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This study is the last of a series of three research papers analysing the solar radiation and its interaction with the
atmospheric components spanning an eleven-year period (2008-2018) at a mid-latitude urban site in the
Mediterranean basin. During the previous works a detailed characterization of the photosynthetically active
radiation (PAR; 400-700 nm), as well as analysis the aerosol and clouds effects on PAR was carried out. This
research work addresses an analysis of solar radiation on the total solar irradiance spectrum (TSI; 280-3000 nm)
in terms of the effects of different atmospheric conditions on it, considered by the clearness index and the cloud
cover, bringing very valuable findings from the long-term comparative analysis of radiative effects of clouds on
TSI and PAR wavelength ranges. The average values in the entire period of the study for the global solar radiation
in the total solar irradiance (TSIgigpar) found to be 450 + 100 Wm ™2 and 530 = 110 Wm ™2 under all and clear-
sky conditions, respectively. Meanwhile, the average values for the diffuse component (TSIpjf,se) are 141 + 21
Wm 2 and 130 + 21 Wm ™2 (all and clear skies, respectively), with a relatively low interannual variation up to
11% for both global and diffuse TSI, as well as for both sky conditions. Analysis on the total cloud cover (TCC)
shows that the clearness index is not a good parameter to discriminate between all and clear sky conditions, since
there is a marked overlap in the ranges of the k. values for the different categories of TCC. Additionally, the cloud
radiative forcing (CRF) are computed as the difference in solar radiation measured under all and clear sky
conditions. A high seasonal variability is found for CRF, where CRFrsjglobal ranges between —37.6 Wm™2 and
-137.4 Wm ™2, while CRFgi,piffuse from 4.4 Wm™2 to 22.6 Wm™2. The positive sign implies increase in solar
radiation at the surface, while the negative one implies the opposite, i.e., less availability of solar radiation on the
surface. Finally, the analysis of the annual evolution of CRF reveals a downward trend on CRFrg; and CRFpag, for
both global and diffuse This relevant finding implies that clouds are exerting less cooling effects over time at this
Mediterranean site.

1. Introduction

Solar radiation at the surface is a key component for the Earth's en-
ergy budget; moreover, solar radiation is the main driver for climate
(Stocker et al., 2013; Trenberth et al., 2009), and an essential source or
energy for life (Wild, 2009). For this reason, a deepening in the
knowledge of the atmosphere/solar radiation interaction is a key
parameter to understand changes in the energy budget and its effect over
the Earth. Furthermore, recent studies found that the impact of solar
radiation over the CO; uptake and plants productivity is more important

than temperature or other environmental factors (Gonsamo et al., 2015;
Liu et al., 2021). Hence, it is not a coincidence that the conclusions of
some studies characterise solar radiation, in the photosynthetically
active radiation range (PAR), as a modulator of Greenhouse Gases's
(GhGs) emission in the atmosphere by crops (Keane et al., 2017; Roe-
broek et al., 2020; Tan et al., 2018), as PAR exerts control over the
biogeo-ecological processes, e.g., hydrological cycles and carbon cycle
(Jonard et al., 2020; Potter et al., 2008a, 2008b).

Interactions between atmospheric components (aerosol particles,
gases and clouds) controls not only the availability of solar radiation on
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the surface but also its partition into its diffuse and direct components,
as well as its spectral composition (Gu et al., 2002; Lozano et al., 2022;
Lukac, 1994; Mercado et al., 2009). Clouds are considered the most
important modulating factor that determines the spatial and temporal
availability of solar radiation on the surface as well as its partitioning in
the direct/diffuse components. However, the effect of aerosols and
clouds on solar radiation and its consequences on climate remains un-
clear (Cohan et al., 2002; Lozano et al., 2021; Mekic and Gligorovski,
2021; Stocker et al., 2013; Yu et al., 2022), also, the response of clouds
to global warming is a high source of uncertainty (Schneider et al.,
2017).

In the scientific literature it is relatively common to find extensive
studies on clouds radiative forcing (CRF), since it plays a relevant role in
the general atmospheric circulation, and further in the climatic vari-
ability; for example, changes in CRF have the capability to modify the
amplitude/duration and periodicity of the El Nino-southern oscillation
(Middlemas et al., 2019; Radel et al., 2016). However, the total cloud
cover (TCC) from 1970 to present is relatively stable, making more
interesting to focus on regional scale since strong fluctuations have been
found during the last decades at regional scale (Eastman and Warren,
2013; Warren et al., 2007).

Focusing on a more local scale, during the last decades in the Med-
iterranean region, a faster temperature increase has been reported than
in the world average (Lionello et al., 2014; Lionello and Scarascia, 2018)
while an increase in extreme climatic events is predicted (e.g., heat
waves, droughts; Garcia-Herrera et al., 2014; Lionello et al., 2014)
making this region a suitable laboratory for CRF and its climatic effects.
In fact, heatwave episodes are becoming more frequent and severe in
different parts of the world and especially in the Mediterranean region
(Delgado-Capel et al., 2023), with high impact in cities. In this context,
the present study is the last of a series of three works analysing long-term
trends in aerosol (Lozano et al., 2021) and long-term CRF (Lozano et al.,
2022) at an urban mid-latitude site of the South-east of Spain in the
Mediterranean basin, covering eleven years (2008 to 2018). The first
study was focussed on the study of the long-term aerosol radiative
forcing on TSI (280-3000 nm) and PAR (400-700 nm) radiations, in
which the two main findings were (i) the PAR range is more sensitive to
changes in aerosols, and (ii) the cooling effect of aerosols are signifi-
cantly decreasing in this Mediterranean site over time. The second study
analysed CRF on global and diffuse PAR in which we related the diffuse
CRF pattern with the annual pattern observed in the frequency of high
clouds and the content of total ice water in clouds. Another finding was
the establishment of a relation between the diffuse fraction of PAR
(kpar) and the clearness index in the total solar irradiance (k) leading to
the possibility of predicting the diffuse component of PAR using only
measurements in the total solar irradiance spectrum.

The aim of the present study is to analyse the clouds effects over the
solar radiation for both global and in diffuse components in a series of
long-term data (2008-2018), for clear skies as well as for all skies. For
this goal, TSIpjfrse is derived from an empirical model (Ridley et al.,
2010), then a complete statistical analysis of TSIgjobal and TSIpjfruse iS
carried out, analysing its distribution and density versus different at-
mospheric conditions. Additionally, the distribution of k; and the diffuse
fraction (k) is analysed versus TCC and also by the solar radiation path
through the atmosphere. Finally, a comparative analysis between global
and diffuse CRF in both TSI and PAR ranges is evaluated, ending with an
analysis of its trends over time at this Mediterranean site.

2. Experimental site and data acquisition
2.1. Experimental site

The radiometric station at the IISTA-CEAMA building, University of
Granada, is located in Granada (37.16°N, 3.61°W, 680 m a.s.l.), a non-

industrialized city in the Mediterranean basin (Southeast of Spain). This
station is part of the AGORA observatory (Andalusian Global
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ObservatoRy of the Atmosphere) and is within ACTRIS framework
(Aerosol, Clouds and Trace Gases Research Infrastructure). Granada has
a continental Mediterranean climate characterized by dry and hot
summers, and cold winters, with daily maximum and minimum mean
temperatures of 32 + 3 °C and 14.6 + 2.4 °C, respectively (AEMET,
Spanish Meteorology Statal Agency; period 1981-2010). The city is
surrounded by mountains and is located in the foothills of Sierra Nevada
Mountain (Mulhacen peak at 3482 m a.s.l.). The orography favours
thermal inversions in winter and prevalence of low wind speeds (Lya-
mani et al., 2012), and allow long residence time and coexistence of
different sources of aerosols in the atmosphere: (i) local aerosol from
mineral dust, traffic, domestic heating, and bioaerosols (Carinanos et al.,
2021; Ramirez-Aliaga et al., 2022; Titos et al., 2017), and (ii)
allochthonous aerosols mainly from Saharan dust, anthropogenic
pollution from Europe, transported smoke from North America and
Europe, oceanic and maritime aerosols, and occasionally volcanic
plumes (Alados-Arboledas et al., 2011; Guerrero-Rascado et al., 2009;
Lyamani et al., 2006a, 2006b; Navas-Guzman et al., 2013; Ortiz-
Amezcua et al., 2017; Pérez-Ramirez et al., 2015).

2.2. Radiation measurements

Two datasets of solar radiation are employed in this study: (i) a first
dataset, named the study dataset, in which all analyses are performed,
and is composed of 11-year (2008-2018) measurements of PARGiobal
(400-700 nm wavelength) and TSIgjopa; (280-2800 nm wavelength)
radiation, and (ii) a second dataset employed to evaluate the fitting
coefficients to be applied in the first dataset to estimate the diffuse
component of the solar radiation, and is composed of 2-years measure-
ments (1994-1995) of PAR and TSI, both in global and diffuse compo-
nents. The data from the first dataset were collected by a SKP 215 PAR
Quantum Sensor manufactured by Skye Instruments (Wales, UK), and a
CM11 radiometer manufactured by Kipp and Zonen (Delf. Netherlands).
The quantum sensor has a sensitivity of 0.015 pApmol ‘m 2! and a
maximum relative error of +5%, while the pyranometer has a maximum
directional error of 10 Wm 2. The instruments were calibrated several
times during the eleven years; further details can be followed in Lozano
et al. (2021, 2022). Data from the second dataset were collected by two
LICOR Li-190SA quantum sensors (Lincoln, USA), and two Kipp and
Zonen CM-11 radiometers. The LICOR quantum sensor has a relative
error of less than +5%. One of the LICOR sensor was mounted on the
shadow band's polar axis to measure the diffuse component, and these
measurements were corrected for the shadow-band effect by the method
proposed by Batlles et al. (1995). Further details about the instruments
calibration used to record the data in this second database can be found
in Foyo-Moreno et al. (2018), Lozano et al. (2022), and Alados and
Alados-Arboledas (1999).

To guarantee the data quality an in-deep control test was carried out
to detect and remove anomalous, low accurate and potential erroneous
measurements, following Lozano et al. (2022). First of all, those solar
radiation measurements corresponding to solar zenith angle (0) below
80° were only considered, in order to avoid the cosine response error.
Secondly, solar radiation values were taken into account for kt < 1. The
clearness index is defined as the ratio of the global to the extraterrestrial
irradiance on a horizontal surface, and can be computed for the different
spectral ranges considered in this study, i.e., TSI (k) or PAR (k¢par)-
Thirdly, a visual inspection of the data was performed to detect and
remove outliers and power supply failures or temperature malfunc-
tioning. A conversion factor of 4.57 pmol 'm~2s~1 / Wm~2 (McCree,
1972) were applied to the PAR measurements to convert PAR from
photons measurements to energy units.

2.3. Cloud data

In this study we employ total cloud cover (TCC) data for the complete
study period (2008-2018) from the European Centre for Medium-range
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Weather Forecasts (ECMWF) Reanalysis Fifth Generation (ERA5) data-
base. This reanalysis has been generated from a process that involves
observations, satellite, aircraft and surface data (Copernicus Climate
Change Service (C3S), 2017). ERAS reanalysis provides data with high
temporal resolution on a regular longitude-latitude grids (0.25° x 0.25°),
and is open access available at the Climate Data Store (https://cds.
climate.copernicus.eu/cdsapp#!/home). TCC integrates all clouds
(low to high) by employing overlap assumptions (Barker, 2008; Jakob
and Klein, 2000). That is, a linear combination of multiple overlapping
layers covering the entire column with the weight of each layer defined
by the distance between layers. Assumptions are made about the degree
of overlap/randomness between clouds at different heights. Cloud
fractions vary from 0 to 1 (Jakob and Klein, 2000). The Cloud data from
ERAS5 has a relative error below +10% with respect to MODIS, and
special good behaviour for latitudes between 0° and 30° (North and
South).

3. Methods
3.1. Modelling the diffuse component of solar radiation

In this study, the diffuse component of the solar radiation was ob-
tained from the estimation of the diffuse fraction (k), defined as the ratio
of the diffuse to the global irradiance on a horizontal surface; it has a
well-known relationship with k. Therefore, we use this relationship (k —
ky), since estimates of the irradiance ratios have a lower uncertainty than
the estimates of the relationship between the absolute values, i.e.,
diffuse and global irradiance (Badarinath et al., 2007). We employed the
so-called BRL model to obtain the diffuse fraction, originally proposed
by Ridley et al. (2010) and based on the logistic relationship between k
and k¢

1
k=
1+ exp(a1 + ark, + aza + a,AST + asl(, + aﬁ‘l’)

@

where a; are the fitting coefficients, « is the solar elevation in degrees,
AST is the apparent solar time, K'; is the daily clearance index, and ¥ is
the persistence index. These two last variables can be computed as
follows:

2%
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Following Igbal (1983), the irradiance at the top of the atmosphere
(Itoa) is computed as:

ITOA = I()E()COSH (4)

where I is the solar constant (1367 Wm’z; Igbal, 1983) and E is the
eccentricity correction factor of the Earth's orbit, given by Spencer
(1971):

70\ 2 .
ro = (*) =1.000110 + 0.034221cosI" + 0.001280sinI" 4+ 0.000719cos2T’
r

+0.000077sin2I'
(5)

where r and ry are the sun-earth and the mean sun-earth distances,
respectively, and I is called the day angle, given by:

_ 2x(d, - 1)
= 365

Where d, is the day number of the year (1-365).
To obtain kpagr we also employed the BRL model. Although this

(6)
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model was originally proposed to estimate the diffuse component in the
total spectrum of solar radiation, it has been previously analysed in
different spectral ranges like the UV (Sanchez et al., 2017), or in PAR
(Kathilankal et al., 2014; Lozano et al., 2022), its expression is:

1

- )
1+exp (b] ¥ bokopar + s + baAST + bsK. pip + béw,,AR)

kP/\R =

where b; are the fitting coefficients, K'¢ par is the daily clearance index,
and Wpag is the persistence index, both in the PAR range, and can be
computed as follows:

24
> PARGba
/ i=1
K par = ) ®
Z]TOA,PAR

i=1

ktimefl + ktime+l
WPAR _ t,PAR 5 1.PAR (9)
The irradiance at the top of the atmosphere for PAR (Itoa par) can be
computed as:

Iroa.par = lo parEocos0 10)

Where Iopag is the solar constant in the PAR range (634.4 Wm_z;
Igbal, 1983).

For both spectral ranges, the diffuse fraction was estimated by
employing the second dataset described in Section 2.2. This dataset was
randomly divided into two subsets, the first one with the 75% of the
data, in order to obtain the fitting coefficients, and the remaining 25% of
the data for validation. Table 1 shows the fitting coefficients for both
spectral ranges and the root mean square error (RMSE), the mean bias
error (MBE) and the coefficient of determination (r2) computed from the
validation dataset. The model shows the good performance for both
spectral ranges with an r? > 0.80, for TSI, and very low values of MBE (<
0.008) and RMSE (< 0.11), the MBE and RMSE values are within the
ranges reported in the literature for different locations, including the
same site (in the PAR range) (Jacovides et al., 2010; Kathilankal et al.,
2014; Lozano et al., 2022; Ridley et al., 2010).

3.2. Cloud radiative forcing

In this study, the cloud effects on solar radiation have been assessed
by the so-called Cloud Radiative Forcing (CRF) analysis, computed as
the difference between solar radiation in all and clear sky conditions
(Harrison et al., 1990; Ramanathan et al., 1989):

CRF = Ly — Iciear an

where I is the experimental irradiance, and can be computed in the TSI
(CRFrg)) or PAR (CRFpaR) ranges.
Considering the CRF definition, a differentiation between clear and

Table 1
Fitting coefficients obtained from k and kpar modelling, and solar radiation
statistic obtained from the validation process.

Fitting Coefficients

ai k bi Kpar

al -8.05 + 0.13 b1 —5.98 + 0.09

a2 8.16 + 0.15 b2 7.89 +0.23

a3 0.215 + 0.006 b3 0.004 + 0.005

a4 —0.002 + 0.001 b4 0.006 + 0.001

a5 —-0.14 + 0.22 b5 0.98 + 0.21

a6 1.41 +0.16 b6 2.1+0.3
Statistics

RMSE (Wm2) 0.11 0.10

MBE (Wm~2) 0.004 0.008

r? 0.80 0.87
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all sky conditions is necessary in this study. Therefore, to extract clear
skies, the Long and Ackerman (2000) tests (number one and number
three) were applied. These two tests identify clear skies by analysing the
normalized TSI and the differences in the range of variation of the TSI
irradiance at the surface with respect to the TOA. The first test
normalized the downwelling TSI using a power function of the 0:

TSI

TSIy = —

& (12)

where TSIy is the normalized TSI, and b is a constant. Then a maximum
and minimum value are set for TSIy, and only the normalized data inside
these ranges are considered. These maximum and minimum needs to be
set experimentally. The third test consider that TSI on the surface is
always lower than in the top of the atmosphere due to the attenuation
process by the atmosphere, and compare the changes in the TSI with
respect to the changes in the Itpa (in absolute terms), i.e., the difference
between the values previous and following to the measurement of in-
terest of both variables: |ATSI/At| and |Altoa/At|. Therefore, only the
values of |ATSI/At| within a maximum and minimum value are
considered. This range are defined as follow:

Al
MIN = ‘ o4 4 o 13)
At
Al
MAX:‘ AT;’A —[R(6™" +0.1)/6] a4

where C is a subjective constant observed in the data being processed, R¢
is the temporal resolution of the data in minutes, and 0"°°™ is the solar
zenith angle at noon. See Long and Ackerman (2000) for further details.
Additionally, we performed a visual inspection in the whole dataset
in order to detect any misclassified data points, instead of using Long
and Ackermand tests number two and four due to the absence of diffuse
measurements in this dataset needed to perform both tests.

3.3. Data analysis

Once the fitting coefficients were obtained from the second subset of
data, the TSIpjfruse and PARpijfruse time series were rebuilt on the first
subset of data (study dataset). After that, a complete statistical analysis
was performed by the arithmetic mean (Mean), standard deviation (SD),
median (Md), minimum (Mi) and maximum (Ma) values, percentiles
5th, 25th, 75th, and 95th (P5, P25, P75, P95, respectively), skewness
(Ske), and kurtosis (kur), for both clear and all sky conditions, sum-
marized in Table S1 in the supplementary materials.

Finally, to detect trends in the CRF time series, the Mann-Kendall's
(Mann, 1945) non parametric test was applied; to evaluate the slope in
this time series, the Sen estimation method (Sen, 1968) was used by
employing the kbtau.m software developed by Jeff Burkey (2020) to
perform the calculations. The Sen method, and the Mann-Kendall's test
are not affected by outliers or gaps and, therefore, they are commonly
used in the scientific literature (e.g., Buffoni et al., 1999; Kambezidis,
2021; Kodera et al., 2008; Kuo et al., 2020; Lozano et al., 2021; Zou
et al., 2016).

4. Results and discussion
4.1. Total solar radiation time series

The average values observed for the entire study period (2008-2018)
were 450 + 100 Wm 2 and 530 + 110 Wm ™2 for TSIgjobqs under all and
clear sky conditions, respectively (i.e., the mean value of the global
radiation is 20% higher under clear skies condition), meanwhile for
TSIpitruse the average values were estimated at 141 + 21 Wm 2 and 130
+ 21 Wm ™2 for all and clear skies, respectively (i.e., the mean value of
the diffuse component is 9% lower under clear skies condition). As it is
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expected, the maximum values for TSIgjopa) have been obtained under
clear skies considering that clouds are the main attenuators of solar
radiation, the diffuse component is higher because of increased scat-
tering processes in cloudy conditions. On average, the ratio of diffuse to
global radiation is 31% for all skies and 25% for clear skies. Fig. 1 shows
the TSI times series of monthly mean values for both TSIgjopa and TSI-
piffuse; With differentiation between all and clear sky conditions; Fig. 2
displays a boxplot with statistical information about the monthly values.

From Fig. 1, as it was expected, a clear seasonal pattern is detected in
both TSIgiobar @and TSIpjgrse under both sky conditions, with higher
values during the warmer months and lower values during the colder
ones, this seasonal pattern can also be observed in Fig. 2, and is mainly
due to the differences in the course of solar zenith angle during the year,
with the prevalence of higher values in the wintertime. Thus, TSIgjobal
reach its maximum value of 620 + 30 Wm 2 for all skies in July 2018
and 720 + 90 Wm 2 for clear skies in May 2013, while for TSIpjtfyse
maximum values are about 185 + 24 Wm™2 in July 2016 for all skies
and about 187 + 21 Wm™2 in June 2018 for clear skies. The minimum
values for TSIgiobal are 250 + 100 Wm ™2 reached in J anuary 2009 for all
skies and 350 =+ 40 Wm ™2 in December 2011 for clear skies, meanwhile
the value for TSIpjfuse is 98 & 15 Wm ™2 in December 2017 for all skies,
and 82 + 17 Wm ™2 in February 2013 for clear skies. As expected, TSI-
Global Teached higher values over clear sky conditions, while TSIpjffyse
reached high values in all skies ones, due to the scattering processes in
the atmosphere related to cloudy weather.

Additionally, a remarkable intra-annual variability between maxima
and minima monthly mean value has been observed, being the higher
differences in TSIgiopa) of 84% (2009) and 67% (2013), while in TSIpjfryse
this is about 48% (2015) and 69% (2013) for all and clear sky condi-
tions, respectively. Thus, the highest variability is found for TSIgjobal in
clear skies and for TSIpjsyse in all sky conditions (although less than
TSIGioba)- On the other hand, the inter-annual variability between the
maximum and minimum annual averages observed in the period
2008-2018 shows values of 46 Wm 2 (10% of variation) and 35 Wm 2
(7% of variation) for TSIgjopa) under all and clear sky cases, respectively,
while for TSIpiruse theses values are 12 Wm ™2 (9% of variation) and 14
Wm ™2 (11% of variation), under all and clear skies, respectively, which
imply a maximum interannual variation of 11% in total solar radiation
under all sky conditions.

In the same period and study site Lozano et al. (2022) performed a
similar analysis of the solar radiation time series in the PAR range, and
they found similar patterns, as may be expected, i.e., similar differences
in the study period mean values between all and clear skies, in

All Skies _ g:foﬂt::; Clear Skies _ S:;E:L
750 750
ot L 700
650 - L 650
600 - L 600
550 1 - 550
& 5001 -500
§ et L 450 =
prodt L4002
350 - 350 2
9 300 F300 7%
250 [ 250
9
? 9 A ﬁ
o g i A AR AR A b
s IS [ Iy » 4
100 * ¥ iy ® W ¥ Yoo

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
Year

Fig. 1. Time series of monthly mean TSIgjoba; (solid lines) and TSIpjsse (dashed
lines) for all sky conditions in the entire experimental period (2008-2018).
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Fig. 2. Monthly statistics in 2008 to 2018 period at Granada, for TSIgjoba under (a) all- and (b) clear- sky conditions, and for TSIp;¢sse under (c) all- and (d) clear- sky
scenarios. Central line of each box is the median, stars are the average value, limits of the box are the percentiles 25th and 75th, and limits of the segments represent

the minimum and maximum monthly mean values.

percentage, for PARGjobal (17% less instead of 20%); meanwhile the
differences for the diffuse component were significatively higher (16%
more, instead of 9%). In addition, they found an interannual variation
up to 20% in the PAR range that is clearly nearly double the interannual
variability in the total solar irradiance spectrum. Other authors have
analysed the TSIgopq in all the Mediterranean basin; Pyrina et al. (2015)
found a TSIgjopa) Mean values ranging from 170-180 Wm 2 to 480 Wm 2
in a period of 24 years (1984-2007), these values are lower than our
results by 39-47% or 29%, respectively. These differences are reason-
able considering the variability of environments in the Mediterranean
basin. Meloni et al. (2015) found values of 534.2 & 2.2 Wm 2 and 101.5
+ 3.5 Wm ™2 (measured at a fixed latitude of 55.9 + 0.25°) on 3 May
2008 for TSIgiobal and TSIpjfruse, respectively.

The seasonal cycle for TSIgjobal has a maximum median value of 601
Wm 2 in July and its minimum value of about 308 Wm 2 in January
under all sky conditions, while for clear skies the maximum median
value observed is about 643 Wm 2 reached in May and the minimum
value of 367 Wm 2 in December. The behaviour of TSIgjepa under all sky
conditions shows a relative high variability ranging from 3% in the

warmers months, to 17% in March (spring); this behaviour is a conse-
quence of the interaction of solar radiation with clouds that also rein-
force the effect of the annual course of solar position making more
variable its values in the spring season. Precisely, Lozano et al. (2022)
found that the maximum values of TCC, total column cloud liquid water,
and total column cloud ice content for the same period and city in
March. On the contrary, under clear sky conditions this variability is
lower, reaching its maximum value in March (9%). On the other hand,
the seasonal pattern for TSIpj¢f,se reached its maximum median value of
160 Wm ™2 and 155 Wm ™2 in June and July, respectively, with minimum
values of 107 Wm 2 and 103 Wm 2 in January, under all and clear sky
conditions, respectively. The variability of TSIpjsuse reached its
maximum value in February for both, all and clear skies, and counter-
intuitively, the higher values were under clear skies scenarios (14%),
while for all skies the maximum value reached 10%. Lozano et al. (2022)
also found February as the month with higher variability in the values of
PARpjffyse for Granada in the same period, as a consequence of winter-
time extreme dust events over this city (Cazorla et al., 2017; Fernan-
dez et al., 2019). In fact, Lozano et al. (2021) found a relatively high
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median value of AOD at 500 nm of 0.66 in Granada for the same period.
Comparing our results in the TSIpjfse range with those obtained by
Lozano et al. (2022) for the same parameter and period is interesting to
note that they found a less marked but more complex seasonal patterns
as can be seen in the range of variability, up to 20% under clear sky
conditions, reached in February and March. These findings may rein-
force the concept that PAR range is more sensitive to atmospheric
aerosol effects than TSI (Lozano et al., 2021).

4.2. Atmospheric effects on solar radiation

The effects of the interaction between the atmosphere's components
(particles of aerosols, clouds, and gases) and solar radiation in its path
through the atmosphere have been considered in the present study by
analysing two controlling parameters: the clearness index (k¢) and the
total cloud cover (TCC). High values of k; are associated with clear sky
conditions, since this implies a high transparency of the atmosphere.
Thus, some authors employ ki limits to determine clear sky conditions (i.
e., ky > 0.7; lanetz et al., 2007; Ma and Igbal, 1984). Low values of k¢
represent the opposite situation, as low atmospheric transparency is
usually associated with cloudy conditions. On the other hand, although
k¢ includes both effects (aerosols and clouds), the cloud's presence is
explicitly quantified by TCC.

Firstly, our analysis will focus on the atmospheric transparency,
Fig. 3 shows the relationship between TSIgjoba and TSIpjsf,se With respect
to k; (Fig. 3a and b, respectively) and k (Fig. 3c and d, respectively). The
bin-average values are also shown in the figure. These mean values were
computed by dividing the x-axis into intervals of 0.1 width, as follows:

|
Bin — average(a, b) = N Zy,» (15)

i=1

where a,b represents consecutive intervals [a,b] of increments, of 0.1
amplitude (i.e., 0.1, 0.2, ..., 1), N is the total number of data in the in-
terval [a,b], and y; is the considered variable in the y-axis. These bin-
average values aid in the visualization and analysis of the data

TSlgiobal (WM?)

TSlgiopa (WM?)

o-—T—7T—T—T T 1
01 02 03 04 05 06 07 08 09 10

T T T T

k

Atmospheric Research 296 (2023) 107072

distribution.

In this figure, the well-known dependence of solar radiation on k¢
and k can be seen, as expected. TSIgiopa) grows with ki, while TSIpjfyse
grows to the central values of k; (close to 0.45) and then decreases. It is
interesting to note that the higher data density (represented by the
deepest red colours in Fig. 3) can be observed for k¢ values approxi-
mately between 0.5 and 0.8 for TSIgoba1, and between 0.7 and 0.8 for
Totalpjfryse- The bin-averaged values range from (60 + 30 Wm ™2 to 820
+ 170 Wm 2 for TSIgiobal and from 26 + 15 Wm 2 to 180 + 90 Wm 2
for TSIpifruse- Taking into consideration the representation against Kk,
TSIglobal decreases with increase in k, showing a clear linear negative
trend in the bin-averaged dots, while in the case of TSIpjfryse there is a
growth pattern until approximately 0.3 of k, and then the bin-average
values remain more or less constant. This implies that higher values of
k are more related to lower values of global radiation, while this is not
true for the diffuse component. Then, when the atmosphere is less
transparent, there is reduced availability of both TSIgjoba; and TSIpigfyse-
The bin-average values range from 690 + 170 Wm ™2 to 60 + 30 Wm 2
for TSIgiobal and from 60 = 30 Wm ™2 to 180 + 70 Wm ™2 for TSIp;ffuse.

Secondly, it is important to take into consideration not only the at-
mospheric transparency but also the path of the solar radiation into the
atmosphere; therefore, we focus our analysis now on the solar zenith
angle (0). Fig. 4 shows the relationship between TSIgjoba1 and TSIpjgfyse
with respect to 6 in the upper panels (Fig. 4a, and b, respectively) and
between k; and k versus 0 in the lower ones (Fig. 4c and d, respectively).
The averaged values for different variables versus 8 range from 180 + 60
Wm ™2 to 790 + 160 Wm 2 for TSIgiobal, and for TSIpjgrse from 100 + 40
Wm 2 to 210 + 60 Wm 2. In the case of the index ratios versus 0, k¢
ranges from 0.49 + 0.16 to 0.72 + 0.12, meanwhile k ranges from 0.25
+ 0.17 to 0.6 £ 0.3. As the absolute values of solar radiation are con-
cerned, a marked decreasing trend can be seen for the density plots and
also for the bin-averaged values with a higher slope for the global than
for the diffuse component. k only shows a positive relationship with the
bin-averaged values. The amplitude of the density has very low ampli-
tude for lower values of 6, but this grows with 6. These results imply that

Increasing Density —

Increasing Density —

T T T T T T T
01 02 03 04 05 06 07 08 09 1.0
k

Fig. 3. Relationship between TSIgjobal (left) or TSIp;fruse (right) versus k; (upper panels) and k (lower panels) at Granada during the entire study period (2008-2018).
The red dots and red bars represent the average values and standard deviation at the k, and k values indicated. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Relationship between TSIgjopa (left) or TSIpjguse (right) versus solar zenith angle (0) (upper panels), and k; (right) or k (right) versus 6 (lower panels) at
Granada during the entire study period (2008-2018). The red dots and red bars represent the average and standard deviation values at the 6 values indicated. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

higher values of k do not necessary correspond to larger values of TSI-
Diffuses Specially for high values of 8. On the other hand, k¢ does not shows
a clear relationship with 68; however, both the bin-averaged values and
the area of higher density in the scatter plots follow a decreasing trend
versus 0, with a more or less soft slope until the value of 0.6 of 6 and then
a steeper slope. Secondly, a large spread is observed between k; versus 6
and k versus 0. This is evidenced by the high standard deviation in the
bin-average intervals, which reaches values up to +0.18 and + 0.28 for
k¢ and k, respectively.

Focusing on the annual variability of k, and k, Fig. 5 presents the
statistical analysis of the monthly values of k¢ (Fig. 5a and b, respec-
tively) and k (Fig. 5¢ and d, respectively) for both skies cases, where a
clear annual behaviour can be observed with higher values in the
warmer months and minimum values in the colder ones for k; reaching
up to 0.67 in July and 0.72 in April, and with minimum values of 0.53 in
November and 0.67 in December for all and clear sky conditions,
respectively. The opposite behaviour is observed in k, reaching mini-
mum values in the warmer months, 0.33 in July and 0.26 in March, for
all and clear sky conditions, respectively, and with maximum values
during wintertime, reaching values of 0.53 in November under all, and
0.32 in December under clear sky conditions. Focusing on all skies, this
behaviour is related to the higher TCC and higher frequency of overcast
skies that match the higher values of k and lower ones of k;, as can be
seen in Fig. 6. On the other hand, in the summer higher sunshine
duration due to lower TCC favours higher values of k; and lower ones of

k. In the case of clear sky conditions (Fig. 5b) a growing trend can be
found up to the spring and then the slope shifts to a decreasing trend
until the end of the year for k, while the opposite exists in the case of the
k (Fig. 5d); this behaviour is related to the larger atmospheric paths of
solar radiation in winter-time due to lower values of solar elevation
angles. It is interesting to note that a secondary maximum value can be
found in k under clear skies in August with a value of 0.31, pretty close
to the maximum value found in December. Lozano et al. (2022) found
the same secondary maximum value for kpag in August, due to the high
occurrence of Saharan dust intrusions events over Granada during
summer time (Salvador et al., 2014).

Focusing on the different thresholds for k; under all and clear sky
conditions, there is a prevalence of higher values for clear skies where
minimum median monthly values are greater than the maximum values
under all skies conditions for most of the months. Besides that, kt under
clear sky conditions has quite lower variability than under all sky con-
ditions (Fig. 5b). These are the reasons for k; to be used as a criterion for
discriminating clear sky conditions. However, there is an overlap be-
tween minimum median monthly values under clear and maximum
median monthly values under all sky conditions in several months,
including the warmer ones, and this is a reason why using another cri-
terion to determine clear skies instead of k. may solve several mis-
classified data. To solve this issue some authors have employed k in
order to classify clear skies, e.g., Lefevre et al. (2013) proposed to use
values of k lower than 0.3 to consider clear skies. Focusing on our k
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Fig. 5. Monthly statistics in the period 2008 to 2018 at Granada for k; under (a) all- and (b) clear- sky conditions, and for k under (c) all- and (d) clear- sky ones. The
central lines in each box represent the median values, the stars the average values, the upper and lower limits of the boxes the 75th and 25th percentiles, and the
upper and lower limits of the bars represent the maximum and minimum monthly mean values.

monthly median values under all skies, only some values under 0.3 were
found in spring; then using this threshold may lead to some misclassified
data. However, if we focus on clear skies, the prevalence of values over
this threshold can be confirmed. Other authors have proposed to use a
combination of both, k¢ and k, e.g., Thevenard and Brunger (2002a,
2002b) used a k value between 0.2 and 0.4; however, visual inspection
of the data is needed to confirm and avoid misclassified data. On the
other hand, some authors employ more complex relationships and in-
dexes to determine clear sky conditions; one of the mostly used and
considered as standard method is the one proposed by Long and
Ackerman (2000). However, the absence of measurements for the
diffuse component at most stations make this method difficult to apply,
since it needs such measurements in two of its four tests. Recently,
Kambezidis et al. (2021) have shown that the condition 0 < k < 0.26
determines clear skies at universal scale.

Considering the TCC that controls the variation of solar radiation,
Fig. 6 shows the relationship between TSIgiobal OF TSIpiffyse Versus TCC
(upper panels; Fig. 6a and b, respectively) and also between k; or k
versus TCC (lower panels; Fig. 6¢ and d, respectively). TSIgjobal averaged

values range from 240 + 190 Wm 2 to 530 & 260 Wm™2 and TSIpiffuse
from 140 + 60 Wm 2 to 150 =+ 90 Wm’zg meanwhile k¢ and k vary from
0.66 + 0.11 to 0.34 + 0.19 and from 0.36 + 0.23 to 0.80 + 0.23,
respectively. Although the TSIgjobay values shows very high spread
versus TCC, and do not seem to follow any trend or pattern, the bin-
averaged values follow a downward trend, and their slope, in absolute
terms, increases notably for overcast skies (TCC > 0.9). TSIpjsryse also
shows very high spread in the scatterplot, especially for overcast skies.
However, the bin-averaged values of this variable do not follow any
increasing or decreasing trend. In the case of the ratios, k; and k bin-
averaged follows the opposite trend, as expected, a decreasing trend
for k¢ and an increasing one, and with a higher slope for k. The computed
slopes of these trends (not shown in the figure) are —0.31 + 0.03 and
0.43 + 0.05 for k¢ and k, respectively, with a 2 over 0.90 in both cases.
These high correlations with TCC and also the differences between the
mean value for the entire experimental period in both variables (k¢ and
k) under all and clear skies, are of 0.59 and 0.69 for k¢, and 0.46 and 0.30
for k, for both all, and clear skies, respectively. This highlights the
relevant role of clouds not only in the availability of solar radiation on
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Fig. 6. Relationship between TSIgjopa (left) or TSIpisruse (right) versus TCC (upper panels), and between k¢ (right) or k (right) versus TCC (lower panels) at Granada
during the entire study period (2008-2018). The red dots and red bars represent the average and standard deviation values at the TCC values indicated. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

the surface, but also on the distribution of its components (direct and 4.3. Cloud radiative effects

diffuse), and specially on the transparency of the atmosphere to the

direct component of TSI, since the computed slope (not shown in the Fig. 7 represents boxplots for CRFgjoba) and CRFpjgfyse, computed by
figure) for its relationship with TCC is —270 + 30 Wm 2 (> = 0.90) and Eq. (11), positive values mean warming effect on the surface due to an
15 + 4 Wm 2 (2 = 0.65) for TSIgiobat, and TSIpifuse, respectively. increase in the availability of solar radiation, while negative values
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Fig. 7. CRFro, annual statistics for 2008-2018: (a) Global and (b) Diffuse component. Bars correspond to the minimum and maximum values. The box limits are the
75th and 25th percentiles and the midline is the median.
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imply the opposite effect. The average values for the full study period is
about —80 =+ 30 Wm™2 for CRFrsiGlobal and 11 + 6 Wm 2 for CRFrs,
Diffuse- Both boxplots show a clear seasonal pattern: two increasing
trends in spring and autumn (January to April and July to September/
October), and two decreasing trends during summer and winter (April to
July and September/October to December), in absolute values; this
pattern was also found by Lozano et al. (2022) and Trisolino et al. (2018)
for the PAR range. Therefore, CRFrg; giobal Teaches its maximum value
(in absolute terms) in April of —137.4 Wm 2 and its minimum value in
July of —37.6 Wm 2, meanwhile CRFrgi piffuse Teaches the maximum
value of 22.6 Wm ™2 also found in April, and its minimum value of 4.4
Wm ™2 in January. The behaviour of the seasonal pattern, found in the
CRFrsi piffuse analysis, with two maximum values in spring and autumn
and two minimum values in summer and winter, is related to the total
column cloud ice content in which the same pattern can be found (see
Fig. 4e in Lozano et al., 2022), and is also confirmed by the high clouds
occurrence in the same period and site (see Fig. 4b in Lozano et al.,
2022), since high clouds are mainly composed of ice particles (Liou
et al., 2008; Luebke et al., 2016). Secondly, the behaviour found for
CRFlobal is due to more complex interactions not only associated with
the occurrence of highest clouds and the ice content but also with the
cloud opacity and overcast occurrence that are more frequent in spring
and autumn in this Mediterranean area. On the other hand, the same
patterns in CRFgjopa) and CRFpjgyse Were found in the same period and
site by Lozano et al. (2022) in their analysis in the PAR range, and also in
other areas in the Mediterranean basin: Trisolino et al. (2018) for the
PAR range, and Pyrina et al. (2015), for the shortwave range, have
related the maximum value of CRF in April to the higher cloud optical
thickness in the same month. Other authors have computed CRF by
using radiative transfer models (RTM), Pyrina et al. (2015) found an
average value of —43.7 Wm™2 for the Mediterranean basin in the
shortwave range, and for a period of 24 years (1984-2007) by
employing a spectral RTM for calculations. Alexandri et al. (2021) using
the Santa Barbara DISORT Atmospheric Radiative Transfer (SBDART)
model found a value of —36 Wm ™2 for liquid clouds and — 19 Wm 2 for
ice clouds in a period of 15 years (2005-2019) in Greece.

On the other hand, since clouds are considered one of the most
important factors controlling climate and exert a net cooling effect on
shortwave radiation by reflection of solar radiation it is interesting to
analyse the annual CRF evolution. In that sense, Fig. 8 shows the annual
evolution of CRFys; and CRFpapg for both Global and Diffuse components,
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where a clear decreasing trend (in absolute terms) is found for both
wavelength ranges and both solar radiation components, CRFrg; shows a
slope of 1.22 Wm ™2 year ! and — 0.37 Wm ™2 year !, and about 0.52
Wm? year’1 and — 0.42 Wm™? year’1 for CRFpag, in the global and
diffuse component, respectively. It is interesting to note that all slopes
are significant with a p-value below 0.001. The main finding is that
clouds are exerting less cooling effects in this Mediterranean site over
time. In the same site and period Lozano et al. (2021) also found a
downward trend on aerosol radiative effects of 2.66 Wm 2t~ year!.
Therefore, these findings reveal together a weakening of the main at-
mospheric cooling mechanisms in this Mediterranean area over time.

5. Conclusions

This study is the last part of a series of three research papers spanning
an eleven-year period (2008-2018) at a mid-latitude urban site in the
Mediterranean basin located in the southeast of Spain. During the pre-
vious works, the radiative effects of aerosols and clouds on the surface
were analysed in detail, both in the PAR and in the TSI. For this purpose,
a complete characterization of the TSI was carried out in the present
work. Secondly, the effects of sky conditions on solar radiation in the
solar spectrum were analysed through two parameters: the clearness
index (ko) and the Total Cloud Cover (TCC). Finally, a comparative
analysis between global and diffuse CRF, defined as the difference be-
tween solar radiation under all and clear sky conditions, in both the TSI
and PAR ranges, were evaluated, including a trend analysis over time.

A clear seasonal pattern was observed for both, TSIgjopa and TSI-
Diffuses With average values for the entire period of the study of 450 +
100 Wm 2 and 530 + 110 Wm ™2 for TSIgiobal under both sky conditions
(all and clear), respectively, meaning a 20% less value under all sky
conditions in comparison to that for clear skies. Meanwhile TSIpjqse Was
quite the opposite as expected, i.e., average values estimated at141 + 21
Wm ™2 and 130 + 21 Wm ™2 for all and clear sky conditions, respectively,
implying a 9% higher value for all sky conditions with respect to that for
clear skies. On the other hand, we found a relatively low interannual
variability, with values of 10% and 7% under all and clear sky condi-
tions, for TSIgjobal, and up to 11% and 9% for TSIpjfryse, implying a
maximum interannual variation in the solar spectrum in the entire 11-
year period (up to 11%).

The values observed for CRFrsi global and CRFs; piffuse also showed a
seasonal pattern with a very high variability. In absolute terms, the
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Fig. 8. Yearly cloud radiative forcing (CRF) evolution on the surface for (a) TSI and (b) PAR ranges, for Global and its Diffuse component. Dashed lines point out the
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maximum values were found in April reaching values of —137.4 Wm 2
for CRFrsy,Global and 22.6 Wm? CRFrs1 piffuse; meanwhile the minimum
values were found in July and January, for CRFrsigiobal (—37.6 Wm3)
and CRFrsipiffuse, (4.4 Wm’z), respectively. The seasonal pattern
showed two maximum values for both (spring and autumn) in absolute
terms. The CRFrgy piffuse Pattern can be related to the occurrence of high
clouds and with the ice water content of clouds, while CRFgygiobal is
related to the opacity of the clouds and the overcast sky occurrence.

Finally, it is interesting to note that in our annual evolution analysis
of CRF, the slope observed for both global and diffuse CRF were sig-
nificant for both wavelength ranges, TSI and PAR, reaching values of
1.22 Wm 2 year ! and — 0.37 Wm 2 year ! for CRFrg;, and about 0.52
Wm 2 year ! and — 0.42 Wm™2 year ! for CRFpag, for the global and
the diffuse components, respectively. The positive sign in the slope for
CRFlobal and the negative sign for CRFpjgfse found in both wavelength
ranges (TSI and PAR) has the following interpretation for this Mediter-
ranean site: clouds are exerting less cooling effects over time in accor-
dance with Lozano et al.'s (2021) finding that aerosols are also losing
their cooling effects at this site, an evidence of climate change at this
site.
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Glossary

ACTRIS: Aerosol, Clouds and Trace Gases Research Infrastructure
AEMET: Spanish Meteorology Statal Agency

AGORA: Andalusian Global Observatory

AOD: Aerosol optical depth

AST: Apparent solar time
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CRE: Cloud radiative effects
CRErsr and CREpar: Cloud radiative effects on TSI and PAR ranges, respectively
C38S: Copernicus Climate Change Service
Ep: Eccentricity correction factor of the earth orbit
ECMWEF: European Centre for Medium-range Weather Forecasts
ERAS5: Reanalysis Fifth Generation database
Ian and Igieqr: Solar radiation in all- and clear- sky conditions
Itoa: Irradiance at the top of the atmosphere
Itoapar: PAR irradiance on the top of the atmosphere
Ip: Solar constant (1367 Wm 2)
Ip,par: Solar constant in the PAR range (634.40 Wm™2)
k: Diffuse fraction of TSI
kpag: Diffuse fraction of PAR
k¢ Clearness index for TSI
K’y Daily clearness index for TSI
ke par: Clearness index for PAR
' par: Daily clearness index for PAR
kur: Kurtosis
m a.s.l: Meter above sea level
Ma: Maximum
MBE: Mean bias error
Md: Median
Mi: Minimum
P5...P95: Percentiles, 5th ... 95th
PAR: Photosynthetic active radiation (400-700 nm)
PARGiobal and PARpifuse: Global solar irradiance, and diffuse component, both for PAR
r?: Determination coefficient
RMSE: Root mean square error
RTM: Radiative Transfer Model
SBDART: Santa Barbara Disort Atmospheric Radiative Transfer model
SD: Standard deviation
Ske: Skewness
TOA: Top of the atmosphere
TCC: Total cloud cover
TSI: Solar irradiance from 280 to 3000 nm
TSIgobar and TSIpifuse: Global solar irradiance, and diffuse component, both for TSI
UV: Ultraviolet irradiance
a: Solar elevation in degrees
0: Solar zenith angle
¥ and ¥pag: Persistence index and persistence index of PAR


https://www.proquest.com/docview/192556999/citation/58A508CB944D42EFPQ/1
https://www.proquest.com/docview/192556999/citation/58A508CB944D42EFPQ/1
https://www.proquest.com/docview/192533440/citation/CFE86F57C0E438APQ/1
https://www.proquest.com/docview/192533440/citation/CFE86F57C0E438APQ/1
https://doi.org/10.1016/j.scitotenv.2016.11.007
https://doi.org/10.1175/2008BAMS2634.1
https://doi.org/10.5194/acp-18-7985-2018
https://doi.org/10.5194/acp-18-7985-2018
https://doi.org/10.1175/JCLI4031.1
https://doi.org/10.1029/2008JD011470
https://doi.org/10.1016/j.atmosenv.2022.119286
https://doi.org/10.1016/j.atmosenv.2022.119286
https://doi.org/10.1007/s00703-015-0410-4
https://doi.org/10.1007/s00703-015-0410-4

	Analysis of the solar radiation/atmosphere interaction at a Mediterranean site: The role of clouds
	1 Introduction
	2 Experimental site and data acquisition
	2.1 Experimental site
	2.2 Radiation measurements
	2.3 Cloud data

	3 Methods
	3.1 Modelling the diffuse component of solar radiation
	3.2 Cloud radiative forcing
	3.3 Data analysis

	4 Results and discussion
	4.1 Total solar radiation time series
	4.2 Atmospheric effects on solar radiation
	4.3 Cloud radiative effects

	5 Conclusions
	Author contributions
	Declaration of Competing Interest
	Data availability
	Acknowdlegments
	Appendix A Supplementary data
	References


