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Abstract


This research aims to estimate long-term aerosol radiative effects by combining radiation and Aerosol Optical Depth (AOD) observations in Barcelona, Spain. Aerosol Radiative Forcing and Aerosol Forcing Efficiency (ARF and AFE) were estimated by combining shortwave radiation measurements from a SolRad-Net CM-21 pyranometer (level 1.5) and AERONET AOD (level 2), using the direct method. The shortwave AFE was derived from the slope between net solar radiation and AOD at 440, 675, 879, and 1020 nm, and the ARF was computed by multiplying the AFE by AOD at six solar zenith angles (20°, 30°, 40°, 50°, 60°, and 70°). Clear-sky conditions were selected from all-skies days by a quadratic fitting. The aerosol was classified to investigate the forcing contributions from each aerosol type. The aerosol classification was based on Pace and Toledano’s thresholds from AOD vs. Ångström Exponent (AE). The GRASP inversions were performed by combined AOD, radiation, Degree of Linear Polarization (DoLP) by zenith angles from the polarized sun–sky–lunar photometer and the elastic signal from the UPC-ACTRIS lidar system. The long-term AFE and ARF are both negative, with an increasing tendency (in absolute value) of +24% (AFE) and +40% (ARF) in 14 years. The yearly AFE varied from −331 to −10 Wm−2τ−1, and the ARF varied from −64 to −2 Wm−2, associated with an AOD (440 nm) from 0.016 to 0.690. The three types of aerosols on clear-sky days are mixed aerosols (61%), desert dust (10%), and urban/industrial-biomass burning aerosols (29%). Combined with Gobbi’s method, this classification clustered the aerosols into four groups by AE analysis (two coarse- and two fine-mode aerosols). Then, the contribution of the aerosol types to the ARF showed that the desert dust forcing had the largest cooling effect in Barcelona (−61.5 to −37.4 Wm−2), followed by urban/industrial-biomass burning aerosols (−40.4 to −20.4 Wm−2) and mixed aerosols (−31.8 and −24.0 Wm−2). Regarding the comparison among Generalized Retrieval of Atmosphere and Surface Properties (GRASP) inversions, AERONET inversions, and direct method estimations, the AFE and ARF had some differences owing to their definitions in the algorithms. The DoLP, used as GRASP input, decreased the ARF overestimation for high AOD.
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1. Introduction


The interaction between solar radiation and aerosols affects the Earth’s radiation budget by direct effect, attenuating the solar radiation through the physical processes of absorbing and scattering [1]. The aerosol attenuation is spectrally dependent, i.e., the aerosol absorption decreases with wavelength, whereas the aerosol scattering increases with wavelength for mineral dust and decreases for urban pollution [2]. This interaction also affects the Earth’s radiation budget by the indirect effect, modifying the cloud microphysics and its lifetime, according to [3,4], among other authors. Any alteration of the overall radiation budget, known as radiative forcing, can cause climate change [5]. This forcing, which depends on the aerosol load and type, can cool or heat the atmosphere and, consequently, the Earth’s surface. For instance, a recognized cooling effect on climate is due to the shortwave-radiation scattering from tropospheric aerosols [6]. Even with advances in aerosol monitoring, the aerosol impact on the Earth’s radiation has large sources of uncertainties [7] due to the variability of aerosol optical properties and the spatial–temporal distribution [8]. In the last decades, the synergies between ground-based remote sensing instruments have been widely used to understand aerosols’ effects on solar radiation at the Earth’s surface. Ref. [9] is an example of pioneering research on utilizing pyranometers and radiometers to estimate aerosol forcing.



Two well-known parameters to quantify the contribution of aerosol radiative effects on the climate are Aerosol Radiative Forcing (ARF) and Aerosol Forcing Efficiency (AFE). The first is the difference between the shortwave net irradiances with and without aerosols, i.e., the change in the radiation flux produced by the particles [10]. The second parameter is the change in the net radiation per unit of Aerosol Optical Depth (AOD) [11,12] at a certain wavelength. ARF and the AFE reinforce the AOD’s role in the Earth’s radiation budget. AOD is an aerosol columnar property representing the aerosol load in the atmospheric column and, according to [13], it enhances or reduces solar radiation at the surface (brightening and dimming effects, respectively). For example, some of the first studies using AOD from radiometers to measure aerosol forcing were developed by ref. [1,14].



Regarding aerosol forcing estimations in Spain, many studies have been conducted in the south, especially in Granada and the northeastern region. For instance, ref. [15] found integrated aerosol forcing in the whole solar spectrum in Almería; ref. [16] evaluated the surface efficiency at 670 nm and forcing in the visible spectral range (0.4–0.7 µm at 20–80°) during the 2003 heat wave with desert dust events in Granada; ref. [17] obtained diurnal efficiency values at 380 and 440 nm at Armilla and Sabinas stations, in Granada; ref. [18] analyzed aerosol forcing during the strongest desert dust intrusion mixed with smoke at El Arenosillo station and Palencia for 440 nm at 53–75°; ref. [19] calculated efficiencies in the UV erythemal range at 20–55° in Granada; at the same place, ref. [20] also calculated aerosol forcing and efficiencies for 380–870 nm at Solar Zenith Angle (SZA) < 65°; ref. [21] obtained aerosol forcing on the surface (0.31–2.80 µm at 20–80°) during African desert dust events in Granada as well; ref. [5] computed aerosol efficiency for 0.305–2.800 μm at 15° and aerosol forcing at 675 nm in Granada; ref. [22] quantified the direct aerosol radiative effect for two case studies within a dust transport episode in Granada, using the Global Atmospheric ModEl (GAME) code [23,24] with three different input data; and [25] analyzed the efficiency for 0.28–2.80 µm and 0.4–0.7 µm at 15–75° and forcing at 500 nm in Granada.



In northeastern Spain, a few studies were located in Barcelona, such as [26], who obtained instantaneous radiative forcing by the GAME code in the longwave spectral range (4–50 µm) for 11 dust outbreaks in Barcelona, and [27], who calculated mean annual efficiencies and maximum forcing in summer for 0.3–2.8 µm at 50–80° in Palma (Balearic Islands). Additionally, the aerosol radiative effects by long-term period, aerosol type, and wavelengths have not yet been studied in Barcelona. Therefore, this research is driven by the need to investigate the contribution of aerosols to the radiation budget in Barcelona, in northeastern Spain.



This study aims to estimate long-term aerosol radiative effects by combining radiation measurements from pyranometers and AOD observations from photometers (ground-based measurements). This research focuses on the global solar radiation at the Bottom of the Atmosphere (BOA), i.e., the downward shortwave irradiance on the Earth’s surface. It is also essential to mention that this research focuses on employment of the direct method [28] through 14 years of AOD and net flux data; thus, a deep analysis involving satellites and other aerosol parameters is not conducted in this article.



The manuscript is organized as follows: Section 2 presents an overview of the experimental site and the instrumentation used in this paper. Section 3 presents the methodology applied to clear-sky identification, forcing estimation and GRASP retrievals. Section 4 presents the main results and discussions of the AOD and flux trends, long-term AFE and ARF per aerosol types, and the comparison between radiative properties from AERONET inversions, the direct method, and GRASP inversions. The conclusions are in Section 5 and complementary information is provided in Appendix A and Appendix B.




2. Materials


Barcelona is located in northeast Spain in the Mediterranean region. It is a coastal area with almost 2 million inhabitants and its atmosphere is influenced by marine aerosol, pollen, urban and biomass-burning aerosols from local and external sources, and desert dust [27,29,30,31,32]. The Barcelona ground-based measurement site, at the Universitat Politècnica de Catalunya (UPC, Barcelona, Spain), is a member of the AERosol RObotic NETwork (AERONET) [33], Solar Radiation Network (SolRad-Net), the National Aeronautics and Space Administration Micro-Pulse Lidar Network (NASA MPLNET) [34], and the Aerosols, Clouds, and Trace Gases Research Infrastructure Network/European Aerosol Research Lidar Network (ACTRIS/EARLINET) [35].



The CommSensLab Optical Remote Sensing group at the UPC currently operates three radiometers (a Skye Instruments SKE-510 PAR-Photosynthetically Active Radiation, Llandrindod Wells, United Kingdom, a Kipp and Zonen CM-21 pyranometer, and a Kipp and Zonen CNR4 Net Radiometer, Delft, the Netherlands); a Polarized sun–sky–lunar photometer (CE318-TP9) manufactured by Cimel Electronique, Paris, France; a multi-wavelength high-power lidar system, and a NASA Polarized Micro-Pulse Lidar (P-MPL) system, Droplet Measurement Technologies and Tesscorn AeroFluid, Bangalore, India.



2.1. UPC Photometer


Over three decades, the AERONET has provided measurements of columnar AOD and aerosol characteristics at high temporal resolution [36], employing worldwide standardization of the automatic Sun photometers [33]. Additionally, the UPC CommSensLab has maintained a Sun photometer on the rooftop of the B3 building (41.38925° N, 2.11206° E) for 20 years (2004–2023), in which the data are available at Level 2.0 (L2) and Version 3 (V3) [36] where a pre- and post-field calibration, an automatic cloud-screening algorithm, and automatic instrument anomaly quality controls assure the high quality of the observations and inversions. The new UPC polarized sun–sky–lunar photometer provides polarized radiances and lunar direct measurements [32] at Level 1.5 (L1.5).



The V3 has a larger optical air mass range than the previous version. The maximum air mass of 7.0 increases the number of solar measurements occurring in the early morning and evening, contributing to additional AOD measurements [36] at larger SZAs. The new quality-control changes of the V3 play a role in this research analysis due to performing more observations in the early mornings and evenings that match the radiative fluxes.




2.2. UPC Pyranometers


The CNR4 Net Radiometer was installed in February–March 2021 at the UPC. It is an instrument that includes four sensors measuring the energy balance between incoming short-wave and long-wave far infrared radiation versus surface-reflected short-wave and emitted long-wave radiation [37]. The four radiometers consist of a pyranometer pair (one facing upward and the other facing downward) that measures short-wave radiation and a pyrgeometer pair (facing upward and downward) that measures long-wave radiation. Since its installation, the UPC CNR4 has been calibrated three times, as displayed in Table 1. From the first calibration in 2016 to the last one in 2024, the calibration coefficients have remained stable over time, suggesting a minimal instrumental drift and a reliable measurement performance. The third calibration (December 2024) is the current one.



The UPC also maintains a SolRad-Net Pyranometer (CM-21 model) that has provided irradiance (Wm−2) on a plane surface since 2009 at L1.5, which is free of any operational problems (amplifier malfunctions, a contaminated or dirty dome, and a non-level sensor as examples) and it has shown minimal sensor drift of less than 1% according to Data Quality Assessment and Data Level Designations from NASA (https://solrad-net.gsfc.nasa.gov/system_info_additional.html, accessed on 12 June 2024). In contrast to the UPC CNR4, the CM-21 has only one sensor facing upward to measure the incoming short-wave radiation. Table 2 compares the technical specifications of both radiometer models.




2.3. CNR4 Validation


The instantaneous radiative fluxes from the UPC CNR4 were compared to those from the CM-21 model, as shown in Figure 1. An excellent correlation between the CM-21 and the UPC CNR4 pyranometers facing upward is observed in the same figure, in which the linear regression (red line) has a crescent slope (0.96). Despite the Root Mean Square Error (RMSE) having a high value (69.18 Wm−2), the Normalized Mean Bias (NMB) shows a CNR4 non-significant overestimation (slight positive bias of 0.5%) and a coefficient of determination (r2) of 0.94, indicating that 94% of the variance of the UPC CNR4 data can be explained by the variance of the CM-21 data, i.e., the UPC CNR4 pyranometer is properly measuring the radiative fluxes. The high value of RMSE is expected due to the high dispersion of the points (dark blue dots) in the range of 600–1200 Wm−2.




2.4. UPC-ACTRIS Lidar System


The UPC-ACTRIS lidar system emits elastic signals at 355, 532, and 1064 nm by an Innolas Spitlight 400 laser with a spatial resolution of 3.75 m, a divergence of 28 mrad, a pulse duration of 3.6 ns, and a repetition rate of 20 Hz. The system setup is monostatic, vertical, and biaxial.



The receiver is composed of a Celestron CGE 1400 telescope, a focal length of 3.91 m, a telescope aperture of 0.35 m (diameter), and photomultiplier tubes and avalanche photodiodes detectors. The reception channels are the same for the elastic wavelengths (355, 532, and 1064 nm), two pure-rotational Raman channels at 354 and 530 nm, two depolarization channels at 355 and 532 nm, and one vibro-rotational channel at 407 nm for the water–vapor mixing ratio (for more details, see [32]).





3. Methods


3.1. All-Skies Time Series


This research required a differentiation between all-skies and clear-sky days. The all-skies radiative fluxes were provided by the SolRad-Net at L1.5 from 2009 to 2023. The observations were selected by (i) diurnal cycles with 80% of measurements during hours of sunshine, ensuring more complete diurnal cycles, and (ii) radiative flux values at a minimum SZA ± 1° (nearest to the zenith). The data from the pandemic year (2020) are not included in this work because there are not enough measurements from the instruments in Barcelona.




3.2. Clear-Sky Selection


Before calculating the aerosol forcing, a selection of the cloudless sky conditions was performed by a quadratic fitting [38,39,40,41]. This simple approach identifies only clear-sky days during a whole day by a regression equation, ax2 + bx + c, where a, b, and c are its coefficients. The quadratic fitting was applied to the radiative fluxes on the surface and their respective SZA cosine (x-axis), which greatly influences the radiative fluxes [42].



To execute the fitting and to guarantee a homogenous atmosphere, i.e., the symmetry between morning and afternoon fluxes, the following criteria were applied to the diurnal cycles: (i) selection of diurnal cycles with 80% of measurements during hours of sunshine, ensuring more complete diurnal cycles; (ii) elimination of SZAs greater than 75° to avoid interferences from surrounding reliefs and to avoid errors from the cosine response on the measurements [25]; (iii) application of r2 greater than 0.98 for the best fit between cosines of the SZA and radiative fluxes; and (iv) application of a seasonal adaptive RMSE (i.e., winter factor of 1, spring factor of 1.18, summer factor of 2.1, and autumn factor of 1.1) by obtaining the rates between the period average of all winter solstices (maximum flux values around noon) and the period averages of all summer solstices and autumn–spring equinoxes (maximum flux values around noon). Those criteria ensure less variability in the fluxes caused by possible clouds in the morning or afternoon period. Figure 2 is an example of a day classified as a clear-sky day by the quadratic fitting, where the r2 is 0.999 and the RMSE is 7.99 Wm−2.




3.3. AFE-ARF Estimation


The ARF is the difference between the net irradiance on the surface (Inet) and the net irradiance without aerosol contribution (Inet,0), i.e., the ARF is the change in the net flux due to variations in the aerosol properties regarding an aerosol-free atmosphere. The ARF can be calculated by the equation below:


  A R F =   I   n e t   −   I   n e t , 0    



(1)







The Inet component is computed as follows:


    I   n e t   =   1 − A   I  



(2)




where A is the surface albedo calculated as the period mean of the ratio between outcoming and incoming radiations from the UPC CNR4 by SZA and I is the measured downward irradiance on the surface. To cover the greatest amount of SZA, six angle groups were fixed (20°, 30°, 40°, 50°, 60°, and 70°) with a range of ±1° because larger angle ranges can have higher variation in irradiation. For Barcelona, A is the mean albedo over the 3-year CNR4 observations at SZA ranges (20 ± 1°, 30 ± 1°, 40 ± 1°, 50 ± 1°, 60 ± 1°, and 70 ± 1°) with 0.104, 0.104, 0.106, 0.108, 0.115, and 0.124, respectively.



As aerosol forcing is strongly affected by the aerosol load [43], it can be assessed by Aerosol Forcing Efficiency (AFE), which is the change in the ARF per unit in AOD for a certain wavelength (λ) [12]:


  A F E   S Z A , λ   =    d A R F   d A O D     



(3)







Equation (3) can be rewritten based on Equation (1):


  A F E   S Z A , λ   =    d     I   n e t   −   I   n e t , 0       d A O D     



(4)







This estimation avoids some errors due to the instrumental or model offsets, more common in other methods to compute the AFE; thus, the present study used the direct method determined by [28] to estimate it as the slope derived from the linear regression between the Inet and the coincident AOD at an established SZA (Equation (4)) from the clear-sky condition (Section 3.2). The direct method was also well applied by [5,25,44,45,46], among others. Furthermore, the efficiency was calculated for the standard wavelengths of the AERONET inversions (440 nm, 675 nm, 870 nm, and 1020 nm). It is important to mention that the outliers greater than three times the median were deleted from the database to remove possible residual contamination by clouds, and then the fitting was calculated.



The advantage of this method lies in direct estimates of the AFE from observations, without further assumptions about the radiative fluxes under aerosol-free conditions [5], i.e., there is no dependency on the aerosol load under aerosol-free conditions. Hence, the direct method is derived from Equation (4) without the Inet,0:


  A F E   S Z A , λ   =    d   I   n e t     d A O D     



(5)







Once the AFE was estimated, the ARF was derived by multiplying the AFE by each AOD [5,25,45,46] at the corresponding SZA for each wavelength (440 nm, 675 nm, 870 nm, and 1020 nm). Then, the final AFE is averaged by SZA and by year. Furthermore, the ARF was also estimated for three groups of aerosols at 440 nm: Mixed Aerosols (MAs), Desert Dust (DD), and Urban/Industrial-Biomass Burning aerosols (UI-BB). To better determine the thresholds of the ‘AOD vs. Ångström exponent (AE)’ classifications, two aerosol types [47,48] were adopted, which fitted what was proposed in this study, even if there is no support of chemical speciation or other aerosol properties for ensuring the aerosol types in a mixed-source urban environment. Those classifications were chosen because (i) both sites (Lampedusa Island in Italy [47] and Huelva City in Spain [48]) are strongly influenced by marine aerosols, desert dust, and local aerosols, as in Barcelona, allowing mixtures between them; (ii) both locations are in the Mediterranean region; and (iii) there is not such a complete kind of aerosol classification for Barcelona.




3.4. GRASP/GARRLiC Algorithm and BRDF-BPDF Calculations for Barcelona


The Generalized Retrieval of Atmosphere and Surface Properties/Generalized Aerosol Retrieval from Radiometer and the Lidar Combined data (GRASP/GARRLiC) code is a powerful unified algorithm for characterizing atmospheric and surface properties by combining a variety of remote sensing observations [49]: satellites, lidar systems, photometers, ceilometers, and others. GRASP code is based on a PARASOL (Polarization and Anisotropy of Reflectances for Atmospheric Sciences coupled with Observations from a Lidar) retrieval algorithm developed by [50] and also relies on the heritage of AERONET retrieval advances [51,52,53,54]. The GARRLiC code [55], part of the GRASP code, inverts coincident lidar and radiometer observations and derives a united set of aerosol parameters. It assumes a bi-component aerosol model (different complex refractive indexes) as a mixture of polydisperse spheres and randomly orientated spheroids, and the microphysical properties are height-independent.



To retrieve aerosol and surface properties, the GRASP code needs radiance and polarization measurements and requires accurate models for the Bidirectional Reflectance Distribution Function (BRDF) and the Bidirectional Polarization Distribution Function (BPDF), for example, the Ross–Li model [56,57,58] and Maignan–Breon model [59,60], respectively. Both reflectance parameters were validated and extensively compared with the Polarization and Directionality of Earth’s Reflectances (POLDER) data by [60,61]. The Ross–Li model is a linear combination of three-surface scatterings (isotropic, volumetric, and geometric optical), while the Maignan–Breon model is a linear one-parameter BPDF.



This study obtained the BRDF-BPDF surface values from POLDER satellite climatology [62] over Barcelona. The BRDF isotropic values were interpolated for the photometer channels. In contrast, the volumetric, geometric, and BPDF surface values are considered spectrally independent in the visible and infrared regions [63]. After the parametrization, the broadband solar flux and aerosol radiative effect calculations at the BOA were conducted using the code and principles described in [64] and their implementation in the GRASP algorithm [49,50,65]. The radiative code [64] also assumed nonspherical–spherical particles. Three case studies were used to compare the outputs from the AERONET inversions, direct method (synergy between pyranometer and photometer data), and GRASP inversions. The fluxes from the pyranometer and the photometer over 14 years were also compared for 958 inversions under the clear-sky condition.



The GRASP inversions were also performed for clear-sky days with AOD, normalized radiances, Degree of Linear Polarization (DoLP), and Range-Corrected Signals (RCS) as inputs for the same combinations proposed by [32]. The combinations are shaped by data from the UPC-ACTRIS lidar system and the sun–sky–lunar photometer for five situations, D0, D0+L, D0P+L, D1+L, and D1P+L, where D is the daytime measurement, 0 refers to standard photometer channels, L refers to three RCS from the UPC-ACTRIS lidar system (355, 532, and 1064 nm), P refers to DoLP (more information in [32]), and 1 is the standard photometer plus new channels (380, 500, and 1640 nm). The AERONET inversions had less than 3% sky residuals and AOD (440 nm) ≥ 0.2 to ensure good retrievals. The lidar signals were processed by the Single Calculus Chain [66,67,68]. More details are found in [32]. With this synergy, more complete information about the radiation attenuation (vertically distributed and column-integrated properties) by aerosols is provided for the forcing calculations. Additionally, improvement in the aerosol property retrievals (e.g., AOD and single scattering albedo) relevant to the forcing are expected by adding polarization data [54,69,70,71] to the synergy [32].



To simplify the comparison among the broadband fluxes from photometer inversions and pyranometer observations, the parameters were plotted as a function of the SZA in which only three angle groups were fixed with a range of ±1° (50°, 60°, and 70°) due to the AERONET inversions that do not perform measurements at small SZAs [33,51,72,73]. The Percentage Error (PE) was calculated to indicate the magnitude of the deviation between the inversions and the observations, as in Equation (6):


  P E =      i n v e r t e d v a l u e − o b s e r v e d v a l u e   o b s e r v e d v a l u e      100 %  



(6)







Therefore, with the methodology proposed in this section, the present research is a pioneer for calculating aerosol radiative effects integrated from 305 to 2800 nm at 20° to 70° during 14 years in Barcelona, Spain.





4. Results


4.1. Trends


The study period from 2009 to 2023 (availability of coincident AERONET and pyranometer observations) was analyzed by the Mann–Kendall (MK) test and Sen’s slope. As indicated by [74], the MK test is used to identify increasing or decreasing long-term monotonic trends where the data are not serially correlated, and the Sen’s slope estimator, which is less sensitive to outliers and extreme values, is based on the median of slopes calculated from all possible data pairs. The MK test considers seasonality and reduces the chances of falsely detecting a trend where one does not exist [74]. The MK test was applied with a 95% confidence interval (CI95) for the AOD and the all-skies radiative fluxes, and it was performed by [75,76] functions. Linear regressions fit the clear-sky fluxes by season with a CI95, and the slope uncertainties were also estimated with a CI95.



4.1.1. AOD Trends


Figure 3 shows the AOD trends estimated by the MK test and the Sen’s slope, for which the monthly means were calculated by the L2-V3 AERONET database (https://aeronet.gsfc.nasa.gov/, accessed on 6 June 2024). The former period (black trend line) represents the whole L2-V3 AERONET period and the latter (red trend line) refers to the study period of this research.



The Sen’s slopes for both AOD trends (2004–2023 and 2009–2023) computed with a CI95 from the MK test are shown in Figure 3. The 2004–2023 trend (black line) has a Sen’s slope of −0.0038 yr−1 with a change of −0.07 (31.8%) over the whole period (19 years). However, the 2009–2023 trend (red line) has a Sen’s slope of −0.0015 yr−1 with a change of −0.02 (10.5%) over 15 years.




4.1.2. Trends, Seasonal Distributions, and Variations of the Radiative Fluxes


The trends in Figure 4 and Figure 5 were calculated from monthly means of the daily solar noon (smallest SZA ±1°) for all-skies days from 2019 to 2023 and clear-sky days by seasons and the same period, respectively. The seasonal trends were calculated to better represent the temporal evolution of the radiative fluxes, avoiding a biased tendency due to years with few clear-sky days. As depicted in Figure 4, the radiative–flux uptrend (red line) for the all-skies condition has an increase of +1.22 Wm−2 (+0.2%) and a crescent Sen’s slope of +0.085 Wm−2yr−1.



The quadratic fitting as a clear-sky method could identify 614 days (17.4%) from the all-skies database (Section 3.1), which made it possible to verify the radiative fluxes and AOD trends for clear-sky days by season, as shown in Figure 5. The changes in winter trends have values of +11.85 Wm−2 (+2.4%) and −0.006 (−7.2%) with slopes of +1.18 Wm−2yr−1 and −0.0005 yr−1 for radiative fluxes and AOD, respectively. The spring trends have a flux change of −77.97 Wm−2 (−8.6%) with a slope of −6 Wm−2yr−1 and an AOD change of +0.02 (+14.3%) with a slope of +0.002 yr−1. The summer trends present a flux change of −3.63 Wm−2 (−0.4%) with a slope of −0.3 Wm−2yr−1 and an AOD change of +0.03 (+15.8%) with a slope of +0.0028 yr−1. The last seasonal trends present a flux increase of +82.69 Wm−2 (+12.8%) with a slope of +6.89 Wm−2yr−1 and the largest AOD drop of −0.04 (−23.5%) with a slope of −0.0037 yr−1.



The seasonal diurnal cycles and daily variation of the radiative fluxes are presented in Figure 6. The continuous lines are the radiative–flux maximums, and the dashed lines are the radiative–flux means followed by their standard deviations (shaded areas). The blue color refers to all-skies days, and the green color refers to clear-sky days. In all seasons, the peak flux is around noon for both sky conditions. For clear skies, the maximums of sun hour reach 683.62, 1040.05, 1050.77, and 848.52 Wm−2 in winter, spring, summer, and autumn, respectively.



The clear-sky means are higher than the all-skies means for all seasons, followed by small variations (green shaded areas) due to the non-interference of the clouds, however, the cloud disturbances are visually expressive in the large variation of the all-skies standard deviations. For spring and summer, the solid green lines (the maximums) show some spikes due to the disturbances produced by fractional cloud cover and by the aerosol loads that are more often in those seasons than in others.





4.2. Long-Term of the AFE and the ARF


Figure 7 shows the net radiance fluxes of the clear-sky days from 2009 to 2023 as a function of the AOD at 440 nm and their linear fittings for each SZA group (20 ± 1°, 30 ± 1°, 40 ± 1°, 50 ± 1°, 60 ± 1°, and 70 ± 1°). The AFE-ARF long-terms at 675, 870, and 1020 nm are in Appendix A as additional information. All linear regressions (LRs) have negative slopes varying between −331 and −10 Wm−2τ−1, i.e., Barcelona has a dominant cooling effect in the analyzed period. The slopes are the AFE according to the direct method (Section 3.3). The AOD related to the efficiencies varies from 0.016 to 0.690.



Table 3 summarizes the AFEs and their confidence interval at 95% by fixed SZAs at 440 nm. The AFE tables for 675, 870, and 1020 nm are also in Appendix A. The CI95 values decrease at higher SZAs (thicker atmosphere) due to larger data points than at lower SZAs, agreeing with [45]. For example, in 2009, the CI95 corresponded to 57.9% of the AFE at 20°, decreasing to 18.4% at 70°, and it decayed from 83.6% to 10.9% in 2021 (Table A7). The seasonal variability of net fluxes also contributes to a CI95 of the AFE, as shown in Figure 6, where summer and spring have maximum fluxes for clear-sky days. On the one hand, the number of data points contributes to a large CI95 for years with fewer observations and fewer clear-sky days (Table A8) as occurred in 2015, 2016, and 2017, representing 3.7%, 3.9%, and 2.7% of the instantaneous observations and 3.5%, 3.9%, and 4.2% of the clear-sky days, respectively. On the other hand, 2022 has the most observations (22.7%) with 72 clear-sky days (13.2%), as shown in Table A8, and has the smallest CI95, varying from 5.5% to 29.8% of the AFE.



Table 4 summarizes the ARF means and their standard deviations for each SZA group at 440 nm by year. The ARF tables for 675, 870, and 1020 nm are displayed in Appendix A. The ARF in Barcelona varies from −64 to −2 Wm−2 in the period. Ref. [27] found an ARF mean value of −26.4 Wm−2 at 50° < SZA < 60° and values ranging from −64 to −2 Wm−2 for Mallorca Island, Spain. High variability was also found in the ARF. For instance, the standard deviations rose from 25.9% to 48.5% of the ARF mean at 20° and 70°, respectively, in 2009, and from 26.7% at 20° to 61.1% of the ARF mean at 70° in 2021 (Table A7).



The AFE has an increase, in absolute values, at intermediate SZA followed by a decrease at higher SZA. This behavior is propagated in the ARF, as displayed in the first plot of Figure 8. The AFE varies between −200 and −175 Wm−2τ−1 for SZAs between 40° and 70°. In the same SZA interval, the ARF decreases (in absolute value) from −37 Wm−2 at 40° to −27 Wm−2 at 70°. Similar angular dependence was found by [21,25,45,77,78].



Figure 8, in the second plot, also presents the AFE-ARF trends at 20–70° from 2009 to 2023. The AFE has a change (ΔAFE) of −37.39 Wm−2τ−1 (−23.9%) and a slope of −2.67 Wm−2τ−1yr−1. The ARF change (ΔARF) is −10.27 Wm−2 (−40.2%) with a slope of −0.73 Wm−2yr−1. In absolute numbers, both trends increase, indicating that the aerosol forcings throughout the analyzed period in Barcelona are getting stronger with time. Refs. [22,25] also pointed out this effect in Granada, Spain. The single scattering albedo (SSA) of the period (0.94 ± 0.03) shows a considerable absorption aerosol according to Dubovik’s climatology [79].




4.3. Contribution of the Aerosol Types to the Forcing in Barcelona


This section quantifies the contribution of the aerosol types to the cooling effect in Barcelona. As indicated in Section 3.3, the aerosol in Barcelona was classified according to [47,48] and is displayed in Figure 9. Due to the complexity in determining the aerosol-classification thresholds for AOD-AE classifications, (i) the MA includes pure marine and marine polluted [47], mixed with continental or local-pollution aerosols [48], with AOD > 0 and 1.05 < AE < 1.5, AOD < 0.2 and AE ≤ 1.5, and AOD < 0.1 and AE > 1.5; (ii) the UI-BB includes local pollution and biomass burning [47] in the coast with AOD ≥ 0.1 and AE ≥ 1.5; and (iii) the DD includes dust and some mixture of dust and biomass-burning aerosols [48] with AOD ≥ 0.2 and AE ≤ 1.05. The DD ranges were adapted from [48]. This classification shows a 60.9% predominance of MA, 28.9% of UI-BB, and 10.2% of DD in Barcelona for clear-sky days.



The graphical method proposed by [80] was applied to analyze the aerosol fine-mode size, the fractional contribution to the total AOD (η), and the AOD growth due to the increase in coarse particles. Their method depends on the AE difference (δAE = AE(440–675)—AE(675–870)) as a function of the AE calculated between 440 and 870 nm for a bimodal lognormal size distribution with refractive index m = 1.4–0.001i. As stated by [80], the observations of the AOD at 675 nm >0.15 were applied on all plots to avoid AOD error propagation larger than ∼30%; hence, the MA aerosol was reduced by 93%, the DD by 8.2%, and the UI-BB by 86.2%. It is worth mentioning that the MA and UI-BB contain marine aerosols (AOD < 0.2) that suffer drastic reductions when applying Gobbi’s method. Furthermore, the AOD utilized in this analysis is the one observed at 440 nm. The previous particularity was well performed by [27]. For the present study, the results in the graphical method are presented from the aerosol types by [48] in Figure 9 (AOD vs. AE).



Figure 10 depicts Gobbi’s graphical method for the aerosol types by SZA in Barcelona. Most aerosols have positive δAE values (85.4%) with a δAE mean of 0.21 ± 0.11, indicating the presence of different aerosol modes [80,81]. The negative values of δAE have a mean of −0.13 ± 0.09. Regarding the AE, the coarse and fine modes are separated by 1.05 [48], in which the means are 0.62 ± 0.23 and 1.47 ± 0.21, respectively.



As expected, the aerosol amount increases from 17.3% at 20° to 24.3% of the total at 70° for DD, from 12.2% at 20° to 23.3% at 70° for MA, and from 7.8% at 20° to 27.8% at 70° for UI-BB at higher SZAs. The Gobbi’s method and AOD-AE classification together characterized some aerosol clusters over Barcelona: (i) The first coarse-mode cluster has an increase in the aerosol size from 0.05 to 0.20 μm, mainly for DD and a few MAs, associated with a small fine fraction (η < 30%), and AE < 0.7 agreeing with [82]; however, a δAE < 0.6 is divergent from theirs. (ii) The second coarse-mode cluster has only DD with radii around 0.10 μm at lower SZAs, exceeding 0.15 μm at higher SZAs, AE between 0.7 and 1.05, δAE < 0.6 at lower SZAs and some δAE < 0 at higher SZAs, and 30% < η < 45% at lower SZAs, exceeding 50% at higher SZAs. (iii) The first fine-mode cluster is a mixture of MAs and UI-BB aerosols with radii centered in 0.10 μm, varying from moderate to high fine fractions (35% < η < 80%) at lower SZAs, exceeding 0.15 μm, and is associated with a high fine fraction (η > 80%) at higher SZAs, δAE varying from −0.2 to 0.75, and AE > 1.05. Ref. [27] found similar values for fine-mode clusters from observations at insular sites in the western Mediterranean Basin. (iv) A second fine-mode cluster is a small cluster dominated by UI-BB at small SZAs, and it is characterized by AE > 1.05, δAE < −0.2, 75% < η < 90%, and radii around 0.13 μm that agrees with [82] for polluted and continental aerosol in some sites in the Iberian Peninsula and the Western Mediterranean region, including Barcelona. These results reinforce that the angular dependency relies on the aerosol type, as [45] pointed out.



Finally, the forcing contribution from each aerosol type is shown in Figure 11 and summarized in Table 5. The DD has a cooling effect with negative AFE varying from −207 to −123 Wm−2τ−1, increasing its absolute values at 40° and decreasing it at higher SZAs.



The MA varies from −270 to −149 Wm−2τ−1 and seems not to have a clear angular dependency because of the alternating drops and rises. The DD has the lowest CI95s, varying from 24% to 38% of the mean, while MA has the highest, ranging from 43.8% to 70.8% of the mean. The AFE from UI-BB ranges from −190 to −94 Wm−2τ−1 with an inflection point at 30° also present in the efficiencies calculated by [45]. Its AOD is also quite variable, averaging 0.22 ± 0.08, leading to high CI95s (31–40% of the mean).



As depicted in Figure 11 (the last plot in the second row), the AFE angular dependencies are propagated to the ARF of the UI-BB and DD. The DD has the strongest cooling effect, and its forcing varies from −62 to −37 Wm−2, increasing in absolute value at 40° and then decreasing at higher SZAs. The ARF of UI-BB varies from −40 to −20 Wm−2 with an inflection point at 30° and increases (in absolute values) until 50° followed by a decrease at 70°. However, the MA has the smallest ARF at 40–70°, varying between −32 and −24 Wm−2.




4.4. Radiative Fluxes and Aerosol Forcing Comparisons


The comparison between the radiative fluxes from AERONET and CM−21 pyranometer is plotted in Figure 12. The AERONET fluxes slightly overestimate those from CM−21 (on average, PE = 4 ± 1%), showing that both instruments measure comparable fluxes.



The comparisons among the radiative properties and fluxes from AERONET inversions, the direct method, and GRASP inversions are in Table 6. The AERONET fluxes slightly overestimate those from CM-21 in 1.1% and 2.7% (Cases I and II, respectively), which was expected according to [73], but it underestimates the CM-21 flux in 1.6% (Case III). The GRASP combinations (D0, D0+L, D0P+L, D1+L, and D1P+L) overestimate the CM-21 fluxes by ~7% for Cases I and II and ~1% for Case III.



The AFE-ARF comparison between GRASP combinations and the direct method shows (i) high underestimations of the AFE from the direct method in the three case studies (PE ≈ 32%, 35%, and 14% for Case I, II, and III, respectively); (ii) overestimations of the ARF for high AOD (Case I and II) and ARF underestimations by GRASP combinations for low AOD (Case III); and (iii) the GRASP inversions with DoLP also show higher AFE underestimations to the direct method for Cases I and II, i.e., PE = 38% and 37% (D0P+L and D1P+L, respectively) in Case I, PE = 36% and 34% (D0P+L and D1P+L, respectively) in Case II, and PE = 17% (both) in Case III, but the DoLP addition keeps the ARF closer to that estimated by the direct method, mainly for Case I (high AOD).



When the radiative fluxes, ARF, and AFE from GRASP combinations are compared with those from AERONET inversions, (i) the flux overestimations by GRASP inversions decrease the PE to ~6% and ~4% in Cases I and II, respectively; (ii) the AFE underestimations also decrease PE to ~10%, ~5%, and ~13% for Cases I, II, and III, respectively; (iii) the ARF varies according to GRASP combination, under- or overestimating the AERONET inversions (Cases I and II) and PE remains around 10% in Case III; and (iv) the GRASP inversions with DoLP also show AFE underestimations to the AERONET inversions for Cases I and III as well, i.e., PE = 16% and 14% (D0P+L and D1P+L, respectively) in Case I, PE = 17% (both) in Case III, but the DoLP addition keeps the ARF inversions closer to that estimated by AERONET inversions.





5. Discussion


5.1. AOD and Flux Trends


The downtrends in Figure 3 may be related to the air quality policies performed at Barcelona, hence, the drop in particulate matter (PM1, 2.5, and 10). However, an opposite relation was found between dust transportation and the annual AOD drop, given that dust frequency has increased through the years [83]. Therefore, the local aerosol sources have a dominant impact on the urban-environment AOD compared with dust events.



The first policy, started in 2007, aimed to reduce the speed limit to 30 kmh−1 in 16 zones of Barcelona (https://www.barcelona.cat/mobilitat/es/barcelona-ciudad−30, accessed on 8 August 2024) followed by the Barcelona Urban Mobility Plans of 2006–2012 (http://hdl.handle.net/11703/109492, accessed on 31 July 2024), 2013–2018 (http://hdl.handle.net/11703/85163, accessed on 31 July 2024), and 2019–2024 (http://hdl.handle.net/11703/115353, accessed on 31 July 2024) to reduce the environmental impacts and the contribution of mobility to climate change. The Low Emission Zone policy was then implemented in December 2020 (https://ajuntament.barcelona.cat/qualitataire, accessed on 8 August 2024) to protect areas where vehicles could not circulate without the environmental label from the General Directorate of Traffic.



Consequently, the AOD drop can be connected to the drop in PM1, 2.5, and 10 at Barcelona, improving the local air quality, which is supported by the following studies. Ref. [84] showed decreases in PM2.5 and 10 by applying the MK test and multi-exponential fit for the 2004–2014 trends in the urban background of Barcelona. They attributed the PM decreases to the effectiveness of pollution control measures implemented at European or regional/local levels. Ref. [85] also found a significant decrease in PM2.5 concentrations related to the success of mitigation strategies by reducing the anthropogenic source contributions (heavy oil combustion, mixed combustion, industry, and secondary sulfate). Ref. [86] quantified the composition of PM2.5 and 10 and found contributions of dust (8% and 26%, respectively), marine (<1% and 4%, respectively), and anthropogenic (73% and 54%, respectively). Ref. [87] also showed decreases in the PM1 trend (MK test) of the period from 2012 to 2018 in the urban background, which is related to the reduction of pollutant sources, the oxidation of the secondary precursors, and local meteorological phenomena. Additionally, the 2000–2019 trends of PM2.5 and 10 [88] for the western part of the European Monitoring and Evaluation Programme domain (including Barcelona) dropped for the model and observations. They also attributed the trend drops to the abatement strategies of anthropogenic gaseous precursors of secondary aerosols. Thus, the drop in the AOD could be related to the efficiency of the air quality policies in reducing aerosol concentration in Barcelona in recent decades.



The radiative fluxes (Figure 4) reaching the ground have increased over the years in Barcelona, which could be related to the AOD drop (2009–2023 trend in Figure 3) due to less radiation attenuation by aerosol effects in the last 14 years and due to the scattering caused by clouds, which interferes with global radiation at the surface.



The increase in radiative fluxes (Figure 5) is associated with a decrease in the AOD for winter and autumn from 2009 to 2023, i.e., the solar radiation that reaches the ground is getting less attenuated over the years. The AOD decay may be related to the policies implemented since 2007 by Barcelona’s government. Furthermore, the radiative flux decrease is associated with an AOD increase for spring and summer due to the presence of aerosol from local sources (pollens) and from external sources (desert dust and biomass burning), which are common in these seasons [27,29,30,31]. The local pollution reduction policies cannot control those aerosol types.



Regarding the diurnal cycles, the all-skies maximums (Figure 6) exceed 1000 Wm−2 in winter, reach 1200 Wm−2 in autumn, and exceed 1200 Wm−2 in spring and summer due to the multiple scattering produced by fractional cloud cover [89,90,91,92]. The presence of pollen, desert dust outbreaks, biomass burning from forest fires, and European pollution episodes [27,29,30,31] is more common in spring and summer, scattering or absorbing the radiation that reaches the ground. Furthermore, aerosol fluxes are greater in summer [11] with a factor of 1.5 compared to winter.




5.2. AFE and ARF in 14 Years


The results presented in Figure 7 follow [27], who found high efficiencies at high SZAs, −132.2 Wm−2τ−1 (50° < SZA < 60°) in Mallorca Island, Spain; ref. [20], who obtained −123 ± 11 Wm−2τ−1 at 440 nm (SZA < 65°); and ref. [93], who derived daily aerosol efficiencies varying from −188 ± 18 to −163 ± 16 Wm−2τ−1 (SZAs from 32° to 73°) in Lampedusa Island, Italy.



The high standard deviations (Table 4) may be related to the direct method (Section 3.3), which directly depends on the aerosol load (high variability throughout the year for all aerosol types). This leads to an opposite angular dependency related to that in Table 3: at higher solar angles (thicker atmosphere), there is more AOD variability, increasing their standard deviations.



Higher absolute values of AFE (first plot of Figure 8) are found at intermediate SZAs because the atmosphere is optically thicker than at smaller SZAs, and when the solar radiation path increases in the atmosphere, the attenuation increases [94], especially at shorter wavelengths, and then the AFE decreases [25]. The AFE drop at the highest SZA is associated with the decrease in the aerosol-scattered flux because the slant path is no longer optically thin [95]. Ref. [21] associated the ARF decay at 70° with the slant path no longer being optically thin and [77] attributed the decay at larger SZAs to the upscatter flux at sunset and sunrise being larger in comparison to the one at local noon.



Regarding the contribution of the other aerosol properties to the ARF, the AERONET inversions do not allow a robust analysis of the SSA and other parameters (e.g., absorption AOD and asymmetry factor) for the corresponding clear-sky days, owing to some data being available at level 2. The relevance of the other aerosol parameters is an open issue.



Additionally, according to reports of the Ministry for Ecological Transition and the Demographic Challenge (https://www.miteco.gob.es/es/calidad-y-evaluacion-ambiental/temas/atmosfera-y-calidad-del-aire/calidad-del-aire/evaluacion-datos/fuentes-naturales/anuales.html, accessed on 3 April 2025) and ref. [83], dust episodes have increased by 5% to 15% from 2009 to 2023 in Spain and in the western Mediterranean for the 1948–2020 period, respectively. Table A8 shows the number of days by year with desert dust has increased. This fact contributes to the increase in the absolute values of the aerosol forcings (cooling effect) due to dust upscattering, mainly from 2019 (19 days).




5.3. AFE and ARF from Aerosol Types


The AFE values for DD (Figure 11 and Table 5) are close to −120 Wm−2τ−1 (440 nm at 53–75°) found by [18] during a strong dust event mixed with smoke in Granada; close to those found by [45], −185 to −81.7 Wm−2τ−1 (495.7 nm at 20–75°), in the Mediterranean island of Lampedusa; and follow those found by [22] for two case studies (−124.4 and −149.1 Wm−2τ−1 for the first case and −169.4, −178.9, and −198.9 Wm−2τ−1 for the second case) within a dust transport episode in Granada, Spain.



The high MA variability (Figure 11 and Table 5) can be related to the aerosol mixture that contains a large variability of single scattering albedo [25], bearing in mind that DD has the largest aerosol load (0.31 ± 0.09) and that MA is the dominant aerosol (60.9%) with the largest AOD variability (0.13 ± 0.08), which can explain their angular dependence and their CI95s. The AFE dependence on SZA for UI-BB changes according to the aerosol types, the optical thickness of the atmosphere, and its attenuation [25,45].



The ARF for DD (Figure 11 and Table 5) are in the range of those estimated by [26] for instantaneous radiative forcing at 500 nm, varying from −93.1 to −0.5 Wm−2 during dust outbreaks in Barcelona. The DD has the largest ARF because of the largest AOD at short wavelengths.




5.4. Forcing Comparisons


Regarding the flux comparisons, a similar overestimation of the pyranometer by AERONET fluxes (4 ± 5.2%) was also found by [73], who attributed it to the combination of errors, such as cosine response, calibration, and linearity, in the pyranometer measurements. The overestimations of the CM-21 fluxes by GRASP ones can be relative to the cosine response (greater SZAs, smaller PE) and due to the spectral range in which the GRASP code integrates the broadband solar flux from 200 to 4000 nm [64] and the CM-21 from 305 to 2800 nm (Table 2).



As the ARF depends directly on the AOD, any AOD variation will change the ARF observed when DoLP is added to the GRASP synergies and compared with the direct method. Refs. [32,71] pointed to adjustments in the higher AOD when they were inverted with DoLP. The small over- and underestimations of the probably owing to the small AOD variation. Furthermore, the differences between the AERONET and GRASP inversions can be attributed to the AFE-ARF definitions (Appendix B and Section 3.3). According to the AERONET DOCUMENT (n.d.) and [73], the ARF is the difference between the broadband fluxes with and without aerosols at the BOA, and the AFE is the rate at which the atmosphere is forced per unit of the AOD at 550 nm (Appendix B). However, the GRASP code retrieves the aerosol net radiative effect at the BOA, which is the difference between downwelling and upwelling fluxes at a given atmospheric layer in aerosol-free and aerosol-laden conditions [64]. The formulas are in Appendix B.





6. Conclusions


This research presented the long-term basis aerosol radiative effects over a decade in Barcelona, Spain, for the first time. The ARF and AFE were computed by the direct method and by combining radiation measurements from the CM-21 pyranometer (L1.5) and AOD from the AERONET photometer (L2). The AFE was derived from the slope between net fluxes and AOD at 440, 675, 870, and 1020 nm, and the ARF was calculated for six SZA groups (20°, 30°, 40°, 50°, 60°, and 70°). Clear-sky conditions were selected from all-skies conditions by a quadratic fitting with seasonal adaptative criteria. Moreover, the aerosol was characterized and classified to investigate the AFE-ARF contributions from each aerosol type.



The all-skies trend of the AOD showed a decrease in the last decade due to the local government’s policies to reduce air pollution in Barcelona, whereas the flux trend increased for the same period. Additionally, the clear-sky seasonality showed decays in the flux trends followed by increases in the AOD trends and vice versa. The AOD increases in spring and summer were expected because of the contributions of other aerosol types (dust and pollen, for example). All trends highlighted the influence of the aerosol load on global solar radiation that reaches the surface.



The AFE-ARF long-term revealed a cooling effect, which increases in absolute number over 14 years, 23.9% and 40.2% for AFE and ARF, respectively. The efficiencies varied from −331 and −10 Wm−2τ−1 with an AOD varying from 0.16 to 0.69 and the ARF from −64 to −2 Wm−2. Furthermore, the AFE-ARF angular dependency increased in the absolute number at centered SZA (40° to 60°) because of the attenuation in a thicker atmosphere.



This research showed that a CI95 of the AFE depended mostly on the SZA where the smaller angles have fewer observations, hence, a higher CI95. The seasonal variability of the CI95 was also considered. The years with fewer clear-sky days (2015, 2016, and 2017) also contributed to a high CI95. On the other hand, the ARF standard deviations were directly influenced by the aerosol load variability due to the direct method.



Regarding the aerosol types, Barcelona had three main dominant aerosols for clear-sky days: MA (60.9%), UI-BB (28.9%), and DD (10.2%). This classification combined with Gobbi’s method clustered the aerosols into four groups by AE analysis, two coarse modes and two fine modes. Finally, the contribution of the aerosol types to the forcing concluded that DD forcing has had the greatest cooling effect in Barcelona, varying from −62 to −37 Wm−2, followed by UI-BB (−40 to −20 Wm−2) and MA (−32 to −24 Wm−2).



Comparisons between CM-21 observations and AERONET and GRASP inversions presented similar broadband-flux measurements for 958 inversions and three case studies. The AFE-ARF estimations had noticeable differences when the direct method was compared with GRASP retrievals; however, these differences decreased when GRASP outputs were compared with AERONET inversions, mostly for Cases I and II. The DoLP addition in GRASP synergy (D0P+L and D1P+L combinations) impacted the AFE by raising the underestimation of the direct method (38% with D0P+L and 37% with D1P+L in Case I, and 17% with both combinations in Case III) and reducing ARF overestimations in Case I (high AOD). Therefore, the GRASP code could retrieve the ARF satisfactorily, owing to the approximation between its ARF values and those from the direct method.



More complementary studies need to be performed in Barcelona to improve the understanding of aerosol-forcing contributions to the radiation budget, for instance, (i) investigating the influence of water vapor on the radiation budget [44,93,96] and the aerosol forcing; (ii) analyzing surface albedo and other aerosol properties relevant to estimate their radiative effects, as single scattering albedo, asymmetry factor, phase function, and fine-mode fraction [97,98] which depend on the composition, size distribution, and shape of the particles, varying with wavelength and height [10]; (iii) characterizing the chemical speciation of the aerosol types; (iv) validating the radiative fluxes from GRASP code by retrieving aerosol radiative properties from a large database; and (v) validating the forcing by satellite observations.
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Appendix A


The AFE values at 675, 870, and 1020 nm are plotted in Figure A1, Figure A2 and Figure A3 and summarized in Table A1, Table A3 and Table A5, consecutively. The ARFs are summarized in Table A2, Table A4 and Table A6 at the same wavelengths. All AFE values greater than 600 Wm−2τ−1 (absolute value) were eliminated from this research to avoid efficiencies that are not documented in the literature. The AOD spectral dependence is propagated to the AFE-ARF spectral dependence because the direct method uses the AOD for estimating the forcing (Section 3.3). According to [44], the larger fraction of diffuse radiation concerning the total is found at larger SZAs, and when the SZA increases, radiation at the shorter wavelengths is reduced more strongly than at long wavelengths.
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Figure A1. The AFE long-term from 2009 to 2023 for six SZA groups at 675 nm. The linear regressions (LR) slopes were calculated with a CI95. 
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The AFE-ARF time series at 675 nm and 20° vary from -343 to −118 Wm−2τ−1 (Table A1) and from −35 to −10 Wm−2 (Table A4), respectively. The AOD varies from 0.04 to 0.63. These results follow those found by [15], whose integrated radiative forcing was 43 Wm−2 at 670 nm and 20° in Almería, Spain; by [16], who obtained an efficiency of −73 Wm−2τ−1 and forcing of −30 Wm−2 at 670 nm and 20° in Granada during the 2003 heat wave; and by [5], who calculated efficiency of 279 ± 21 Wm−2τ−1 and radiative forcing of 23 ± 7 Wm−2 at 675 nm and 15° in Granada, Spain. The AFE and ARF vary from −524 to −11 Wm−2τ−1 and −53 to −2 Wm−2, respectively, in the entire SZA range. These results are similar to those found by [25], where the AFE varied from −450 to −9 Wm−2τ−1 and the ARF varied from −40 to −1 Wm−2 at 675 nm in Granada. Ref. [20] also calculated an efficiency of 115 ± 11 Wm−2τ−1 at 675 nm and SZA < 65° in Granada.



The AFE and ARF at 870 nm (Table A3 and Table A4, respectively) have variations from −560 to −39 Wm−2τ−1 and from −47 to −5 Wm−2 associated with AOD that vary from 0.007 to 0.61. These values are similar to those found by [20,45], the first one obtained 116 ± 10 Wm−2τ−1 and the second one obtained daily efficiencies varying from −116.6 to −56.0 Wm−2τ−1 at 868.7 nm and an SZA of 60°, even though the efficiency values have a large variability over the years for this study. Lastly, the AFE and ARF at 1020 nm (Table A5 and Table A6, respectively) show variations from −599 to −58 Wm−2τ−1 and from −44 to −7 Wm−2, with AOD varying from 0.003 to 0.60.





 





Table A1. The AFE on the surface is a function of the AOD at 675 nm for six SZA groups. The slope was estimated with a CI95. Y stands for years.
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SZA

	
70 ± 1°

	
60 ± 1°

	
50 ± 1°

	
40 ± 1°

	
30 ± 1°

	
20 ± 1°




	
Y

	

	
AFE, Wm−2 τ−1






	
2009

	
−295 ± 55

	
−323 ± 63

	
−355 ± 88

	
−274 ± 82

	
−300 ± 83

	
−343 ± 120




	
2010

	
−316 ± 47

	
−409 ± 69

	
−288 ± 112

	
−464 ± 109

	
−251 ± 89

	
−266 ± 58




	
2011

	
−305 ± 71

	
−372 ± 101

	
−302 ± 91

	
-

	
-

	
-




	
2012

	
−256 ± 47

	
−261 ± 75

	
−182 ± 87

	
−332 ± 86

	
-

	
-




	
2013

	
−411 ± 93

	
-

	
−524 ± 170

	
−330 ± 101

	
−203 ± 165

	
−216 ± 62




	
2014

	
−407 ± 70

	
−420 ± 80

	
−172 ± 76

	
−134 ± 94

	
−131 ± 130

	
−132 ± 85




	
2015

	
−255 ± 60

	
−93 ± 68

	
−186 ± 47

	
−156 ± 59

	
−282 ± 77

	
−175 ± 40




	
2016

	
−163 ± 73

	
−190 ± 86

	
−210 ± 104

	
−210 ± 79

	
−233 ± 62

	
-




	
2017

	
−204 ± 146

	
−148 ± 165

	
−194 ± 154

	
−331 ± 287

	
−371 ± 1845

	
-




	
2018

	
−172 ± 51

	
−195 ± 75

	
−306 ± 73

	
−134 ± 70

	
-

	
−137 ± 64




	
2019

	
−242 ± 35

	
−273 ± 52

	
−294 ± 66

	
−450 ± 63

	
−318 ± 85

	
−199 ± 46




	
2021

	
−306 ± 41

	
−341 ± 77

	
−319 ± 111

	
−253 ± 71

	
−11 ± 117

	
−119 ± 126




	
2022

	
−277 ± 30

	
−331 ± 37

	
−325 ± 102

	
−241 ± 56

	
−201 ± 26

	
−166 ± 15




	
2023

	
−298 ± 45

	
−406 ± 67

	
−344 ± 143

	
−275 ± 95

	
−232 ± 82

	
−172 ± 53











 





Table A2. The ARF means on the surface and their standard deviation at 675 nm for six SZA groups. Y stands for years.






Table A2. The ARF means on the surface and their standard deviation at 675 nm for six SZA groups. Y stands for years.





	

	
SZA

	
70 ± 1°

	
60 ± 1°

	
50 ± 1°

	
40 ± 1°

	
30 ± 1°

	
20 ± 1°




	
Y

	

	
ARF, Wm−2






	
2009

	
−33 ± 16

	
−41 ± 19

	
−41 ± 19

	
−34 ± 13

	
−38 ± 15

	
−35 ± 10




	
2010

	
−27 ± 19

	
−34 ± 22

	
−31 ± 15

	
−43 ± 26

	
−26 ± 12

	
−30 ± 14




	
2011

	
−20 ± 11

	
−26 ± 13

	
−22 ± 12

	
-

	
-

	
-




	
2012

	
−17 ± 13

	
−20 ± 13

	
−23 ± 9

	
−44 ± 17

	
-

	
-




	
2013

	
−25 ± 16

	
-

	
−42 ± 25

	
−27 ± 16

	
−17 ± 9

	
−24 ± 7




	
2014

	
−27 ± 24

	
−29 ± 25

	
−17 ± 11

	
−13 ± 10

	
−12 ± 8

	
−10 ± 5




	
2015

	
−29 ± 17

	
−12 ± 6

	
−22 ± 12

	
−20 ± 11

	
−28 ± 14

	
−22 ± 11




	
2016

	
−11 ± 7

	
−12 ± 8

	
−11 ± 7

	
−13 ± 9

	
−12 ± 11

	
-




	
2017

	
−16 ± 5

	
−11 ± 4

	
−16 ± 7

	
−24 ± 7

	
−24 ± 3

	
-




	
2018

	
−19 ± 10

	
−21 ± 12

	
−34 ± 18

	
−19 ± 8

	
-

	
−16 ± 9




	
2019

	
−31 ± 18

	
−34 ± 20

	
−35 ± 20

	
−53 ± 26

	
−47 ± 23

	
−28 ± 15




	
2021

	
−27 ± 20

	
−32 ± 22

	
−39 ± 19

	
−36 ± 17

	
−2 ± 1

	
−18 ± 7




	
2022

	
−23 ± 19

	
−25 ± 23

	
−34 ± 18

	
−27 ± 17

	
−23 ± 17

	
−21 ± 19




	
2023

	
−21 ± 20

	
−33 ± 29

	
−33 ± 22

	
−37 ± 30

	
−36 ± 27

	
−33 ± 21
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Figure A2. The AFE long-term from 2009 to 2023 for six SZA groups at 870 nm. The linear regressions (LR) slopes were calculated with a CI95. 
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Table A3. The AFE on the surface is a function of the AOD at 870 nm for six SZA groups. The slope was estimated with a CI95. Y stands for years.






Table A3. The AFE on the surface is a function of the AOD at 870 nm for six SZA groups. The slope was estimated with a CI95. Y stands for years.





	

	
SZA

	
70 ± 1°

	
60 ± 1°

	
50 ± 1°

	
40 ± 1°

	
30 ± 1°

	
20 ± 1°




	
Y

	

	
AFE, Wm−2 τ−1






	
2009

	
−426 ± 76

	
−448 ± 86

	
−503 ± 122

	
−366 ± 103

	
−417 ± 103

	
−437 ± 118




	
2010

	
−392 ± 61

	
−527 ± 90

	
−377 ± 139

	
−560 ± 144

	
−267 ± 115

	
−271 ± 81




	
2011

	
−406 ± 104

	
−508 ± 147

	
−431 ± 154

	
-

	
-

	
-




	
2012

	
−371 ± 67

	
−375 ± 109

	
−261 ± 140

	
−458 ± 184

	
-

	
-




	
2013

	
−534 ±124

	
-

	
-

	
−420 ± 155

	
−270 ± 202

	
−407 ± 113




	
2014

	
−505 ± 89

	
−527 ± 112

	
−205 ± 103

	
−164 ± 128

	
−168 ± 180

	
−127 ± 111




	
2015

	
−252 ± 74

	
−84 ± 74

	
−186 ± 61

	
−154 ± 75

	
−371 ± 120

	
−179 ± 48




	
2016

	
−200 ± 89

	
−229 ± 98

	
−261 ± 130

	
−236 ± 93

	
−259 ± 73

	
-




	
2017

	
−321 ± 209

	
−217 ± 244

	
−304 ± 229

	
−347 ± 390

	
-

	
-




	
2018

	
−179 ± 66

	
−183 ± 95

	
−314 ± 103

	
−124 ± 82

	
-

	
−123 ± 71




	
2019

	
−263 ± 41

	
−288 ± 62

	
−304 ± 77

	
−489 ± 83

	
−332 ± 106

	
−194 ± 52




	
2021

	
−324 ± 50

	
−342 ± 95

	
−314 ± 127

	
−237 ± 80

	
−39 ± 122

	
−109 ± 129




	
2022

	
−297 ± 36

	
−344 ± 45

	
−378 ± 123

	
−233 ± 65

	
−199 ± 29

	
−161 ± 17




	
2023

	
−316 ± 51

	
−440 ± 79

	
−381 ± 155

	
−290 ± 104

	
−233 ± 94

	
−175 ± 58











 





Table A4. The ARF means on the surface and their standard deviation at 870 nm for six SZA groups. Y stands for years.






Table A4. The ARF means on the surface and their standard deviation at 870 nm for six SZA groups. Y stands for years.





	

	
SZA

	
70 ± 1°

	
60 ± 1°

	
50 ± 1°

	
40 ± 1°

	
30 ± 1°

	
20 ± 1°




	
Y

	

	
ARF, Wm−2






	
2009

	
−34 ± 16

	
−42 ± 19

	
−44 ± 20

	
−35 ± 13

	
−41 ± 16

	
−35 ± 11




	
2010

	
−25 ± 18

	
−32 ± 22

	
−30 ± 16

	
−39 ± 25

	
−21 ± 11

	
−23 ± 12




	
2011

	
−19 ± 10

	
−26 ± 12

	
−23 ± 11

	
-

	
-

	
-




	
2012

	
−17 ± 13

	
−21 ± 13

	
−24 ± 8

	
−46 ± 15

	
-

	
-




	
2013

	
−24 ± 16

	
-

	
-

	
−26 ± 14

	
−17 ± 10

	
−30 ± 7




	
2014

	
−24 ± 24

	
−27 ± 24

	
−15 ± 10

	
−11 ± 9

	
−11 ± 7

	
−7 ± 4




	
2015

	
−21 ± 15

	
−8 ± 5

	
−16 ± 11

	
−15 ± 10

	
−26 ± 13

	
−17 ± 10




	
2016

	
−11 ± 7

	
−12 ± 8

	
−12 ± 7

	
−13 ± 9

	
−12 ± 10

	
-




	
2017

	
−18 ± 6

	
−12 ± 4

	
−18 ± 8

	
−18 ± 5

	
-

	
-




	
2018

	
−15 ± 9

	
−16 ± 10

	
−27 ± 16

	
−13 ± 7

	
-

	
−12 ± 8




	
2019

	
−27 ± 17

	
−29 ± 19

	
−30 ± 19

	
−47 ± 25

	
−40 ± 22

	
−24 ± 14




	
2021

	
−23 ± 19

	
−24 ± 19

	
−30 ± 18

	
−27 ± 16

	
−5 ± 2

	
−13 ± 6




	
2022

	
−19 ± 18

	
−21 ± 21

	
−31 ± 17

	
−21 ± 15

	
−17 ± 16

	
−17 ± 18




	
2023

	
−17 ± 19

	
−27 ± 29

	
−28 ± 22

	
−34 ± 30

	
−30 ± 25

	
−29 ± 20
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Figure A3. The AFE long-term from 2009 to 2023 for six SZA groups at 1020 nm. The linear regressions (LR) slopes were calculated with a CI95. 
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Table A5. The AFE on the surface is a function of the AOD at 1020 nm for six SZA groups. The slope was estimated with a CI95. Y stands for years.






Table A5. The AFE on the surface is a function of the AOD at 1020 nm for six SZA groups. The slope was estimated with a CI95. Y stands for years.





	

	
SZA

	
70 ± 1°

	
60 ± 1°

	
50 ± 1°

	
40 ± 1°

	
30 ± 1°

	
20 ± 1°




	
Y

	

	
AFE, Wm−2 τ−1






	
2009

	
−512 ± 93

	
−513 ± 104

	
−585 ± 150

	
−421 ± 116

	
−487 ± 118

	
−461 ± 122




	
2010

	
−426 ± 70

	
−580 ± 104

	
−418 ± 154

	
−599 ± 166

	
−268 ± 129

	
−263 ± 93




	
2011

	
−476 ± 118

	
−592 ± 167

	
−525 ± 192

	
-

	
-

	
-




	
2012

	
−484 ± 83

	
−493 ± 128

	
−343 ± 183

	
−475 ± 251

	
-

	
-




	
2013

	
−589 ± 143

	
-

	
-

	
−453 ± 190

	
−303 ± 220

	
−588 ± 177




	
2014

	
−548 ± 100

	
−567 ± 132

	
−215 ± 117

	
−181 ± 148

	
−175 ± 202

	
−125 ± 121




	
2015

	
−249 ± 82

	
−81 ± 77

	
−186 ± 68

	
−151 ± 82

	
−412 ± 149

	
−181 ± 52




	
2016

	
−218 ± 98

	
−248 ± 104

	
−277 ± 149

	
−248 ± 101

	
−273 ± 80

	
-




	
2017

	
−382 ± 253

	
−296 ± 303

	
−442 ± 285

	
−408 ± 444

	
-

	
-




	
2018

	
−172 ± 74

	
−172 ± 104

	
−299 ± 119

	
−118 ± 87

	
-

	
−120 ± 74




	
2019

	
−273 ± 44

	
−292 ± 66

	
−315 ± 81

	
−513 ± 90

	
−338 ± 115

	
−193 ± 55




	
2021

	
−338 ± 55

	
−339 ± 104

	
−314 ± 134

	
−228 ± 85

	
−58 ± 126

	
−108 ± 131




	
2022

	
−305 ± 40

	
−348 ± 49

	
−392 ± 138

	
−224 ± 70

	
−197 ± 31

	
−160 ± 19




	
2023

	
−326 ± 55

	
−459 ± 81

	
−392 ± 164

	
−300 ± 111

	
−235 ± 101

	
−178 ± 62











 





Table A6. The ARF means on the surface and their standard deviation at 1020 nm for six SZA groups. Y stands for years.






Table A6. The ARF means on the surface and their standard deviation at 1020 nm for six SZA groups. Y stands for years.





	

	
SZA

	
70 ± 1°

	
60 ± 1°

	
50 ± 1°

	
40 ± 1°

	
30 ± 1°

	
20 ± 1°




	
Y

	

	
ARF, Wm−2






	
2009

	
−34 ± 16

	
−40 ± 18

	
−43 ± 19

	
−34 ± 13

	
−41 ± 16

	
−32 ± 11




	
2010

	
−23 ± 18

	
−30 ± 22

	
−28 ± 16

	
−36 ± 23

	
−18 ± 10

	
−19 ± 11




	
2011

	
−18 ± 11

	
−25 ± 13

	
−24 ± 11

	
-

	
-

	
-




	
2012

	
−18 ± 13

	
−21 ± 14

	
−25 ± 8

	
−39 ± 13

	
-

	
-




	
2013

	
−24 ± 15

	
-

	
-

	
−26 ± 13

	
−18 ± 10

	
−38 ± 7




	
2014

	
−23 ± 24

	
−26 ± 23

	
−13 ± 9

	
−11 ± 9

	
−10 ± 7

	
−7 ± 4




	
2015

	
−18 ± 14

	
−7 ± 5

	
−14 ± 10

	
−13 ± 9

	
−24 ± 13

	
−15 ± 10




	
2016

	
−10 ± 7

	
−11 ± 8

	
−11 ± 7

	
−11 ± 9

	
−11 ± 10

	
-




	
2017

	
−17 ± 6

	
−13 ± 5

	
−20 ± 9

	
−17 ± 6

	
-

	
-




	
2018

	
−12 ± 8

	
−12 ± 9

	
−21 ± 14

	
−11 ± 6

	
-

	
−10 ± 7




	
2019

	
−25 ± 17

	
−27 ± 18

	
−28 ± 18

	
−44 ± 24

	
−37 ± 21

	
−21 ± 14




	
2021

	
−21 ± 18

	
−21 ± 18

	
−26 ± 17

	
−23 ± 14

	
−7 ± 4

	
−12 ± 6




	
2022

	
−17 ± 17

	
−18 ± 20

	
−28 ± 16

	
−17 ± 13

	
−16 ± 15

	
−14 ± 18




	
2023

	
−15 ± 19

	
−24 ± 29

	
−24 ± 22

	
−32 ± 29

	
−27 ± 24

	
−27 ± 20









Table A7 summarizes the percentages of the CI95s to their AFEs and the percentages of the standard deviations to their ARF means. Table A8 shows the number of clear-sky days and dust days, and sample sizes of net fluxes as a function of the AOD for each SZA and year presented in Figure 7.





 





Table A7. Ratio between CI95s and AFEs and between standard deviations and ARF means by SZA and years at 440 nm. The ratios were calculated from Table 3 and Table 4. Y stands for years.






Table A7. Ratio between CI95s and AFEs and between standard deviations and ARF means by SZA and years at 440 nm. The ratios were calculated from Table 3 and Table 4. Y stands for years.





	

	
SZA

	
20 ± 1°

	
30 ± 1°

	
40 ± 1°

	
50 ± 1°

	
60 ± 1°

	
70 ± 1°




	
Y

	

	
CL95/AFE (%), Standard Deviation/ARF (%)






	
2009

	
57.9, 25.9

	
32.7, 38.9

	
30.7, 36.1

	
23.1, 48.8

	
0.2, 46.3

	
18.4, 48.5




	
2010

	
16.5, 39.5

	
29.2, 39.4

	
20.7, 57.5

	
36.4, 45.7

	
16.7, 61.1

	
14.1, 63.3




	
2011

	
-

	
-

	
64.6, 33.3

	
27.5, 59.1

	
26.8, 50

	
21.4, 57.1




	
2012

	
-

	
-

	
23.4, 51.4

	
37.1, 37

	
27, 66.7

	
17.9, 76.5




	
2013

	
31.9, 33.3

	
111.6, 50

	
28.8, 59.3

	
31.5, 61

	
21.5, 77.1

	
21.4, 68




	
2014

	
43.3, 40

	
90.7, 61.5

	
61.2, 78.6

	
41.8, 61.1

	
18.5, 89.3

	
18, 85.7




	
2015

	
23.6, 36.7

	
24.3, 46.7

	
26, 40

	
21.4, 38.7

	
51, 34.8

	
17.6, 48.8




	
2016

	
-

	
26.7, 68.8

	
36.1, 62.5

	
53.8, 58.3

	
47.5, 53.3

	
43, 53.9




	
2017

	
-

	
-

	
59.1, 26.5

	
73.5, 47.1

	
101.3, 41.7

	
96.1, 33.3




	
2018

	
34.8, 37.9

	
670, 50

	
38.9, 35.7

	
18.9, 50

	
27, 50

	
26.4, 47.8




	
2019

	
17.9, 40.5

	
23.5, 43.9

	
13.2, 42.2

	
20.7, 43.8

	
17.9, 45.5

	
15.6, 47.2




	
2021

	
83.6, 26.7

	
-

	
21.2, 38.2

	
29.6, 38.2

	
16.6, 60.5

	
10.9, 61.1




	
2022

	
5.5, 62.9

	
10.3, 54.3

	
16.2, 47.6

	
29.8, 47.4

	
8.5, 76.5

	
8.9, 75




	
2023

	
26.5, 48.9

	
29, 56

	
33.2, 66

	
45.2, 51.2

	
18, 70

	
13.2, 75











 





Table A8. Number of clear-sky days, including dust days, and sample size of the net fluxes as a function of the AOD, 440 nm, for each SZA group by year, as depicted in Figure 7. Y stands for years.






Table A8. Number of clear-sky days, including dust days, and sample size of the net fluxes as a function of the AOD, 440 nm, for each SZA group by year, as depicted in Figure 7. Y stands for years.





	

	
SZA

	
20 ± 1°

	
30 ± 1°

	
40 ± 1°

	
50 ± 1°

	
60 ± 1°

	
70 ± 1°

	
Total 1

	
Dust Days




	
Y

	

	
Number of Days, Sample Sizes






	
2009

	
10, 40

	
20, 52

	
23, 44

	
23, 74

	
31, 62

	
34, 104

	
35, 376

	
4




	
2010

	
13, 50

	
18, 37

	
29, 79

	
35, 74

	
52, 122

	
56, 161

	
58, 523

	
1




	
2011

	
-

	
-

	
4, 10

	
23, 69

	
32, 103

	
50, 148

	
51, 330

	
3




	
2012

	
-

	
-

	
6, 24

	
17, 46

	
33, 95

	
45, 146

	
45, 311

	
1




	
2013

	
4, 12

	
14, 33

	
23, 48

	
24, 45

	
29, 67

	
32, 104

	
35, 309

	
1




	
2014

	
7, 21

	
14, 21

	
16, 30

	
17, 33

	
25, 69

	
31, 103

	
32, 277

	
3




	
2015

	
15, 44

	
13, 18

	
16, 20

	
15, 27

	
15, 28

	
19, 76

	
19, 213

	
3




	
2016

	
-

	
13, 31

	
19, 43

	
18, 34

	
21, 42

	
21, 73

	
21, 223

	
2




	
2017

	
-

	
-

	
18, 40

	
21, 33

	
23, 41

	
21, 42

	
23, 156

	
-




	
2018

	
13, 44

	
20, 51

	
22, 37

	
28, 53

	
28, 55

	
27, 89

	
28, 329

	
5




	
2019

	
19, 71

	
26, 40

	
39, 90

	
45, 80

	
48, 87

	
45, 147

	
49, 515

	
19




	
2021

	
10, 40

	
-

	
25, 85

	
27, 69

	
34, 114

	
42, 164

	
42, 472

	
11




	
2022

	
22, 209

	
37, 209

	
40, 150

	
35, 84

	
59, 298

	
70, 337

	
72, 1287

	
9




	
2023

	
8, 28

	
13, 24

	
14, 25

	
19, 54

	
30, 86

	
35, 144

	
36, 361

	
6








1 The total does not include the repeated days.












Appendix B


The AERONET inverts the aerosol radiative forcing (ΔF) and aerosol radiative forcing efficiency (ΔFeff) at BOA, confirming the following equations [72]:


    Δ F   B O A   =   F   B O A   ↓   −   F   B O A   ↓ 0    



(A1)






    Δ F   B O A   e f f   =     Δ F   B O A    /  A O D ( 550   nm )    



(A2)




where ↓ stands for downward flux in Wm−2 and 0 stands for an aerosol-free condition in the atmosphere. However, the inverted radiative properties by the GRASP algorithm are estimated as follows:


    Δ F   B O A   N e t   =     F   B O A   ↓   −   F   B O A   ↑     −     F   B O A   ↓ 0   −   F   B O A   ↑ 0      



(A3)




where     Δ F   B O A   N e t     is the aerosol net radiative forcing [64]. Therefore, aerosol radiative forcing efficiency by the GRASP code is


    Δ F   G R A S P , B O A   e f f   =     Δ F   B O A   N e t    /  A O D ( 550 nm )    



(A4)
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Figure 1. Comparison between the CM-21 model from the SolRad-Net and the UPC CNR4 observations from February 2021 to August 2023. The red line is the linear fitting between data, and the dashed black line is the 1:1 reference. The color bar shows the density of the data with colors on a logarithmic scale varying from 0 to 1 (100%). 
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Figure 2. Example of a selected clear-sky day (16 April 2022) employing the quadratic fitting (QF) in red and the SolRad-Net measurements in blue as a function of (left) cos(SZA) and (right) UTC. 
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Figure 3. Time series of AOD monthly means from the AERONET photometer at L2-V3. The blue dots are the monthly means, the black line is the 2004–2023 trend, and the red line (2009–2023) is the trend of this research with a CI95. N is the sample size, yr is an abbreviation for year, and Δτ is the change in the AOD over the period considered. 
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Figure 4. All-skies trend (red line) calculated by MK and Sen’s slope for the monthly means of the SolRad-Net pyranometer at L15 (CM-21 model). The trend has a CI95. N is the sample size, yr is the abbreviation for year, and ΔF is the change in the radiative fluxes from 2009 to 2023. 
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Figure 5. Seasonal clear-sky trends of radiative fluxes and AOD monthly means from 2009 to 2023 with a CI95. The blue dots are the flux monthly means, the orange dots are the AOD monthly means, the continuous blue and orange lines are their respective trends, N is the sample size, ΔF is the change in the radiative fluxes, Δτ is the change in the AOD, and yr is the abbreviation for year. 






Figure 5. Seasonal clear-sky trends of radiative fluxes and AOD monthly means from 2009 to 2023 with a CI95. The blue dots are the flux monthly means, the orange dots are the AOD monthly means, the continuous blue and orange lines are their respective trends, N is the sample size, ΔF is the change in the radiative fluxes, Δτ is the change in the AOD, and yr is the abbreviation for year.



[image: Remotesensing 17 01439 g005]







[image: Remotesensing 17 01439 g006] 





Figure 6. Diurnal cycle of radiative fluxes by seasons in Barcelona. The maximum (Max), the mean, and the standard deviation (Std) are shown for all-skies (blue lines) and clear-sky (green lines) conditions. 
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Figure 7. The AFE Long-term from 2009 to 2023 for six SZA groups at 440 nm. The linear regression (LR) slopes were calculated with a CI95. 
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Figure 8. Angular dependency of the AFE and ARF for six SZA groups at 440 nm and their trends from 2009 to 2023. The linear regression slopes were calculated with a CI95. 
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Figure 9. The AOD scatter plot at 440 nm from clear-sky days (2009–2023) according to the aerosol thresholds from [47,48] for Barcelona, Spain. The colors and shapes refer to each aerosol type and the rectangles delimit the classification regions. 
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Figure 10. The AE difference (δAE) as a function of the AE, 440–870 nm, for the classification in Figure 9. The color and dot shapes refer to each aerosol type. The solid black lines refer to the aerosol sizes (radii), the dashed blue lines refer to the fine-mode fractions of the total AOD (η), and the i, ii, iii, and iv red lines are the aerosol clusters. 
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Figure 11. The AFE-ARF means by aerosol type (classification from Figure 9) for six SZA groups at 440 nm. The linear regressions (LR) slopes were calculated with a CI95. The vertical bars are the standard deviations. 






Figure 11. The AFE-ARF means by aerosol type (classification from Figure 9) for six SZA groups at 440 nm. The linear regressions (LR) slopes were calculated with a CI95. The vertical bars are the standard deviations.



[image: Remotesensing 17 01439 g011]







[image: Remotesensing 17 01439 g012] 





Figure 12. Radiative–flux comparison between AERONET and CM-21 as a function of the SZA from 2009 to 2023. N is the number of observations and the vertical bars are the standard deviations. 
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Table 1. The UPC CNR4 calibrations and its calibration coefficients. Pl stands for polynomials, T for the temperature, and S for the sensors: T = C3 × 3 + C2 × 2 + C1× + C0 and S1–4 = (1000/sensor sensitivity)x. The sensor sensitivity (μV/Wm−2) is provided after the sensor calibrations. S1 and S2 are the facing-upward and facing-downward pyranometers, respectively, S3 and S4 are the facing-upward and facing-downward pyrgeometers, and x is the experimental voltage in mV.






Table 1. The UPC CNR4 calibrations and its calibration coefficients. Pl stands for polynomials, T for the temperature, and S for the sensors: T = C3 × 3 + C2 × 2 + C1× + C0 and S1–4 = (1000/sensor sensitivity)x. The sensor sensitivity (μV/Wm−2) is provided after the sensor calibrations. S1 and S2 are the facing-upward and facing-downward pyranometers, respectively, S3 and S4 are the facing-upward and facing-downward pyrgeometers, and x is the experimental voltage in mV.





	Pl
	1st Calibration (November 2016)
	2nd Calibration (February 2020)
	3rd Calibration





	T
	1.665e−8x3 − 5.576e−5x2 + 0.0991x − 44.42
	1.529e−8x3 − 5.168e−5x2 + 0.0955x − 43.52
	1



	S1
	66.1813x
	66.401x
	65.7462x



	S2
	77.1605x
	77.639x
	77.101x



	S3
	78.7402x
	81.234x
	80x



	S4
	78.1861x
	80.58x
	78.064x







1 The system to measure temperature did not change from the 2nd to the 3rd calibration, so T coefficients remain the same.













 





Table 2. Technical specifications of the UPC CNR4 and the CM-21 model.
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	Characteristics
	UPC CNR4
	CM-21





	Spectral range (nm)
	300–2800 (50% points)
	305–2800 (50% points 1)

355–2200 (95% points)



	Field of view
	180° (Upper detectors)

150° (Lower detectors) due to a lower sun shield to prevent illumination at low zenith angles
	180°



	Directional error (Wm−2)
	<20 (angles up to 80° with 1000 Wm−2 beam radiation). Combined zenith and azimuth error from 0° to 80° with 1000 Wm−2 beam radiation
	<± 10 (1000 Wm−2 beam radiation)







1 “Points” are the wavelengths where the output of the instrument is 50% or 95% reduced with 100% input (https://www.kippzonen.com/FaqCategory/3/Pyranometers, accessed on 3 April 2025).













 





Table 3. The AFE on the surface is a function of the AOD at 440 nm for six SZA groups. The slope was estimated with a CI95. Y stands for years.
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SZA

	
70 ± 1°

	
60 ± 1°

	
50 ± 1°

	
40 ± 1°

	
30 ± 1°

	
20 ± 1°




	
Y

	

	
AFE, Wm−2 τ−1






	
2009

	
−158 ± 29

	
−175 ± 35

	
−195 ± 45

	
−153 ± 47

	
−159 ± 52

	
−145 ± 84




	
2010

	
−192 ± 27

	
−234 ± 39

	
−176 ± 64

	
−275 ± 57

	
−168 ± 49

	
−182 ± 30




	
2011

	
−168 ± 36

	
−190 ± 51

	
−153 ± 42

	
−305 ± 197

	
-

	
-




	
2012

	
−145 ± 26

	
−148 ± 40

	
−116 ± 43

	
−158 ± 37

	
-

	
-




	
2013

	
−224 ± 48

	
−331 ± 71

	
−270 ± 85

	
−170 ± 49

	
−86 ± 96

	
−91 ± 29




	
2014

	
−233 ± 42

	
−227 ± 42

	
−98 ± 41

	
−85 ± 52

	
−75 ± 68

	
−104 ± 45




	
2015

	
−188 ± 33

	
−96 ± 49

	
−140 ± 30

	
−127 ± 33

	
−148 ± 36

	
−127 ± 30




	
2016

	
−107 ± 46

	
−122 ± 58

	
−117 ± 63

	
−144 ± 52

	
−161 ± 43

	
-




	
2017

	
−76 ± 73

	
−80 ± 81

	
−102 ± 75

	
−235 ± 139

	
-

	
-




	
2018

	
−110 ± 29

	
−152 ± 41

	
−196 ± 37

	
−108 ± 42

	
−10 ± 67

	
−138 ± 48




	
2019

	
−179 ± 28

	
−218 ± 39

	
−242 ± 50

	
−319 ± 42

	
−243 ± 57

	
−190 ± 34




	
2021

	
−230 ± 25

	
−277 ± 46

	
−260 ± 77

	
−245 ± 52

	
-

	
−128 ± 107




	
2022

	
−202 ± 18

	
−260 ± 22

	
−208 ± 62

	
−210 ± 34

	
−174 ± 18

	
−163 ± 9




	
2023

	
−242 ± 32

	
−294 ± 53

	
−248 ± 112

	
−244 ± 81

	
−214 ± 62

	
−162 ± 43











 





Table 4. The ARF means on the surface and their standard deviation at 440 nm for six SZA groups. Y stands for years.
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SZA

	
70 ± 1°

	
60 ± 1°

	
50 ± 1°

	
40 ± 1°

	
30 ± 1°

	
20 ± 1°




	
Y

	

	
ARF, Wm−2






	
2009

	
−33 ± 16

	
−41 ± 19

	
−41 ± 20

	
−36 ± 13

	
−36 ± 14

	
−27 ± 7




	
2010

	
−30 ± 19

	
−36 ± 22

	
−35 ± 16

	
−47 ± 27

	
−33 ± 13

	
−38 ± 15




	
2011

	
−21 ± 12

	
−26 ± 13

	
−22 ± 13

	
−39 ± 13

	
-

	
-




	
2012

	
−17 ± 13

	
−21 ± 14

	
−27 ± 10

	
−35 ± 18

	
-

	
-




	
2013

	
−25 ± 17

	
−35 ± 27

	
−41 ± 25

	
−27 ± 16

	
−14 ± 7

	
−21 ± 7




	
2014

	
−28 ± 24

	
−28 ± 25

	
−18 ± 11

	
−14 ± 11

	
−13 ± 8

	
−15 ± 6




	
2015

	
−41 ± 20

	
−23 ± 8

	
−31 ± 12

	
−30 ± 12

	
−30 ± 14

	
−30 ± 11




	
2016

	
−13 ± 7

	
−15 ± 8

	
−12 ± 7

	
−16 ± 10

	
−16 ± 11

	
-




	
2017

	
−12 ± 4

	
−12 ± 5

	
−17 ± 8

	
−34 ± 9

	
-

	
-




	
2018

	
−23 ± 11

	
−30 ± 15

	
−40 ± 20

	
−28 ± 10

	
−2 ± 1

	
−29 ± 11




	
2019

	
−36 ± 17

	
−44 ± 20

	
−48 ± 21

	
−64 ± 27

	
−57 ± 25

	
−42 ± 17




	
2021

	
−36 ± 22

	
−43 ± 26

	
−55 ± 21

	
−55 ± 21

	
-

	
−30 ± 8




	
2022

	
−28 ± 21

	
−34 ± 26

	
−38 ± 18

	
−42 ± 20

	
−35 ± 19

	
−35 ± 22




	
2023

	
−28 ± 21

	
−40 ± 28

	
−41 ± 21

	
−47 ± 31

	
−50 ± 28

	
−45 ± 22











 





Table 5. The AFE and ARF mean on the surface by aerosol types at 440 nm and their standard deviation for six SZA groups. AT stands for Aerosol Types, and All stands for all aerosol (first plot in Figure 8).






Table 5. The AFE and ARF mean on the surface by aerosol types at 440 nm and their standard deviation for six SZA groups. AT stands for Aerosol Types, and All stands for all aerosol (first plot in Figure 8).





	

	
SZA

	
70 ± 1°

	
60 ± 1°

	
50 ± 1°

	
40 ± 1°

	
30 ± 1°

	
20 ± 1°




	
AT

	

	
AFE, Wm−2 τ−1






	
DD

	
−123 ± 39

	
−165 ± 39

	
−173 ± 67

	
−207 ± 52

	
−157 ± 29

	
−144 ± 12




	
MA

	
−224 ± 13

	
−270 ± 20

	
−173 ± 27

	
−196 ± 28

	
−149 ± 23

	
−181 ± 19




	
UI-BB

	
−138 ± 21

	
−190 ± 32

	
−170 ± 38

	
−157 ± 29

	
−94 ± 23

	
−142 ± 24




	
All

	
−175 ± 52

	
−200 ± 76

	
−180 ± 66

	
−198 ± 74

	
−144 ± 69

	
−143 ± 32




	
ARF, Wm−2




	
DD

	
−37 ± 9

	
−50 ± 14

	
−50 ± 12

	
−62 ± 16

	
−49 ± 14

	
−50 ± 19




	
MA

	
−24 ± 17

	
−30 ± 20

	
−26 ± 14

	
−30 ± 16

	
−25 ± 15

	
−32 ± 14




	
UI-BB

	
−29 ± 11

	
−40 ± 15

	
−38 ± 14

	
−35 ± 14

	
−20 ± 7

	
−29 ± 9




	
All

	
−27 ± 9

	
−31 ± 10

	
−33 ± 13

	
−37 ± 14

	
−29 ± 17

	
−31 ± 9











 





Table 6. Radiative fluxes, AFE, and ARF comparisons for three case studies.
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Observations and Inversions

	
Case I: AOD = 0.30 and SZA = 60°

	
Case II: AOD = 0.25 and SZA = 60°

	
Case III: AOD = 0.21 and SZA = 70°




	
Flux

	
AFE

	
ARF

	
Flux

	
AFE

	
ARF

	
Flux

	
AFE

	
ARF






	
CM-21 1

	
440

	
−260 ± 22

	
−34 ± 26

	
444

	
−260 ± 22

	
−34 ± 26

	
306

	
−202 ± 18

	
−28 ± 21




	
AERONET

	
445

	
−192

	
−39

	
456

	
−175

	
−35

	
301

	
−200

	
−30




	
D0

	
474

	
−187

	
−38

	
480

	
−166

	
−33

	
309

	
−187

	
−27




	
D0+L

	
472

	
−179

	
−39

	
476

	
−165

	
−36

	
310

	
−179

	
−27




	
D0P+L

	
474

	
−161

	
−37

	
476

	
−167

	
−36

	
308

	
−167

	
−27




	
D1+L

	
471

	
−177

	
−38

	
475

	
−164

	
−34

	
307

	
−173

	
−26




	
D1P+L

	
473

	
−165

	
−35

	
473

	
−171

	
−36

	
307

	
−167

	
−26








1 The AFE and ARF are from 2022, the year of the case studies (Table 3 and Table 4, respectively).
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