properties based on AERONET almucantar inversions. With
this modeling, we perform radiative-transfer simulations un-
der cloud-free and aerosol-and-cloud-free (pristine) assump-
tions that allow the computation of the radiative impact on
the downwelling SSI (REd) of aerosols and clouds in Lille
over 2010–2022, as well as allowing a sensitivity analysis of
the solar irradiance to various input parameters, such as the
aerosol optical depth and Ångström exponent, PWV (precip-
itable water vapor content), or even SZA (solar zenith angle).
The computed sensitivities are used in conjunction with the
above classifications to refine an analysis of the variabilities
in irradiance components observed in clear-sun conditions.

We focus on the spring and summer seasons and analyze
the coincident year-to-year variabilities in solar irradiances
and sky conditions over the period of 2010–2022. The ap-
plication of Mann–Kendall trend tests reveals (significance
threshold of 5 %) statistically significant trends for those sea-
sons for the occurrences of both clear and cloudy condi-
tions, AOD, and the global and direct components of the so-
lar irradiance. Indeed, the average proportion of CLOS mo-
ments shows a decreasing trend of around−1 %yr−1 for both
seasons, in favor of a +0.5 % increased frequency of both
CSWC and CSKY conditions. In addition, photometric mea-
surements show a decrease in AOD over the period of 2010–
2022 for both seasons, particularly in spring, with an average
trend of −0.008 yr−1. Finally, measurements of the incident
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solar radiation indicate significant upward trends in all-sky
GHI of around +4± 2 Wm−2 yr−1 for both seasons, which
are mainly driven by a rise in BHI of around +4.4± 2.3
and+4.7± 1.9 Wm−2 yr−1, respectively, in spring and sum-
mer. Additionally, in summer, significant positive trends are
also observed for both GHI and BHI for clear-sky situations
(+3.1 Wm−2 yr−1), as well as under clear-sun-with-cloud
situations (+3.7 and +3.8 Wm−2 yr−1, respectively for GHI
and BHI). Note that although the statistical robustness of our
trends may be affected by the performance of our classifica-
tion of sky conditions and by the length of the study period
(13 years), they appear consistent, especially under all-sky
conditions, with longer-term results in Europe (C3S, 2024;
Ningombam et al., 2019; Boers et al., 2017).

We conducted a multivariate analysis of the irradiance
variabilities in order to quantify the different contributions
to the variabilities. It was first employed to analyze the par-
ticular case of spring 2020, which exhibited record values for
both clear-sky and clear-sun frequency (34 % and 57 % com-
pared to the spring average of 15 % and 37 %) and radiation
(389 Wm−2 compared to the average of 334 Wm−2). The
analysis indicates that nearly 89 % and 83 % of the record in-
creases in GHI and BHI, respectively, are attributable to ex-
ceptional sunlight conditions. This conclusion aligns with the
results of van Heerwaarden et al. (2021) that also identified
the peak in spring 2020 irradiance in Cabauw (the Nether-
lands) as being primarily driven (also an 89 % contribution)
by a lower cloud fraction. In addition, our analysis reveals
that most of the increase, 71 %, in BHI observed in spring
2020 in clear-sun conditions is due to a decrease in the SZA
(−1.5 and −0.9° in CSKY and CSWC situations, respec-
tively) rather than the observed change in aerosol properties
(a decrease by 0.06 of AOD and a decrease in the Continen-
tal polluted class in the CSWC and CSKY situations, respec-
tively). These findings are consistent with the results of the
sensitivity analysis, which show that in the absence of clouds
(clear-sky conditions), the SZA has the most impact on the
global irradiance, followed by the AOD and PWV. The mul-
tivariate analysis of the temporal trends in global and direct
irradiances reveals that the variability in sky conditions sig-
nificantly influences the observed all-sky increases in spring
and summer, with seasonal contributions for GHI of 71 %
and 62 % and of 79 % and 74 % for BHI, respectively. Our
analysis also indicates a significant contribution in all-sky
seasonal BHI (around 20 %) from the variability in the BHI
in CSWC conditions for both seasons. The sensitivity analy-
sis of BHI to atmospheric parameters indicates that while the
increase in spring is mainly linked to the variability in the
aerosol content (+88 %) and most notably to a decrease in
AOD (−0.011 yr−1), it is related in summer to comparable
contributions from the solar zenith angle (44 %) and aerosol
content (49 %) variabilities.

With radiative-transfer simulations of aerosol-and-cloud-
free (pristine) conditions and of cloud-free conditions, the
study of the radiative effects (REd) of aerosol and clouds is

possible in clear-sun situations. Quantification of the aerosol
REd in CSKY situations shows for our site an average ef-
fect on GHI of −20 Wm−2 (−6 %), which results from the
expected compensation between a negative effect on the di-
rect (a decrease 3 times larger: −61 Wm−2; −18 %) com-
ponent and a positive forcing on the diffuse (an increase 2
times larger: +42 Wm−2; +92 %) irradiance. The influence
of aerosols on the solar environment is significant in CSKY
situations, as the proportion of diffuse irradiance is on av-
erage 2 times larger (24 %) in the presence of aerosols than
under pristine-like conditions (12 %). The statistical results
show that the radiative impact of aerosols on irradiances is
mainly driven by the AOD, so lower aerosol REd are found
in winter and during clean situations, and conversely higher
aerosol REd values are found in spring and for Continen-
tal polluted situations. This translates into REd efficiencies
(REEd) that are more case independent than the REd is. In
addition, results show that the REEd is larger for coarser par-
ticles, particularly on the diffuse irradiance.

The identification of CSWC situations, which represent
22 % of the cases, offers the opportunity to quantify im-
portant compensation mechanisms between the effects of
aerosols (unambiguously on BHI) that tend to reduce the SSI
and the effects of clouds (unambiguously on DHI) that tend
to increase it. Our analysis reveals that clouds increase the
diffuse and thus the global irradiances by about +27 Wm−2

(6 %) on average. This cloud enhancement effect compen-
sates or even overcompensates for the overall radiative im-
pact of aerosols, especially in clean, summer, or Continen-
tal situations, resulting in GHI values comparable to or even
higher than in pristine conditions (+13 and +4 Wm−2 in
clean and polluted situations), with a much-higher diffuse
proportion (25 % versus 21 % in cloud-free situations; 10 %
with the pristine hypothesis).

We present in this work a methodology and its potential
for analyzing the contribution of the variability in cloudy
and clear-sky conditions to changes in incident surface solar
irradiances. A multivariate analysis reveals that the overall
variability in the surface solar irradiance is influenced by a
combination of factors whose impacts can sometimes accu-
mulate (e.g., an increase in clear-sun occurrence, reduction
in aerosol loading, and decrease in SZA) or compensate for
one another and that simple geometrical effects are not to be
neglected. Further investigations would concern clear-sun-
with-cloud and cloudy-sun conditions, which are prevalent
in Lille, in order to analyze the variability in the surface solar
irradiance as a function of cloud cover parameters, including
the fraction of the sky covered by clouds and the cloud type.
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Appendix A: Description of the cloud-screening
methods

A1 Clear-sun detection

The method of Batlles et al. (2000) is a fairly straightfor-
ward method based on two criteria: (i) the clearness index
(K = GHI

µ0I0
), which represents the transmittance of the atmo-

sphere relative to the incoming extraterrestrial solar irradi-
ance (I0), should be larger than a threshold value,Klim, while
(ii) the fraction of diffuse radiation (Df = DHI

GHI ) should be
smaller than a maximum value,Df,lim. Note that both thresh-
olds vary with the Sun elevation angle h= 90−SZA as de-
fined in Eqs. (A1) and (A2):

Klim =−0.3262− 0.0032h+ 0.6843log10(h), (A1)
Df,lim = 1.0827− 0.3893log10(h). (A2)

A2 Clear-sky detection

The method of García et al. (2014) is based on the algorithm
originally presented in Long and Ackerman (2000), which
relies on a series of four tests based on GHI and DHI mea-
surements of high frequency (3 min or less). The first two
tests remove obvious cloudy moments characterized by ex-
treme values of the normalized GHI (test 1) and measured
diffuse irradiance (test 2) through the definition of thresh-
old values of both quantities. The third and fourth tests are
more elaborate, allowing the more-subtle detection of cloud
cover through the analysis of the temporal variability in the
global irradiance and the normalized diffuse irradiance ratio,
respectively. The normalization of the GHI and DHI in the
first and fourth tests is based on a power law of the cosine of
the solar zenith angle as in Eq. (A3):

FN =
F

µ
bF
0

, (A3)

where F corresponds to the measured global irradiance
(GHI) or diffuse irradiance ratio (Df ) and the coefficient bF
represents the variations in the associated clear-sky quantities
with the cosine of the solar zenith angle µ0. The subscript N
represents the normalized quantities.

The four tests are applied in an iterative process to pro-
vide a new set of clear-sky moments each time, which are
then used to calculate coefficients for the first and fourth tests
for days with enough clear-sky observations, by fitting the
GHI and Df 1 min measurements with respect to µ0, as in
Eqs. (A4) and (A5):

GHI= aGHI,dayµ
bGHI,day
0 , (A4)

Df = aDf ,dayµ
bDf ,day

0 , (A5)

where GHI and Df are the observed global irradiance and
diffuse ratio and the parameter a represents the associated

clear-sky quantities for a solar zenith angle of 0°. The coef-
ficient b corresponds to the parameters used for the normal-
ization of the GHI and Df , as in Eq. (A3). A new set of pa-
rameters is then derived as the mean of the daily values, and
the iteration process continues until convergence is achieved
within a tolerance of 5 %. This method is thus quite versa-
tile and can theoretically be applied to any observational site
equipped with measurements of both global and diffuse irra-
diances.

In their work, García et al. (2014) showed that for the par-
ticular conditions of the Izaña Observatory, a high-elevation
arid site located in the Canary Islands, the parameters a and
b from Eqs. (A4) and (A5) could be expressed as functions of
the daily AOD at 500 nm. This possibly reduces the method’s
versatility, as it requires collocated aerosol optical properties.
However, in this study, thanks to the availability of coinci-
dent photometric measurements, this method was selected as
it gives more satisfactory results than the original algorithm
of Long and Ackerman (2000), as shown in Sect. 2.2.1.

In the present study, as described in Elias et al. (2024), the
variability in the parameters aGHI, bDHI, and bGHI with the
AOD at 500 nm was adapted in order to better represent the
conditions observed in Lille, as they are quite different from
those observed at the Izaña Observatory.

Appendix B: Definition of the models of aerosol
optical properties

For the present study, new models of aerosol optical proper-
ties were defined using the available AERONET inversions
of the aerosol volume size distribution and complex refrac-
tive index in Lille over the period of 2010–2020. As men-
tioned in Sect. 2.3.1, the goal is to create a lookup table
of pre-computed aerosol optical properties (extinction coef-
ficients, single-scattering albedo, components of the phase
function), which can be used as inputs by SOLARTDECO.
Overall, the lookup table includes around 120 models of
aerosol optical properties, which are divided between a fine
and a coarse mode, the 6 aerosol classes from Sect. 2.2.2,
and 10 bins of surface relative humidity. The properties of
each model are obtained through Mie calculations based on
average aerosol normalized number size distributions of each
mode and on refractive indices derived from AERONET in-
versions in Lille over the period of 2010–2020. This method-
ology allows us to limit the use of Mie calculations and
to compute specific aerosol optical properties at the resolu-
tion of AERONET direct-sun measurements by mixing pre-
computed aerosol optical properties of the fine and coarse
modes as follows.

– First, the appropriate pair of modes is selected from
the lookup table using the measured values of AOD440,
AE440−870, and surface relative humidity.
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– Then, a system of two equations with two unknowns
based on the measured AOD440 and AE440−870 values
is solved to compute two coefficients, namely the fine-
(ff) and coarse-mode (cf) fractions (Eqs. B1 and B2):

AOD440,meas =ff×AOD440,fine

+ cf×AOD440,coarse, (B1)
AE440−870,meas =ff×AE440−870,fine

+ cf×AE440−870,coarse, (B2)

with AOD440,fine, AOD440,coarse, AE440−870,fine, and
AE440−870,coarse as the AOD values at 440 nm of the fine
and coarse modes and AE between 440 and 870 nm. To
determine the latter quantities, we assume that the ob-
served aerosol layer corresponds to a mixture of two
distinct observations, one characterized exclusively by
fine-mode aerosols and the other one only by coarse-
mode aerosols. Following this hypothesis, the measured
aerosol optical depth at 550 nm (AOD550,meas) can be
considered in each case to be the AOD at 550 nm
of the corresponding mode. This allows us to deter-
mine the AOD of each mode (either fine or coarse) at
440 nm from the measurement at 550 nm, using the pre-
computed extinction coefficients (Cextλ,mode) simulated
by the Mie code at the wavelength λ (here, 440 and
550 nm), as in the following equation:

AOD440,mode = AOD550,meas×

(
440
550

)−AE440−550,mode

= AOD550,meas×
Cext440,mode

Cext550,mode
. (B3)

Note that the Ångström coefficients of each mode be-
tween 440 and 870 nm are computed directly from the
associated extinction coefficients, using Eq. (B4):

AEmode =−
log

(
Cext440,mode
Cext870,mode

)
log

(
440
870

) . (B4)

– The fractions ff and cf derived from the above system
are then used, in conjunction with mean number con-
centrations NCfine and NCcoarse defined for each mode
based on AERONET inversions, to estimate new mix-
ing ratios specific to the simulation, Rfine and Rcoarse,
through Eqs. (B5) and (B6):

Rfine =
ff×NCfine

(ff×NCfine+ cf×NCcoarse)
, (B5)

Rcoarse =
cf×NCcoarse

(ff×NCfine+ cf×NCcoarse)
. (B6)

– Finally, these mixing ratios are used to compute, with-
out additional Mie calculations, new mixed aerosol op-
tical properties specific to the simulation by a combina-
tion of the properties of each mode at each wavelength,

using Eqs. (B7) to (B10):

Cextλ,mix =Cextλ,fine×Rfine

+Cextλ,coarse×Rcoarse, (B7)
Cscaλ,mix =Cscaλ,fine×Rfine

+Cscaλ,coarse×Rcoarse, (B8)

SSAλ,mix =
Cscaλ,mix

Cextλ,mix
, (B9)

Pλ,mix =
Pλ,fine×Cscaλ,fine×Rfine

Cscaλ,mix

+
Pλ,coarse×Cscaλ,coarse×Rcoarse

Cscaλ,mix
,

(B10)

where Cscaλ,mode = Cextλ,mode×SSAλ,mode is the scat-
tering coefficient, SSAλ,mode the single-scattering
albedo, and P represents the components of the phase
function (P11, P21, P34 and P44). The subscript mix
stands for the new optical properties computed from the
combination of the fine and coarse modes.
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ments, aerosol and gas column properties, and obtained clear-
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