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A new method to estimate aerosol radiative forcing (ARF) on photosynthetically active radiation (PAR) is pro-
posed using as input only the solar position and global irradiance measurements, available in many radiometric
stations worldwide. The main contribution of this work is the proposal of a new and simple tool (max-k, method)
based in the parameterization of the envelope of the relationship between clearness index (k;) and the solar
position. To this aim, a 1-year database (2020) of cloud-free data acquired in a Southwest Mediterranean site was
used for the proposal and two more years (2017 and 2018) were used to extend the results. The ARF values
retrieved using the new method were compared with estimates calculated by two physical models widely
employed in the literature, such as the SBDART (Santa Barbara DISORT Atmospheric Radiative Transfer model)
and an improved version of the CPCR2 (Code for Physical Computation of Radiation, 2 bands) model. The new
method provided ARF values of the order of those provided by these physical models, especially with the
SBDART model, confirming the validity of this new method. An ARF seasonal pattern was found with higher
values in summer, (—30,7 £ 9,0) Wm2in August during 2017, (—40,1 + 11,8) Wm2 in June during 2018 and
(—28,8 +7,7) Wm~2in July during 2020 and minimum values in winter, (—8,1 + 5,1) Wm2in January during
2017, (-5,7 + 5,8) Wm 2 in December during 2018 and (-7,8 + 5,4) Wm~2 in December during 2020.
Moreover, a dependence on solar zenith angle (0,) was detected excepting during the year 2018, increasing ARF
absolute values at 0, from 0° to 45°-60° and decreasing to zero for the Sun near the horizon. This technique is
very useful due to the difficulty of knowing all the inputs requested by the physical models.

1. Introduction knowledge of PAR is necessary to estimate the euphotic depth of the

oceans (Luthala et al., 2013). Accurate PAR measurements have a main

Solar radiation is the primary energy source for life on Earth (Wild,
2009), and the portion of global solar radiation covering the visible
spectral range (400-700 nm), i.e. the photosynthetically active radiation
(PAR), plays a fundamental role for the vegetation, since PAR directly
drives the photosynthesis process. Thus, the knowledge of PAR is a
prerequisite for modelling the terrestrial ecosystem productivity (Jaco-
vides et al., 2007), specifically for plant productivity modelling in forests
(Landsberg and Waring, 1997), for biomass production and for natural
illumination in greenhouses (Alados et al., 1996; Ramirez-Pérez et al.,
2017). Moreover, PAR is crucial to aquatic primary production, and the

role to determine deforestation and climate change impacts on agri-
culture (Pei et al., 2013; Zempila et al., 2016). Besides, PAR is a key
factor controlling ecological processes such as the terrestrial carbon and
hydrological cycles (Potter et al., 2007, 2008; Jonard et al., 2020).
However, despite its importance, a global routine network for measuring
PAR has not yet been established. This lack of measurements leads to the
use of different alternatives in order to estimate PAR. There are different
estimation methods in the literature, which can be classified into three
categories, namely physically-, empirically- and satellite-based models.
Other authors to estimate global irradiance at different ranges of

* Corresponding author at: Andalusian Institute for Earth System Research, Granada 18006, Spain.

E-mail address: ifoyo@ugr.es (I. Foyo-Moreno).

https://doi.org/10.1016/j.atmosres.2023.106819

Received 16 January 2023; Received in revised form 12 May 2023; Accepted 17 May 2023

Available online 20 May 2023

0169-8095/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


mailto:ifoyo@ugr.es
www.sciencedirect.com/science/journal/01698095
https://www.elsevier.com/locate/atmosres
https://doi.org/10.1016/j.atmosres.2023.106819
https://doi.org/10.1016/j.atmosres.2023.106819
https://doi.org/10.1016/j.atmosres.2023.106819
http://crossmark.crossref.org/dialog/?doi=10.1016/j.atmosres.2023.106819&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

1. Foyo-Moreno et al.

wavelengths on surface have developed a hybrid method combining
deep neural network and a radiative transfer model using Himawari-8
satellite data (Ma et al., 2020).

The two main factors affecting solar irradiance are clouds and at-
mospheric aerosols, being aerosols the most important under clear skies.
Atmospheric aerosols are known to affect the atmospheric transmittance
through the scattering and absorption of sunlight (direct effect), and
modifying clouds properties (indirect effect), such as the cloud albedo
effect (enhancement of cloud albedo due to smaller droplets) (Twomey,
1974) or the cloud lifetime effect (extension of cloud lifetime due to
smaller droplets and less precipitation) (Albrecht, 1989). These indirect
effects can have an even larger impact than the direct effect at the top of
the atmosphere (Lohmann and Feichter, 2005). Consequently, atmo-
spheric aerosols alter the Earth's surface budget with strong impacts on
the interactions between the atmosphere and biosphere, not only by
altering the radiation balance but also by mediating feedbacks between
vegetation and climate (Mercado et al., 2009; Mahowald et al., 2011;
Stocker et al., 2013). Consequently, it is crucial the knowledge of aerosol
radiative effects, however, aerosol radiative effects and its relationship
to climate change remain inaccurate (Stocker et al., 2013), being this
uncertainty large in the PAR range because of the scarcity of related
studies (Lyamani et al., 2006a; Mateos et al., 2014; Zhu et al., 2015).

To evaluate aerosol radiative effects, the concept of aerosol radiative
forcing (ARF) is introduced. ARF is defined as the change in the net
radiation (difference between the downward and the upward irradi-
ances at the Earth's surface) due to variations in the atmospheric aerosol
properties with respect to an aerosol-free atmosphere. Therefore, it is
necessary to select clear skies to avoid the cloud effects.

When there are no available cloud measurements, different methods
can be used to identify clear sky conditions from ground irradiance
measurements. Younes and Muneer (2007) presented an overview of
several clear sky detection algorithms, all of them using indexes derived
from global and diffuse irradiances, with their evaluation. The simplest
criterion uses the clearness index (ky), defined as the ratio between the
global irradiance and the extraterrestrial global irradiance, both on a
horizontal surface. This index takes into account the aerosols and clouds
effects in atmospheric transparency. Also, the diffuse to global solar
radiation ratio (k) can be used to identify clear skies. High k and low k
values are both representative of clear skies. In this sense, previous
studies have used different thresholds for k; to identify clear skies. For
example, Igbal considers a clear-sky to be represented by k; between 0,7
and 0,9, and Lanetz et al. (2005) did not restrict an upper limit of k; for
clear-sky arguing the fact that this limit is not static, depending on the
site. On the other hand, a k value lower than 0,3 is usually proposed (e.g.
Lefevre et al., 2013). Thevenard and Brunger (2001) used a k value
between 0,2 and 0,4, and other authors have proposed more complex
indexes including dependencies on the solar zenith angle (6,) (e.g., Perez
et al., 1990; Alados et al., 2000). For these procedures, the method
proposed by Long and Ackerman (2000) is considered as a standard for
data quality control in the solar measurement community. Their
approach comprises four tests that use global and diffuse irradiance
measurements.

There are different methods to estimate ARF. One is the so-called
direct method (Satheesh and Ramanathan, 2000) that previously re-
quires the aerosol forcing efficiency (AFE), defined as the irradiance
variation per unit of aerosol optical depth (AOD) to estimate ARF
(Charlson et al., 1991). In this method, AFE is calculated through the
linear fit of net irradiance versus aerosol optical depth (AOD) for a given
solar zenith angle (0,). Its advantage lies in the fact that the AFE is
directly estimated from observations, without further assumptions
about the radiative fluxes under aerosol-free conditions. Finally, ARF in
this method is derived by multiplying AFE and AOD. This method has
been previously used by several authors (e.g. Anton et al., 2011; Foyo-
Moreno et al., 2014; Lozano et al., 2021). The other method mostly used
by researchers (the so-called indirect method) is to simulate solar irra-
diance values through radiative transfer models such as the SBDART
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model (Santa Barbara DISORT Atmospheric Radiative Transfer model;
Ricchiazzi et al., 1998) using aerosol properties obtained from AERO-
NET measurements (Aerosol Robotic Network; Holben et al., 1998) as
input and simulations under aerosol-free conditions are also required.

Existing radiative transfer models propose different approaches to
solve the radiative transfer equation. What differentiates one model
from another is the structure of the atmosphere, the number of input
parameters and model complexity. Model-model comparisons have
shown that different radiative transfer codes may agree well if they are
run with identical optical properties as input (Halthore et al., 2005). The
SBDART model is selected here by its high accuracy (Li et al., 2010),
besides it has been consistently developed over the past few decades
(Kundu et al., 2018) and has been extensively applied to ARF in studies
of atmosphere energy budget and also in satellite remote sensing (Luo
et al., 2019).

In this work a new method to estimate ARF is proposed, requiring
only global irradiance measurements (which are available in many
radiometric stations), with the added value of aerosol measurements not
needed. The main contribution of this work is the proposal of a new and
simple tool (max-k; method) to estimate for PAR considering only the
dependence of the clearness index with solar position through the cosine
of 6,, that is, only measurements of global radiation are needed. From
the maximum envelope of the dependence of k with the cosine of 6,, an
equation of general validity is obtained but with coefficients that are
dependent on the site. Here, the measurements acquired at an urban
middle-latitude site in the Mediterranean basin during one year (2020)
have been used to propose the new method. The results are compared
with estimations obtained from the indirect methods using the modified
CPCR2 parametric model (Code for Physical Computation of Radiation,
2 bands) and the SBDART model (Alados-Arboledas et al., 2000) and two
more years (2017 and 2018) have been used to extend the results.

2. Experimental site and dataset

The measurements used in this study were collected at the radio-
metric station installed on the roof of the I[ISTA-CEAMA building at
Granada (37,164 °N; 3605 °W; 680 m.a.s.1.), an urban site located in the
Southeast of Spain in the West Mediterranean region. This radiometric
station is managed by the Atmospheric Physic Research Group (GFAT) at
the University of Granada and is part of the observatory AGORA
(Andalusian Global ObservatoRy of the Atmosphere) in the framework
of ACTRIS (Aerosol, Clouds and Trace Gases Research Infrastructure).
Granada presents large seasonal temperature differences, characterized
by cool winters and hot summers, with a mean temperature for the year
2020 of (21,6 + 8,2) °C, with the extreme values between —1,9 and
40,5 °C. Main local aerosols sources are traffic, local mineral dust during
the dry season, anthropogenic aerosols in winter from fuel oil combus-
tion for domestic heating and also biomass burning in summer (agri-
cultural waste burning) (Titos et al., 2012, 2017) and bioaerosols,
especially pollen grains emitted by urban and periurban vegetation
(Carinanos et al., 2021, 2022; Ramirez-Aliaga et al., 2022). Others
aerosol sources are continental aerosols from Europe and during the
spring and summer season dust mineral from Sahara desert located in
North Africa (Guerrero-Rascado et al., 2008, 2009; Lyamani et al.,
2006a, 2006b, 2010), also transported smoke from North America,
North Africa and Europe (Alados-Arboledas et al., 2011; Baars et al.,
2019; Ortiz-Amezcua et al., 2014, 2017; Titos et al., 2017; Sicard et al.,
2019). Extraordinarily, there are aerosols events from volcanic plumes
(Navas-Guzman et al., 2013; Sicard et al., 2012), and oceanic aerosols
from Arctic and Atlantic oceans or maritime aerosols from the Medi-
terranean Sea (Pérez-Ramirez et al., 2016).

One full year of PAR data and aerosol properties during 2020 has
been used to propose this method and others two years (2017 and 2018)
to extend the results. One-minute measurements of Photosynthetically
Active Radiation (PAR) (400-700 nm) were measured with a SKP 215
PAR Quantum Sensor manufactured by Skye Instruments. This
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instrument uses a blue enhanced planar diffused silicon detector with a
sensitivity of 0,015 pAgmol 'm 257!, The quantum sensor has a
maximum relative error < 5% relative to the values measured. Simul-
taneous one-minute measurements of total solar irradiance were recor-
ded with a radiometer CM11 manufactured by Kipp&Zonen. This
instrument measures broadband solar irradiance (280-2800 nm) and
complies with International Organization for Standardization (ISO)
9060 criteria for an ISO secondary standard pyranometer. Both mea-
surements were recorded in a CR10X data logger manufactured by
Campbell Scientific.

Additionally, Aerosol Optical Depth (AOD) values, measured every
15 min by a CIMEL Sun/sky photometer (CE-318-4) were used in this
study. This equipment is part of the AErosol RObotic NETwork (AER-
ONET; Holben et al., 1998) and it has been routinely measuring at
Granada station of Andalusian Global ObseRvatory of the Atmosphere
(AGORA), located on the rooftop of IISTA-CEAMA, since 2004. This
instrument measures direct solar irradiance with a 1,2° full field of view
at 340, 380, 440, 500, 675, 870, 940 and 1020 nm as well as sky radi-
ances in the almucantar and principal plane geometries at 440, 675, 870
and 1020 nm. All radiance measurements are processed following the
AERONET protocol as described by Holben et al. (1998), obtaining
columnar aerosol properties at different quality levels (1.0, 1.5, 2.0).
AOD level 2.0 version 3 data, the highest quality AERONET data (Giles
et al., 2019), were used in this study. AOD data have a total uncertainty
of 0,01 for wavelengths >440 nm and 0,02 for shorter wavelengths
(Holben et al., 1998). The Sun-photometer also provides the surface
albedo measurements used in this study at 440, 675, 870 and 1020 nm
with a total uncertainty of 0,02 (Foyo-Moreno et al., 2014).

3. Methodology: clear-sky DATA selection

Considering the definition of ARF given in section 1, firstly it is
necessary to select clear-sky data. Previously to the acquisition of clear-
sky data from all-sky datasets, a deep quality control has been applied in
order to detect and remove potential erroneous measurements,
following Lozano et al. (2021). In this work, the data-sets include the
seasonal features, solar geometries and meteorological conditions,
leading to check the performance of the proposed method.

The more usual procedures to detect clear skies use k¢ and k indices
as described in section 1, but since diffuse irradiance measurements may
not be available at many radiometric stations, here two criteria have
been evaluated using only one index, i.e.: k¢, in comparison to the cases
detected by visual inspection. This method consists in representing a
daily scatter plot of the global irradiance against time for each day of the
dataset. When the plots do not follow the symmetrical typical pattern for
clear skies with the maximum value centered at solar noon, these data
are attributed to cloud presence and, consequently, discarded. The first
one is the simplest criterion (criterion#1), based on k; values above a
threshold of 0,7. The second one (criterion#2) includes the dependence
of k; on solar position (Alados and Alados Arboledas, 1999). The authors
analyzed k; for cloudless skies conditions (zero octas for cloudiness),
evidencing the great influence on 6,. Thus, they fitted this dependence
by means of a polynomial function of cos 8. A threshold for the cloudless
sky conditions was defined by subtracting from this equation the stan-
dard deviation associated to the independent coefficient of this poly-
nomial function. In this sense, the criterion for cloudless sky conditions
reads as follows:

k> 0,5340,31cos8, — 0,15 cos®6, (€8]

Fig. 1 shows experimental PAR values versus the solar position for
the selection of clear days according to the different criteria aforemen-
tioned. The worst criterion is to consider cases with k; above a threshold
because they can also include cloudy cases. In this sense, it is also
interesting to point out that values above of the clear skies correspond to
enhancement values by the clouds and values below are associated to
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Fig. 1. Photosynthetically active radiation (PAR) versus cosine of solar zenith
angle (cos 0,) for clear skies considering different criteria.

clouds with the natural cloud effects of attenuation. Both criterions
using k; are not very restrictive as observed from Fig. 1, including some
cloudy cases, consequently, in this work the selection of clear skies was
made through supervised inspection considering the typical pattern
followed by the global irradiance along the day in order to detect mis-
classified data points. Although a lot of methods are available in the
literature, which can identify clear sky conditions from ground mea-
surements, it is important to detect correctly clear periods because this is
the main basis of the proposal of this work.

4. Models description to estimate ARF: SBDART and modified
CPCR2

In this section, two models are described to estimate ARF with the
indirect method. As presented in section 1, ARF is defined as the dif-
ference between the measured net irradiance (Fne:) and the same
magnitude for an aerosol-free atmosphere (Fpet,a):

ARF = Fyo — Fnef.a (2)

where Fp is the difference between the downward and the upward ir-
radiances at the Earth's surface and Fpe;, is the same but without
aerosols. Net irradiances under the aerosols presence/absence can be
written, respectively, as:

Fua = (1—A) PAR (3)
Fuera = (1 —A) PAR, @

where PAR represents the measured PAR values, PAR, is the estimated
irradiance under absence of aerosols, and A is the surface albedo. Thus,
AREF is:

ARF = (1—A) (PAR — PAR,) (5)

In this work, the surface albedo was set to 0,14 corresponding to the
annual average value at 675 nm provided by AERONET at our study
area, taking into account the results obtained in the previous work of
Lozano et al. (2021) considering a 11-year dataset at the same experi-
mental site. The overall error in net flux increases by <0,3% due to the
uncertainty in surface albedo (Di Biagio et al., 2010).

4.1. SBDART model

To simulate PAR values for clear-sky, the SBDART model (Ricchiazzi
et al., 1998) has been adopted for many researchers in previous studies
(e.g. Huang et al., 2020; Khan et al., 2012; Xia et al., 2007a, 2007b). This
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model resolves the plane-parallel radiative transfer equation in clear and
cloudy conditions within the atmosphere and at the Earth's surface
(Ricchiazzi et al., 1998), and is applied in studies of atmosphere energy
budget and satellite remote sensing (e.g. Luo et al., 2019; Liang et al.,
2019). The model is based on the DISORT (Discrete Ordinates Radiative
Transfer Program for a Multi-Layered Plane-Parallel Medium), the low-
resolution band model developed for LOWTRAN 7 atmospheric trans-
mission, and the Mie scattering results for light scattering by water
droplets and ice crystals (Ricchiazzi et al., 1998), and have been
consistently developed over the past few decades (Kundu et al., 2018).
The model includes six different standard atmospheric profiles, four
standard aerosol types along with its vertical distribution and five sur-
face types. SBDART considers all the processes that affect both absorp-
tion and scattering processes at the ultraviolet, infrared and visible
spectral ranges.

The radiative transfer model was run using as inputs the middle-
latitude standard atmosphere for winter and summertime and aerosols
in the urban boundary layer. The cosine of solar zenith angle, surface
albedo, aerosol optical depth, surface atmospheric pressure and surface
relative humidity has been also employed as experimental measure-
ments inputs for the computations. A fixed AODsgq value of 0,05 was
used as background aerosol corresponding with the percentile 10th
value of the study period for the radiative solar irradiance calculations.
AODs( has been used instead of AODss for the radiative transfer model
input, due to the fact of the absence of AOD5s5( measurements, besides a
strong correlation is found between AODsgo and the ARF (Prasad et al.,
2007).

4.2. Modified CPRC2 model

CPCR2 is a two-band model proposed for clear-sky Gueymard
(1989). The solar spectrum is divided into an ultraviolet/visible band
(290-700 nm) and an infrared band (700-2700 nm). In our case,
considering the wavelength covered by the photosynthetically active
spectrum only the first band is relevant. This model computes broad-
band transmittances for the different atmospheric extinction processes.
The use of these transmittances allows for the computation of the direct
beam component. For the diffuse component some approximations have
been used in order to parameterize the complexity of the scattering
process. The diffuse component is modelled as a combination of three
individual contributions: molecules, aerosols and the backscattering
process between ground and sky. The diffuse irradiance due to multiple
reflections between the Earth's surface and the atmosphere depends on
the ground albedo, and on the sky albedo, both values have been
considered wavelength independent and the expression for sky albedo
proposed by Justus and Paris (1985) is used, according to the diffusion
approximation (Kondratyev, 1969). More details also can be found in
Olmo et al. (2001). Finally, the global irradiance is obtained by com-
bination of the direct irradiance projected onto the horizontal surface
and the diffuse horizontal irradiance.

The modified CPCR2 model is an improved version developed by
Gueymard (1989) made in the work of Alados-Arboledas et al. (2000).
The modifications provide a better estimate of the direct and global
components of PAR. This improvement is achieved by introducing some
modifications concerning the parameterization of the aerosol and mo-
lecular contribution to the diffuse component. There are two modifica-
tions in this parameterization. The first modification builds on a
previous one proposal by Bird and Riordan (1986) used in the spectral
code SPECTRAL-2. The second consists in modifying the contribution of
aerosols, including the simple scattering albedo (®,) as a multiplying
factor, following a procedure similar to that included in parameteriza-
tion Model A Igbal (Igbal, 1983). The best results are obtained using a w,
value of 0,750. The estimation of the direct component improves the use
of an exponent o, which is a function of relative humidity as proposed by
Gueymard. More details can be found in Alados-Arboledas et al. (2000)
and Alados et al. (2002).
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5. Results and discussion
5.1. Clearness index for clear skies

Fig. 2 shows the measured PAR versus solar position (through the
cosine 0,) for different ranges of k. in 0,1-steps. This index varied be-
tween 0,41 and 0,83, with a mean value of 0,72 + 0,06 for clear-skies
and a mean value of 0,59 £ 0,22, a mode value of 0,73, a median
value of 0,68 and an interquartile range (the difference between the
third and the first quartile) of 0,29 for all-skies. A clear dependence of
PAR on k¢ is observed, increasing with k. Now, Fig. 3 shows the rela-
tionship between k; and cos 6, but only for all selected clear skies ob-
tained as described in Section 3.1.

Fig. 3 evidences a nonlinear dependence in the relationship between
k¢ and cos 6, finding a high spread in the cloud points, especially for the
central values of ki, for a fixed solar position, when the Sun is close to the
horizon. Therefore, this dependence of k; on cos 8, invalidates the k-
based criterion to identify clear skies, in addition to this limit is site-
dependent as suggested by Lanetz et al. (2005). The positive depen-
dence of k; on solar position indicates higher values of k; when the Sun is
close to zenith. Moreover, it is possible to parameterize two enveloping
curves for the maximum and minimum possible values of k; at a given
solar position (Fig. 3), given by second order polynomial equations:

Ky minmar = A+ B cos 0. + C cos*6, 6)

where A, B, and C are the fitting coefficients (A = 0,56; B = 0,62; C =
—0,36). These two enveloping curves correspond to extreme sky con-
ditions, with k¢ min representing less transparency, due to a major aerosol
load and, conversely, k¢max representing large transparency, affected
only by the aerosol background. This fact constitutes the basis of the new
method proposed in the next section.

5.2. New proposed method

Following the previous section, it is possible to parametrize K¢max
under clear skies for a given solar position, corresponding to the aerosol
background of the site. Thus, using the model to estimate PAR for all sky
conditions (Foyo-Moreno et al., 2017), that is PAR = 586 k; cos 6, in
units of Wm™2, it is possible to replace in that model k¢ by k¢ max with eq.
5 and, thus, to obtain PAR under clear skies with background aerosols
(PAR,) as:

PAR, = 586 k; ax c0s0, ()

Thus, inserting eq. 6 into eq. 5, the new method proposed to estimate

600
k. <01
0.1<k <0.2
02<k <03
0.3 <k <04
~ 400F . 04<k <05
E 05<k <06
s 06<k <07
S 07<k <0.8
o
200 g
0 - = a
0,0 0,2 04 cos 0, 06 08 1,0

Fig. 2. Photosynthetically active radiation (PAR) versus cosine of solar zenith
angle (cos 0,). Different clearness index (k) values are represented by
different colors.
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1,0

0,8

0,6

0’0 1 1 L 1 n 1  : 1

0,0 0,2 0,4 ,6 0,8 1,0

0
cos 6
z

Fig. 3. Clearness index (k;) with the cosine of solar zenith angle (cos 6,) for
clear skies. Dots represent experimental data. Red line represents the envel-
oping curve. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

ARF is:

ARF = (1—A) 586 cos 0. (ki — Kypmax)

= (1—A) 586 cos 0, (k,— 0,56 — 0,62 cos 0, + 0,36 cos>0.) 8)

From now, this new method is known as the max-k; method.

Fig. 4 shows the ARF seasonal evolution with the proposed max-k¢
method (eq. 8) showing the monthly mean values along with the stan-
dard deviation. A clear seasonal pattern is seen, with the aerosol radi-
ative effects stronger during summer months, (—30,7 + 9,0) wm~2 in
August during 2017, (—40,1 + 11,8) Wm 2 in June during 2018 and
(-28,8 + 7,7) Wm~? in July during 2020 and minimum values in
winter, (—8,1 + 5,1) Wm ™2 in January during 2017, (-5,7 + 5,8) Wm 2
in December during 2018 and (7,8 + 5,4) Wm 2 in December during
2020. These results are in accordance with previous results obtained for
the same location (Granada). Thus, Lozano et al. (2021) for a long period
(2008-2018) found values between —30 Wm 2 and -14 Wm ™2 at 15°
and — 9 Wm ™2 and + 3 Wm ™2 at 75°. Other authors, using the SBDART
model to estimate the solar irradiance without aerosols, also found this
seasonal pattern with maximum values for ARF in summer and mini-
mum values in winter for a Mediterranean urban coastal site, (Valencia,
Spain) for the period 2003-2011, in the spectral range (305-2800 nm)
(e.g. Esteve et al., 2014). This annual variability observed in the Medi-
terranean by different authors is associated with the variability of AOD
(e.g. Bergamo et al., 2008). Lozano et al. (2021) for a 11-year period in
Granada found the largest monthly mean AODsq in summer (0.16 at
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July and August) meanwhile the lowest values are in winter (0.08 at
November and December). For the data used in this work, the maximum
values have been obtained in August during the year 2017 and 2018
(0,19 and 0,22, respectively) and in July (0,21) during 2020 and the
minimum have been obtained in December for all years (0,06 for 2017
and 0,07 for 2018 and 2019), although in 2017 was a higher maximum
in February due to an unprecedented extreme Saharan dust event
registered from 20 to 23 February 2017 over the Iberian Peninsula
(Fernandez et al., 2019). The maximum (minimum) values occur in
summertime (wintertime) due to the higher (lower) frequency Saharan
dust outbreaks over the Mediterranean region (Salvador et al., 2014;
Gkikas et al., 2013, 2018).

A higher scatter is also observed in Fig. 4 during central months of
the year. This can be related also to the higher likelihood of desert dust
and biomass burning events over the Iberian Peninsula in summer (e.g.,
Cachorro et al., 2008; Valenzuela et al., 2012). The higher occurrence of
large aerosol loads during the warm seasons explains the more negative
ARF during summer, because the influence of mineral dust aerosol (with
high AOD) causes strong radiative effects, as was also reported by pre-
vious studies (e.g. Guerrero-Rascado et al., 2009; Anton et al., 2011;
Roman et al., 2013; Garcia-Herrera et al., 2014). Precisely, in summer
the frequency of dust intrusions at Granada is very high (52%) as re-
ported by Foyo-Moreno et al. (2019) for the period 2010-2012. In fact,
for the year 2020, the mean value lowest found for the Angstrom
parameter has been at August (0,73 + 0,45) and also for this month has
been obtained the lowest mean value for the fine mode fraction (FMF)
with a value of (0,43 + 0,18). Foyo-Moreno et al. (2019) proposed a
classification scheme based on FMF for distinguishing the different
aerosol types. This method is based on the previous work of Lee et al.
(2010) that uses two parameters to classify aerosol types, namely FMF
and single scattering albedo (w,). Following the criterion by Foyo-
Moreno et al. (2019), in this work it has been found 65% of cases of
Saharan dust intrusions in summer season for the year 2020.

In order to take into account the solar position effect on ARF, an
additional analysis was performed considering up to six categories in 0,:
1(6,<15°),2(15° <0, <30°),3(30° <0, <45°),4(45° <0, <60°),5
(60° < 6, < 75°), 6 (6, > 75°) (Fig. 5). A dependence of ARF on solar
zenith angle was found for the three years, with a clear pattern
increasing ARF (in absolute values) as increasing 6, and an inflection
point (not detected for the year 2018) at the 45°-60° range, with the
maximum value of (—32,4 = 8,9) Wm 2 for the year 2018 and of (—30,2
+ 8,5) Wm ™2 for the year 2020. This result was also found by Lozano
et al. (2021) using the direct method for a long dataset at Granada. This
trend is similar to that obtained by Meloni et al. (2005) but the trend is
reversed for highly absorbing aerosols. Also, Di Biagio et al. (2009)
pointed out that this trend depends on the aerosol type and seems to be
reversed for urban/industrial-biomass burning aerosols. Additionally,
several authors suggested that the inflection point in this trend depends
on the aerosol properties (Di Biagio et al., 2010).

ARF (Wm™2)

2018

2020

12/18

12/20

Fig. 4. Aerosol radiative forcing (ARF) mean values along with its standard deviation by month.
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Fig. 5. Aerosol radiative forcing (ARF) mean value with its standard deviation level by solar zenith angle categories.

5.3. Comparison with other models

In general, higher ARF values by the new method have been
retrieved with a mean value of (—20 + 11) Wm 2 varying between —63
and + 18 Wm ™2 during the year 2017, a mean value of (—27 + 14)
Wm 2 varying between —69 and + 11 Wm 2 during the year 2018 and a
mean value of (—23 £+ 11) Wm 2 varying between —53 and + 1 Wm 2
during the year 2020. The values obtained by the SBDART model varied
between —50 and + 46 Wm 2 with a mean value of (-2 + 8) Wm 2
during the year 2018, between —21 and — 3 Wm ™2 with a mean value of
(=12 4 5) Wm 2 during the year 2018 and between —19 and — 2 Wm 2
with a mean value of (—14 + 4) Wm ™2 during the 2020. However, the
CPCR2 model presents a very low amplitude with a mean value of (—42
+ 2) Wm™2 varying between —47 and — 36 Wm ™2 during the year 2017,
with a mean value of (—36 = 2) Wm ™2 varying between —40 and — 31
Wm 2 for the year 2018 and similar values for the year 2020.

Considering the definition of ARF (which includes the terms PAR
under clear skies with and without aerosols, PAR and PAR,, respec-
tively), the differences between the three estimations come from the
calculations of PAR and PAR,. Thus, Fig. 6 for the year 2020 shows the
estimated PAR values for clear skies without aerosol versus cos 0,, and
Fig. 7 shows the estimated PAR values versus experimental values for
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Fig. 6. Comparison of Photosynthetically active radiation (PAR) modelled
values obtained by Foyo-Moreno model (black dots), modified CPCR2 model
(red dots) and SBDART model (green dots) vs. cosine of solar zenith angle
(cos0,), for background atmospheric aerosol condition. (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. 7. Comparison of Photosynthetically active radiation (PAR) modelled
values obtained by Foyo-Moreno model (black dots), modified CPCR2 model
(red dots) and SBDART model (green dots) vs. PAR experimental values.

real situations, i.e., with aerosol. The main differences between the three
models came from the estimations of PAR with aerosol background
values (Fig. 6) since the simulations under clear skies with aerosol are
very close. Anyway, from Fig. 7, comparing the estimations of PAR with
experimental values, it can be concluded that the model presented in
Foyo-Moreno et al. (2017) shows a better performance, close to the line
1:1 and with a slope of 0,9997 + 0,0002.

On the other hand, the model with higher values of PAR under clear-
skies with background aerosol is the modified CPRC2 and the model
with lower values for PAR under the same conditions is the SBDART
(Fig. 6). In this work the SBDART model is considered as reference to
compare with the other two methods, because the SBDART is a model
commonly used in the determination of ARF (e.g. Sumit et al., 2012;
Valenzuela et al., 2012). To compare the models we have used MBE
(Mean bias error), RMSE (Root mean squared error), rRMSE (Relative
root mean squared error), MABE (Mean absolute bias error), R? (Coef-
ficient of determination), and MAPE (Mean absolute percentage error).
Table 1 shows the definitions and Table 2 the results for the three years.

As we can observed from the Table 2, for all years and for the two
models R? is above 0,99 indicating the good performance of the models.
RMSE are between 25,0 and 32,0 Wm ™2 for the modified CPCR2 method
and 12,0 and 14,0 Wm ™2 for the proposed max-k; method, being the new
method closer to SBDART model, but both overestimating in comparison
to SBDART model. Respect to the values of rRMSE, except for the year
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Table 1
Summary of statistical metrics used in the study.
Metrics Equation
Determination coefficient, (e —v)?
R? 1- Zt:l (xi 311)2
it (xi —X)
Mean bias error, I
MBE i 000
Root mean squared error, Te—n B
RMSE 2 i)
Relative root mean squared error, Te—n >
rRMSE ;ZH (i —x)
————x 100
X
Mean percentage error, 1 Yi—X
—» . ———x 100
MPE nzlzl X
Relative standard desviation, T (¥i—x\2
i X
RSD HZi:l (T) x 100
Mean absolute bias error, lzn | o x»‘
MABE nlim Wi %
Mean abstolute percentage error, I |yi—x
MAPE it x| %100
x; experimental values
yi estimated values
X mean of experimental values
n number of values
Table 2

Statistical results for comparison between SBDART model (considered as refer-
ence) and models Foyo-Moreno and CPCR2.

Foyo- CPCR2
Moreno
2017 2018 2020 2017 2018 2020
R? 0.998 0.999. 0.998 0.999 0.999 0.999
MBE 11 13 Wm ™2 13 25 31 26
Wm 2 Wm 2 Wm 2 Wm 2 Wm 2
RMSE 12 14 Wm 2 14 25 32 26
Wm 2 Wm2 Wm 2 Wm2 Wm 2
RMSEr  4.7% 5.2% 4.9% 9.8% 11.6% 9.2%
MPE 5.3% 5.8% 5.4% 12.5% 4.2% 11,3%
RSD 6.4% 6.9% 6.3% 14.8% 16.4% 13.2%
MABE 11 13 Wm 2 13 25 31 26
Wm ™2 Wm2 Wm 2 Wm2 Wm 2
MAPE  5.3% 5.8% 5.4% 12.5% 14.2% 11.3%

2018 the values are always lower than 10% for both models and in fact,
for the max-k; method is lower than 5,2%, thus the success of the model
comparison is very good. Also, considering the values of MAPE, the new
method for all years is lower than 5,8% and for CPCR2 model lower than
14,2%, thus this proposal is of high prediction accuracy and the other
model is of good prediction.

It is interesting to point out the validity of one empirical model used
in this work in comparison to physical models. In general, the empirical
models have advantages of simple formulation and ease of use. They can
also produce relatively accurate PAR estimations in a local area, but the
disadvantage of these models is that they are usually restricted by local
meteorological conditions due to their dependency on local observa-
tional data. The model used here for PAR with aerosols (Foyo-Moreno
etal., 2017) has been evaluated by Ferrera-Cobos et al. (2021) in various
sites of Spain with very different climatic characteristics showing good
results. Besides, that model was also evaluated for sites located in
Argentina and Japan with very low errors (Foyo-Moreno et al., 2017).
These results for the PAR estimation under clear skies with and without
aerosols are very close to physical models such as SBDART, and allows to
confirm the validity of this proposed technique, with the added advan-
tage that only needs to estimate ARF the solar position through the
cosine of 0, and ki, i.e., the proposed max-ki method only requires
measurements of global irradiance, in contrast to the theoretical models
where many input variables are required.
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6. Conclusions

This work presents a new method, max-k; method, to estimate
aerosol radiative forcing (ARF) for photosynthetically active radiation
(PAR). The main basis of the max-k; method is the dependence of
clearness index (k¢) on solar position for clear skies, being an important
and not trivial issue the selection of clear skies, considering the different
criteria existing in the scientific community. On the other hand, the fit of
this relationship will be different depending on the site but this method
might be applied with measurements of global irradiance for a given site
to calculate this index. An automated algorithm to identify clear periods
would facilitate the task, however, the drawback is that some of the
more exact methods use diffuse irradiance, not always available.

The new method has been compared with the simulation obtained
from widely used physical models (SBDART and modified CPRC2), using
one full year of data (2020) retrieved in a location in the Southwest
Mediterranean, and two years more have been used to extend the re-
sults. The values obtained are very different, with a mean value of ARF
of (—14 £ 4) Wm™2 for the SBDART model, (—35 £ 2) Wm 2 for the
CPRC2 model and (— 23 + 11) Wm ™2 for the max-k method for the year
2020. The main differences come from the estimation of PAR without
aerosols and in this comparison the SBDART model has been considered
as reference, being the model of Foyo-Moreno et al. (2017) (basis of the
max-k; method) which present results very close to SBDART model. This
result confirms the validity of this proposal, with the advantage of easily
obtaining ARF from irradiance global measurements available in many
radiometric stations, since it only needs two variables as input data,
solar position and clearness index (k¢), in contrast to physical models
which require more input variables.

Values obtained for ARF using the max-k; method presented a clear
seasonal pattern with maximum in summer ((—30,7 + 9,0) Wm?2 in
August during 2017, (—40,1 + 11,8) Wm ™2 in June during 2018 and
(—-28,8 + 7,7) Wm 2 in July during 2020) and minimum values in
winter ((—8,1 = 5,1) Wm 2in January during 2017, (—5,7 £+ 5,8) Wm 2
in December during 2018 and (—7,8 + 5,4) Wm2in December) during
2020. Also, a dependence on solar position has been detected for the
years 2017 and 2020, increasing ARF values with solar zenith angle (6,)
up to the range 45-60° and then decreasing to values close to zero for
Sun near the horizon.

This proposed technique presents the main advantage that does not
require the previous knowledge of all inputs requested by physical
models and it is very useful for the operational estimation of ARF when
computational load and great accuracy in PAR are major issues. How-
ever, the applicability of this method should be tested at another sites in
order to fully manifest its universality.
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