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Abstract

:

The absorbing and scattering nature of aerosols affects the total radiative forcing and is quantified by single scattering albedo (SSA), which is defined as the absorption to total extinction ratio. There are limited measurements of SSA in the ultraviolet (UV) irradiance spectrum, hence, the influence of SSA on incoming UV irradiance has not been explored in great depth. In the present study, UV irradiance was calculated and compared using different SSA datasets retrieved at Athens, Greece during 2009–2014; including SSA time series from Ultraviolet Multi-Filter Radiometer (UVMFR) at 332 and 368 nm, SSA from AERONET at 440 nm, from OMI satellite at 342.5 nm and AeroCom climatological database at 300 nm. Irradiances were estimated using a radiative transfer model (RTM). Comparisons of these results revealed that relative differences of UVA and UVB could be as high as 20%, whilst average relative differences varied from 2% to 8.7% for the entire experimental period. Both UVA and UVB drop by a rate of ~12% for 0.05 aerosol absorption optical depth in comparison to ones estimated with the use of SSA at visible range. Brewer irradiance measurements at 324 nm were used to validate modeled monochromatic irradiances and a better agreement was found when UVMFR SSAs were used with an average difference of 0.86%. However, when using visible or climatological input, relative differences were estimated +4.91% and +4.15% accordingly.
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1. Introduction


Aerosols are among the major agents of Earth’s radiative budget, having a crucial effect on the climate. Aerosols directly absorb solar irradiance and contribute to the heating of the atmosphere. Furthermore, they reduce the planetary albedo, either directly or by enhancing the absorption of solar and terrestrial radiation by clouds [1]. Thus, their presence affects the thermal state of the atmosphere by having both a heating and a cooling effect. The highest uncertainties of anthropogenic climate change are caused by factors controlling aerosol forcing. A recent comprehensive review of the current state of knowledge on aerosol effect on radiation and climate is provided by Intergovernmental Panel on Climate Change (IPCC) [2], where the total direct forcing of aerosols is estimated in the scale of −0.45 W/m2, though with uncertainty more than 100%. One of the major sources of uncertainty in contemporary modelled aerosol climate forcing is the absorbing/scattering nature of the particles. Spectral dependence of columnar absorbing characteristics of aerosols causes changes in the radiative forcing of the atmosphere, as well as the climate. Columnar aerosol absorption of ultraviolet (UV) irradiance is even less studied, but has a significant effect as it strongly influences photolysis rates and indirectly affects agricultural production and human health [3,4].



The aerosols that show a significant absorbing behavior are mainly black carbon, mineral dust, and organic aerosols grouped as brown carbon [3]. Urban aerosols were found to absorb more in the UV than in visible wavelengths, especially when black carbon particles dominate the mixture [5]. Jethva and Torres [6] found evidence that absorption from biomass burning aerosols has a significant spectral dependence, showing significant effects at the UV part of the solar spectrum. Corr et al. [7] presented a significant enhancement of columnar aerosol absorption in the UV region, in Mexico City, which was attributed to increased organic carbon components in the aerosol mixture. More recent studies [3,8] attributed the large differences between visible and UV columnar absorption to brown carbon emitted from biomass burning. In addition, desert dust particles are strong absorbers at UV band [9], especially when there is high concentration of hematite in the coarse mode [10].



The most commonly used variable for monitoring aerosols in the atmosphere is the aerosol optical depth (AOD), which is retrieved by ground-based [11,12] and satellite instruments [13]. AOD varies a great deal at different parts of the spectrum and the variable of the Angström exponent is used to quantify the extinction’s spectral behavior, which influences incident irradiance. These two parameters define the largest part of aerosol’s influence on radiative transfer and, hence, have been studied the most. Additionally, a significant role on radiative transfer calculations is played by single scattering albedo (SSA), which is defined as the ratio of scattering to total extinction. Thus, it is linked to the chemical composition and the size of the particles. High SSA signifies more scattering aerosols, while lower values are linked to more absorbing types. SSA value determines the cooling/warming outcome of the aerosol radiative forcing effect [14]. Thus, uncertainties in the estimation of SSA could lead to changes on the sign of radiative forcing. Furthermore, SSA is strongly spectrally-dependent, demonstrating different behavior according to aerosol mixture, which may lead to significant changes as a function of wavelength [15]. SSA used in radiative transfer model (RTM) calculations refers to the vertical profile (column) of the aerosol extinction coefficient that usually differs significantly from the in situ measured one [8]. These profiles of the extinction coefficient can be retrieved by airborne in situ vertical profiling of aerosols [16,17,18] but this approach remains very expensive and is rarely used in experimental campaigns. More commonly, retrievals of the mean columnar SSA from sun-photometric instruments are used to scale default climatological profiles used for RTM simulations [19] Measurements of the mean columnar SSA are available from a large number of sites around the globe, though rarely in the UV [8,20].



SSA retrievals in the visible and near infrared spectral range are available from the most common sun-photometric networks. The Aerosol Robotic Network (AERONET) provides SSA in that range using an inversion algorithm [21]. The international network for aerosol, clouds, and solar radiation studies and their applications (SKYNET) [22,23] also retrieves SSA at visible wavelengths. Meanwhile, recent efforts have been made to also provide SSA at 340 and 380 nm, though it seems to systematically underestimate compared to UVMFR retrieved SSA, which is linked to the use of very high surface albedo value (0.1) in the current algorithm [20]. Still, datasets of SSA in the UV spectral region retrieved from ground-based measurements are not frequent and usually are available for short periods of time, whilst in scientific literature there are a few publications on the subject [4,7,8,20,24,25,26,27]. UVMFR measurements are used in some of the above studies to retrieve SSA in UV wavelengths following the methodology as described in Kroktov et al. [25,26].



SSA in the UV spectral region is also retrieved from satellite sensors. Ozone Monitoring Instrument (OMI) on board NASA’s AURA satellite measures reflected radiation from the Earth’s surface in the 270–500 nm spectral range. The OMAERUV algorithm [28,29] is used to retrieve the AOD and SSA at 20 wavelength bands. The SSA in the UV is retrieved for the bands with central wavelengths at 388 nm and 342.5 nm. SSA retrieved from this algorithm has been assessed, compared to AERONET retrievals at visible wavelengths [6,28,30,31], though both inversion techniques use several assumptions, resulting in them not being directly comparable. Jethva et al. [31] found that the highest differences of satellite and ground-based SSA are over the Arabian Peninsula, biomass burning areas in Southeast Asia, Australia, and occasionally, above urban sites around the globe.



UV irradiance is less than 10% of the solar irradiance reaching the Earth’s surface, even though it is very important for the biosphere. The UV solar spectrum is divided into three zones: UVC (<290 nm), where practically all irradiance is blocked by the atmosphere; UVA (315–400 nm), which provides ~90% of the total UV radiation reaching the surface; and UVB (290–315 nm), which is the most harmful for living cells, as well as being beneficial for humans at the same time, by defining the creation of vitamin D in the human skin [32,33]. Ozone is the dominant attenuator of UVB irradiance and the most important atmospheric factor for its deviations [34]. Aerosol attenuation in UV spectral region is also a non- negligible factor for the irradiance reaching the surface and, in some cases, its effects have been found to be as important as those of ozone [35,36,37,38,39]. Additionally, absorbing aerosols indirectly affect irradiance’s variability, by reducing the incident UV irradiance and altering lower atmosphere’s photochemistry, thus affecting tropospheric ozone’s concentration (up to 50 ppb has been reported) [38].



Several factors related to human health are actively related to the UV irradiance estimation, such as DNA damage, Vitamin D Effective Dose and the UV index (erythema) for human exposure to the sun for numerous vulnerable population groups (e.g., pregnant women, light-colored skins, etc., as described by the World Health Organization) [40]. These variables are monitored in few countries through surface networks [41,42,43] but have greater value when forecasted through RTM and are available to the general public [44]. Due to the lack of sources for SSA in the UV region, it is a common practice when estimating UV or forecasting health-related variables such as the UV index, to transfer SSA values from available visible wavelengths to UV wavelengths in radiative transfer calculations, or just use climatological values [34].



This work aims to quantify the impact of spectral SSA (measurements and estimations) in the UV spectral region on UVA and UVB simulations from RTMs. Datasets of SSA retrieved at UV region from UVFMR measurements, from satellites and from climatological databases, alongside with CIMEL SSA retrievals at 440 nm were used as inputs in RTM. All data were recorded or refer to Athens, Greece for 2009–2014 period. Results have been compared to obtain a robust estimation of the impact of SSA on UV irradiance. Additionally, actual irradiance measurements from a collocated Brewer spectroradiometer at 324 nm were used to validate the RTM results for different SSA inputs.




2. Data and Methods


In order to quantify the effect of the absorbing and scattering nature of aerosols, the main physical variables used are SSA and absorption aerosol optical depth (AAOD). The SSA at a wavelength λ is defined as the relative contribution of aerosol scattering extinction (bsca) to total extinction (bsca + babs), thus, indirectly describing also the absorption contribution (babs):


SSA = (bsca (λ))/(bsca (λ) + babs (λ))



(1)







Values of SSA range from 0 to 1 by definition; yet, in the Earth’s atmosphere, they are very rarely lower than 0.65 [7].



AAOD is calculated in respect to AOD and SSA as follows:


AAOD(λ) = AOD(λ) × (1 − SSA(λ))



(2)







This variable is convenient for quantifying the final effect of the variations of aerosol absorption on radiative forcing, because it considers both the total extinction by aerosols and the scattering portion and, cases of high AOD and low SSA, which lead to the largest reduction of irradiance, are more clearly identified.



The ground-based measurements used in this study were recorded during the period 2009–2014 in Athens, Greece. The site of the measurements was the roof of Biomedical Research Foundation of the Academy of Athens (37°54′ N, 23°48′ E, 130 m above sea level), near the city center, where the ground-based Atmospheric Remote Sensing Station (ARSS) was in continuous operation during this period [45]. Part of the ARSS infrastructure are a CIMEL sun-photometer and a UVMFR that were used in the present study. On the same roof, there was also a Brewer MKIV single monochromator installed. Athens has warm and dry summers and wet and mild winters, typical for the Eastern Mediterranean. Athens has a population of 5 million and most of the urban emissions are trapped in the basin due to topography. Average AOD at 440 nm is 0.22 with σ at 0.11 and average Angström exponent 440–870 nm at 1.3, according to AERONET level 2 retrievals. Additionally, there are common cases of long transport of air masses from arid areas of Northern Africa, frequently associated with dust events that affect the area [46].



2.1. UVMFR


UVMFR is an instrument manufactured by Yankee Environmental Systems, Turner Falls, MA, U.S.A., designed to measure Global and Diffuse Horizontal Irradiance at UV wavelengths. Incoming Irradiance is filtered and recorded at channels centered around seven bandwidths (300, 305, 311, 317, 325, 332, and 368 nm) with nominal full width half maximum at 2 nm. Each measurements cycle lasts 10 s and averaged 1 min values are stored. In each cycle, two diffuse horizontal irradiance (DHI) and one global horizontal irradiance (GHI) measurements are performed, defined by the position of a moving shadowing disc. Thus, all data are recorded using the same sensor and the direct nominal irradiance (DNI) is retrieved by subtracting DHI from GHI. Furthermore, corrections for dark current and angular response are applied [25].



Kazadzis et al. [8] have developed a method for retrieving SSA at 332 and 368 nm using UVMFR measurements. This method is described in detail in the abovementioned work while in the present study a short outline is presented, along a diagram of the steps shown in Figure 1. Ratios of DHI/GHI are calculated for every measurement at 332 and 368 nm. Additionally, AOD is calculated at these wavelengths for each measurement. RTM calculations were performed using the Libradtran [47] code and lookup tables (LUT) were created linking DHI/GHI ratios and other variables, such as solar zenith angle (SZA), AOD, and SSA (for more details, see Section 2.6). Thus, a model was developed to calculate the SSA at each wavelength using these LUTs, as follows:


SSA(λ) = f(DHI(λ)/GHI(λ), SZA, AOD(λ))



(3)




where λ indicates the wavelength. The method benefits from the technical fact that both DHI and GHI are measured by the same sensor, so there is no absolute calibration related uncertainty. Uncertainty analysis performed in Kazadzis et al. [8] revealed a final mean SSA error of the order of 6% for Athens’ dataset, which might even exceed 15% in cases of very low aerosols (AOD < 0.1) and very low SZA (<20°). At this study, we have used the same UVMFR dataset and model runs for the exact same period.



It should be noted that the determination of both AOD and SSA from the UVMFR instrument at wavelengths lower than 332 nm is highly uncertain due to the total column ozone effect on solar irradiance attenuation [48]. The determination of the SSA using this method becomes even more difficult at such low wavelengths, as the uncertainty in the AOD retrieval introduces additional uncertainties to the SSA retrieval. For this purpose, AOD and SSA from UVMFR at 368 nm for UVA and at 332 nm for UVB related model runs have been used. Although 332 nm is found in UVA region, it is used for this study’s UVB RTM calculations as it is the closest wavelength with robust AOD retrieval. The uncertainty introduced by this choice could vary, according to Angström exponent in the UVB region, which could be up to 1.3% for AOD at 305 nm.




2.2. AERONET


CIMEL sun-photometers are the standard instruments of AERONET (Aerosol Robotic Network). Holben et al. [11] present a detailed description of the CIMEL instruments and AERONET protocols. These devices record DNI at eight wavelengths (340, 380, 440, 500, 675, 870, 940, 1020, 1640 nm) and use the measurements at seven channels to retrieve AOD, while measurements at 940 nm are used to retrieve the total column of water vapor. CIMEL sun-photometers also have a sky radiance measurement schedule at almucantar planes. These sky radiances are imported to a RTM model resulting inversion products to be exported based on various hypotheses. These products include radiative properties such as SSA, phase function and asymmetry parameter. SSA is calculated at four wavelengths (440, 675, 870, 1020 nm). Level 2 (L2) data that are quality assured for SSA are produced only when AOD at 440 nm exceeds 0.4 and SZA exceeds 50° [49]. In order to enrich the dataset within this study, we have also used Level 1.5 SSA data when L2 size distribution was available (as suggested by Kazadzis et al. [8]), since the limitation of L2 filtered out an important part of the retrievals for Athens dataset, where AOD > 0.4 is not often.




2.3. Brewer Spectrophotometer


Measurements of global and direct spectral UV irradiance have been routinely conducted at ARSS, since July 2003 on daily basis by a Brewer MKIV monochromator measuring solar radiation in the UV and the visible part of the solar spectrum. The instrument measures columnar amounts of ozone (Total Ozone Column—TOC), SO2, and NO2. It also measures global (horizontal) irradiances in the UV-B section (290–315 nm) of the spectrum at 0.5 nm intervals. For total column ozone measurements, the instrument is designed to take direct sun measurements at five nominal wavelengths 306.3, 310.1, 313.5, 316.8, and 320.0 nm, these are used with the standard algorithm to retrieve columnar ozone measurements from Brewer spectrophotometers [50]. Brewer ozone data for Athens have been analyzed in recent studies [51,52]. In addition, the instrument was used to derive AOD in the visible part of the solar spectrum [53]. For the first time in this study, we analyzed spectral UV irradiance measurements at 324 nm from the Athens Brewer instrument, for the period January 2009 to December 2014. The Brewer spectroradiometer is calibrated regularly by means of a standard radiometer of the same type. The last three calibrations were performed at the Academy of Athens in July 2007, October 2010 and October 2013 by the travelling standard Brewer #017 (International Ozone Services Inc., Mr. Ken Lamb and Dr. Volodya Savastiouk).




2.4. AeroCom


The Max-Planck-Institute Aerosol Climatology version 1 (MAC-v1) provides optical properties of the total column of tropospheric aerosols, such as the AOD, the SSA and the asymmetry parameter [54]. The MAC-v1 climatology has been widely used in studies involving aerosols [34,55,56]. The parameters are provided on monthly timescales for the entire globe, with spatial resolution of 1° × 1°. They have been derived by combining ground-based monthly statistics for aerosol optical properties from sun-photometer networks with the median of 15 models used Aerosol Comparison between Observations and Models (AeroCom) [57]. Climatology was initially created for the mid-visible aerosol column optical properties, since reliable ground-based measurements exist mainly for the visible range of the solar spectrum. This was later extended to other wavelengths of the solar and the far-infrared spectrum (ranging from 0.23 to 8 μm and 3.6 to 100 μm respectively) with the proper assumptions. In the UV region (UV-C, UV-B and UV-A) the optical properties are provided for 0.23, 0.3 and 0.4 μm. A linear interpolation of the desired parameters to the coordinates of ARSS were applied, since the coordinates of the ARSS do not coincide with any of the climatology grid points.




2.5. OMI


Aura satellite launched in 2004 by NASA carries the Ozone Monitoring Instrument (OMI). OMI scans the entire earth’s surface in 15 orbits per day, with a ground spatial resolution of ~13 × 24 km2, measuring reflected radiation in 20 bandwidth channels in the spectral region of 270–500 nm [29]. UV aerosol index, AOD and SSA are retrieved at 342.5 and 388 nm using OMAERO algorithm, whilst there are also aerosol products from the OMAERUV algorithm which are a continuation of the Total Ozone Mapping Spectrometer time series [58]. The algorithm has been revised by adding a more sophisticated carbonaceous aerosol model [6] and by including a spectral dependent imaginary index as a proxy for organics in the mixture [59]. This satellite product has major sources of uncertainty caused by cloud contamination, the height of aerosol layer and the hypothesis of surface albedo, especially in desert areas [31]. In the present study, we have used SSA and AOD from OMAERO, averaged at monthly level, using only 2009–2014 data, for the pixel including the location of the ground-based instruments. These data are available online [60].




2.6. Radiative Transfer Model


For RTM calculations, the Libradtran code [47,61] was used. Multiple runs were performed to construct appropriate LUTs, for calculating SSA through DNI and GHI measurements and then UV irradiance from SSA retrievals. Output spectra were set to 0.1 nm resolution for both GHI and DNI. Input values for AOD were 0–1.5 with a step of 0.1, for SZA 1–81° with a step of 2.5°, for SSA 0.60–0.96 with a step of 0.02 and for TOC 250–400 DU with a step of 15 DU. As described in Section 2.1 and in earlier work [8], the output was used to calculate SSA from UVMFR measurements. Afterwards, RTM output data were used to calculate Irradiance in the UV spectral region. UVA was calculated by integrating GHI values between 315–400 nm and between 290–315 nm for UVB accordingly. Additionally, time series of irradiance at 324 nm were calculated in order to compare with Brewer measurements. Since the aim of the present work is to investigate the difference in irradiance caused by different estimation of SSA, other variables, such as TOC, NO2, and surface albedo, were used as constant inputs, using Athens climatology. Thus, the parametrization used is as follows:


UVA = f(AOD368,SSAi,SZA)



(4)






UVB= f(AOD332,SSAi,SZA)



(5)




where SZA is derived from astronomical calculations and SSAi is used differently in each of the retrieved or the climatological (AeroCom) datasets For UVA and UVB, AOD retrieved with UVMFR at 368 nm and at 332 nm was used respectively, and the Angström exponent is calculated from these data. The uncertainty of this choice is discussed in Section 2.1. For calculating UV at 324 nm, AOD extrapolated from 332 nm was used, which adds an uncertainty lower than the one of the measurement (0.01 AOD). TOC was set to climatological values derived from Brewer time-series. For calculating UV irradiance at 324 nm with the RTM, mean values of Brewer TOC, averaged at ±2 h interval around cloudless Brewer measurements were used. The extra-terrestrial irradiance spectrum of ATLAS-3 [62] was used and the US Standard aerosol profiles were set [63] and maintained the same in all sets of runs to avoid any effect on the comparisons. NO2 was also set to a constant mean climatological value. Keeping constant values for all inputs, except aerosol parameters and sun elevation, provide the opportunity to study the SSA effects on UV solar irradiance, only. In order to validate the RTM outputs when comparing to Brewer measurements, RTM runs have been calculated using an extraterrestrial irradiance convoluted with the Brewer slit function, in order to have comparable results [64]. Modelled UVA and UVB values were calculated by integrating the RTM output irradiances at 315–400 nm and 290–315 nm accordingly. The comparison between RTM and Brewer UV irradiances at 324 nm was carried out using 324 ± 1 nm integrals. The choice of this wavelength was to minimize the ozone effect on the absolute comparison differences [65]. For the same period, asymmetry factor (g) at 440 nm from AERONET at the station shows mean value of 0.69 with a standard deviation of 0.03, while 3.2% of the values are higher 0.72% and 2.9% lower than 0.66. Since measurements of g in the UV spectral range are not available, these values were used in RTM [7]. A sensitivity analysis on the response of RTM output on g changes revealed variations of 0.6% on both UVA and UVB, when mean AOD and SSA where used, for mean ± σ values for g. We have used mean monthly values for calculations of UVA and UVB, which varied in the range 0.68–0.71. For calculating UV irradiance at 324 nm, mean daily (or monthly if not available) from CIMEL for each Brewer cloudless measurement was used. Surface albedo at UV spectral region is very low, in the order of 2–4%, in snow free conditions [24], and a constant value of 0.04 was used in our calculations. Brewer measurements are considered as state of the art for TOC measurements with an uncertainty in the order of 3%. Including this uncertainty, for the 324 nm UV retrievals, the introduced error is less than 0.2%. For similar calculations at lower wavelengths, the introduced uncertainty would be much higher. All results are presented in the form of relative differences of irradiances. Hence, any uncertainty introduced by the above selections will alternate absolute values, but will be eliminated in current comparisons.





3. Results and Discussion


Five-year average SSA recorded at 332 nm and 368 nm retrieved from UVMFR and at 440 nm from CIMEL are presented in Figure 2, alongside with error bars at 1 standard deviation. Averages have been calculated separately for all data. For data with AOD higher than 0.2 and for data with Angström exponent lower than 0.7 which is linked to the presence of large and most frequently dust aerosols [8]. We can observe a systematic decrease of SSA values when moving from visible to lower wavelengths for the whole dataset. Using all AOD data, we observe a drop of SSA from 440 nm to 332 nm of ~0.075. Whilst for AOD > 0.2 data the drop is smaller (~0.04) and SSA368 is higher than SSA440, which in Kazadzis et al. [8] was linked to the frequent occurrence of brown carbon aerosols and polluted dust mixtures. For dust aerosol cases SSAs are generally lower by ~0.05 for all wavelengths, showing a drop of ~0.07 from 440 nm to 332 nm. More details about this dependence can be found in [8]. A lot of studies summarized by Bais et al. [34], are in accordance with this behavior and, in this study, it is underlined that SSA extrapolation to UV wavelengths is often a reasonable approximation for scattering but less so for absorption, which is more dependent on chemical composition and that UV enhanced absorption is caused by organic material in the particles.



Based on the differences visualized in Figure 2, the theoretical expected differences between UVB and UVA irradiances simulated by the RTM were calculated with different SSA inputs. The example shown in Figure 3 includes two cases; the first one using the CIMEL Athens mean SSA at 440 nm (SSA440) (0.91) and the second using the 368 nm and 332 nm SSA mean values from UVMFR (0.86 and 0.84 respectively). A graphical representation of the differences in each case is provided for all SZAs and AODs. The difference on the solar UV irradiance between the simulations for the two cases (using SSA440 or SSA from the UVMFR) is shown as a function of SZA and AOD. The differences are of the order of 10–13% and 13–18% per unit of AOD for UVA and UVB, respectively. Although, in Athens’ dataset an AOD of 1 is very rare and it was noted that in such occasions the UVB estimations are different by 20% and this would introduce a very high error in UV index calculation and forecasts. In cases of very low AOD (<0.1) the differences are <2%, thus any differences on UVA and UVB estimations due to the spectral variability of SSA is less important. Highest relative differences are found at higher SZAs, which is linked to longer optical paths, and are expected to have a larger effect on aerosol extinction on solar irradiance.



In order to perform the simulations using AOD and SSA from other available datasets, we have calculated the mean monthly values of SSA from OMAERO (388 nm and 340 nm), OMAERUV (388 nm), and AeroCom (300 nm) for Athens, Greece and compared them to those from UVMFR (332 nm and 368 nm) and CIMEL (440 nm) (see Figure 4). In addition, mean monthly AODs for 332, 368, and 440 nm were calculated from UVMFR and CIMEL measurements, respectively, and presented in Figure 3 low. All average values in both figures were calculated using data from the period 2009–2014, which provides a short-term climatology for the Athens region. All SSA values retrieved from ground observations have lower values during the period of February to May, which in Kazadzis et al. [8] was attributed to frequent dust events and high brown carbon emissions within the urban area. Meanwhile, the highest monthly values are recorded during the summer months, peaking in August. OMAERUV at 338 nm retrieves clearly higher values, even from visible wavelengths (CIMEL 440 nm) except from January and December, where the values from both instruments are similar. UVMFR retrievals have the lowest values all year, excluding the months of January and April when AeroCom retrieves slightly lower ones and January when CIMEL is lower. AeroCom monthly values calculated at 300 nm, deviate from those of other retrievals and noticeably from those of UVMFR at 332 nm. OMAERO practically provides the same values all year, except in November but still the values are significantly higher than any other retrieval. AOD at all wavelengths peaks in July, showing higher values during the summer months. Lowest AOD is recorded in December and January. Mean AOD at 332 nm is higher during the whole year, showing differences from AOD at 440 nm ranging from 0.05 in December up to 0.13 in July.



The differences between the simulations of UVB and UVA irradiance using UVMFR and CIMEL SSA inputs have been assessed. The inputs and model outputs presented here can be seen in Table 1. We have decided to keep the AOD inputs common (332 nm for UVB RTM integrals and 368 nm for UVA RTM ones) for all different data sources of SSAs to assess only the effect of differences in the SSA on simulated solar UV and not to mix or enhance these differences by using (the slightly different but within the measurement uncertainty [8]), different AODs. However, this way guarantees a more robust comparison of the results, isolating SSA spectral related effects on UV irradiances.



Following this approach, mean UVA and UVB for each month was calculated for SZA = 60°. This SZA selection was made to quantify the influence of different values of SSA, excluding the seasonal variability of SZA and the SZA value which was chosen as the one that can be found all year long. Relative differences of these results are presented in Figure 5. These relative differences follow the combined seasonal variations of AOD and SSA, presenting the lowest values in February reaching −9.1% for UVA and −12.3% for UVB. Barring UVA calculated with SSACIMEL and SSAUVMFR in January, all other months reveal an underestimation of irradiance when using UVMFR inputs. This is explained by lower SSA values retrieved by the instrument. UVA calculated with SSAOMAERO shows an average difference of 6.1% all year round in comparison to the one calculated with SSAUVMFR. UVA calculated with SSACIMEL has a yearly difference of 2.9% from that calculated with SSAUVMFR. For UVB calculations, the relative differences are higher and are of the same order for both SSAAEROCOM and SSACIMEL, showing an average of −5.9% and −5.7% accordingly.



Figure 6 shows the calculated differences for UVB and UVA outputs when using SSACIMEL and SSAUVMFR as a function of AAOD. For these calculations, we have used all the 1480 synchronous values of both UVMFR and AERONET level 1.5 inversions products (following the criterion described in Section 2.2). AAOD was used for this comparison, as combined AOD and SSA changes in irradiance RTM outputs can be described by this parameter. This is because even if AODs did not differ in the compared model runs, irradiance differences are enhanced, due to higher AOD absolute values according to Equation (2). In this particular figure, we can observe that UVB and UVA calculations, using SSACIMEL and SSAUVMFR, decrease by ~12% per 0.05 of AAOD. When AAOD is higher than 0.04, an overestimation of outputs of SSACIMEL is the dominant case for both UVA and UVB, while the opposite appears in about 1% of the data. Although measurements of higher AAOD values would provide a more robust estimation of this behavior, this estimation is produced using a five-year long dataset and can be considered as representative for this urban area with moderate aerosol loads.



In Figure 7, histograms for the comparison of the full data set of UVMFR and CIMEL synchronous 1480 retrievals, are presented. These histograms reveal a dominant overestimation of both UVA and UVB when calculated using SSACIMEL. The average relative difference for UVA is −4.7% and for UVB is −8.5%. For 77.1% and 86.4% of the cases for UVA and UVB, respectively, the irradiances simulated with input from SSAUVMFR are lower than those simulated with SSACIMEL. The rest of the cases are linked with aerosol mixtures that have higher SSA in UV than in 440 nm. These are usually expected to be fine mode absorbing aerosols that are attributed to urban pollution [8]. Additionally, there are very few cases (0.9% for UVA and 1.4% for UVB) showing absolute differences higher than 25%. Kazadzis et al. [8] suggested that most these cases are linked to Angstrom exponents lower than 0.7 and, thus, to severe dust events.



Aiming to verify the above results using actual solar irradiance measurements, we compare RTM simulated solar UV irradiances with synchronous cloud free Brewer UV measurements at 324 nm from the Brewer MKIV instrument. This is located on the same roof as the UVMFR and CIMEL instruments. For this simulation, AODUVMFR and SSAUVMFR at 332 nm were used as input.



In order to validate the agreement between RTM and BREWER recorded irradiance at 324 nm, a statistical approach was selected. The statistical variables used are R2 and root mean square error (RMSE) calculated as follows:


   R 2  = 1 −    ∑ i     (   y i  −  f i   )   2     ∑ i     (   y i  −  〈 y 〉   )   2     



(6)






  R M S E =      ∑ 1 Ν     (   y i  −  f i   )   2    Ν − 1      



(7)







The Brewer values (yi), is the average of those values. fi are the calculated RTM and N is the number of measurements.



A comparison of 4297 synchronous cloud-free (based on the cloud detection algorithm used for UVMFR [8]) Brewer measurements and UV324 nm model runs—with UVMFR input data—is shown in Figure 8, demonstrating an R2 of 0.96 and RMSE of 0.013 W/m2. The results reveal a good agreement with differences that can be mainly attributed to model inputs as well as measurement and absolute calibration uncertainties of the Brewer values.



Finally, RTM runs were performed with CIMEL, AeroCom and UVMFR 332 nm SSA as well as UVMFR 332 nm AOD and compared with Brewer recordings. At this scenario, AeroCom values for the corresponding month, was used for all the synchronous UVMFR-BREWER data points. The distribution of differences of the three different scenarios is presented in Figure 9 and Table 2. From these statistics, it was concluded that irradiance calculated with SSAUVMFR has the smallest absolute mean and median difference in comparison to the ones calculated with SSACIMEL and SSAAEROCOM. Results reveal a similar average difference with the ones presented in Figure 6. Standard deviations of the differences are in the order of 6.5% to 7.5%. It is interesting that AeroCom provides a slightly better agreement than AERONET, having smaller absolute mean and median differences. This is mainly because SSAAEROCOM is calculated at 300 nm. However, it is expected to have higher variation when using a constant climatological monthly value. It should be noted that the dominant case is the overestimation of simulated irradiance as compared to recorded values, which indicates that SSA at 324 nm should be lower than any of these values. All three distributions have comparable range of values, with less than 10 cases of relative differences higher than 20%. Concluding the comparison, it appears that using SSAUVMFR at 332 nm in RTM UV324 nm calculation provides the closest to Brewer measured results.



All the above results converge to the conclusion that retrievals of SSA at UV wavelengths are required to correctly estimate UV irradiance. Additionally, according to aerosol type, a detailed parameterization of SSA values in UV could lead to a more valid estimation of UV irradiance. The datasets were recorded in Athens, Greece, which is a moderately polluted European city. With rare high aerosol loads and frequent Saharan dust transport events between the months of February and June, the differences in calculated irradiances should be considered as representative of these conditions. UV irradiance estimation differences in rural pristine areas with very low AOD values should be nearly negligible. On the other hand, in heavily industrialized areas and megacities with very high black and brown carbon concentrations, these differences would be magnified. Furthermore, in areas with more frequent and more severe dust events, the effect of SSA drop in UV should be considered in all calculations. Additionally, we should underline the need of performing a similar study in an area were types of aerosol with different spectral behavior dominate, especially organic particles. Although, for some types (e.g., sea salt, sulfate, and nitrate) the absorption is practically negligible in the whole spectrum [31]. Differences in UVA and UVB lead to change in health-related variables. In most cases, irradiances are lower than estimated which transported from visible range values, resulting to lower UV index and Vitamin D production. This should lead to different instructions for the exposure of general population.




4. Conclusions


The effect of spectral SSA using different data sources for calculating incoming irradiance at UV wavelengths was studied. A 5-year long dataset of SSAUVMFR at 368 and 332 nm, AERONET retrievals at 440 nm, SSAOMAERO at 342.5 nm and climatological values from AeroCom were used as input to a RTM. Outputs were integrated to estimate UVA and UVB. The major findings are:




	
SSA spectral decrease in the UV leads to a systematic overestimation of UV when SSA at visible is used, for the Athens area for the same AOD. The average difference for UVA is 4.7% and for UVB is 8.5%, between estimations using SSAUVMFR and SSACIMEL inputs.



	
When climatological SSAAEROCOM values at 300 nm were used to calculate UVB, average relative difference to the one calculated with SSAUVMFR at 332 nm was found at 5.7%.



	
The rate of underestimation of calculated UVA and UVB with SSAUVMFR and SSACIMEL, for Athens, is −12% per 0.05 increase of AAOD. Mostly, for dust aerosol and local pollution related areas of the planet, this overestimation could be highly important. In addition, as AAOD at lower (UVB) wavelengths is theoretically higher than the one at 332 nm, the effect of using extrapolating SSA440 could have larger discrepancies in the UVB irradiance calculation compared to the results presented in this study.



	
UV irradiance at 324 nm from a Brewer spectroradiometer was compared to RTM calculations using different SSA input. This was performed to validate the RTM results. The results revealed that using SSAUVMFR at 332 nm in the simulations provides closer to measured values with a mean difference of 0.85%, compared to 4.91% when transferring SSA from the visible and 4.11% when using climatological values.








To summarize, spectral aerosol optical depth is the most important parameter that can describe the UV attenuation due to aerosols. In addition, there is a lack of SSA measurements worldwide for the UV range. This is because the densest ground-based aerosol sun-photometric network (AERONET) provide SSA at 440 nm (lowest wavelength). UV irradiance—aerosol interaction studies and services (for example UV index forecasts) does not consider the findings of various studies (especially in urban and high AOD areas). This presents higher absorption in the UV compared to the visible. This can lead to a systematic overestimation of the UV Index (when all other parameters, like TOC and AOD, have been correctly used in the UV index forecast models), due to this SSA spectral dependence.



In conclusion, it appears to be crucial for modelled UVA and UVB irradiance calculations to have a proper estimation of absorbing aerosol related columnar parameters, such as SSA, especially when AOD is higher than 0.4. Although TOC is the major factor at UV wavelengths, especially in the UVB region, SSA spectral dependence could lead to changes of more than 15% per unit of AOD. In the absence of SSAUV measurements worldwide, currently used estimations for UV forecasts have a non-negligible uncertainty caused by the use of visible wavelength based SSA values.



All the above findings present the need of more detailed information on the aerosol absorbing properties in the UV range when UV related variables are estimated (UVA, UVB, UV index, vitamin D production), especially for high AOD areas.
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Figure 1. Flow chart of the methodology followed to retrieve SSA from UVFMR measurements [8]. 
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Figure 2. Mean SSA in UV and lower visible wavelengths, as measured in Athens for the period 2009–2014 (332 and 368 nm measured by UVMFR and 440 nm measured by CIMEL). Averages for all data, for AOD > 0.2 and for dust cases (Angström exponent < 0.7), are shown with different colors. 
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Figure 3. Relative differences of UVA (left) and UVB (right) irradiances for different SSAs as a function of SZA and AOD, calculated from RTM. Scenarios are calculated using mean SSA values at 332, 368, and 440 nm for Athens’ dataset. Scenario 1 is calculated with (SSA440 − SSA368)/SSA440 and scenario 2 with (SSA440 − SSA332)/SSA440. Mean values for these are SSA440 = 0.91 SSA368 = 0.86 and SSA332 = 0.84. 
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Figure 4. (Top): Mean monthly SSA values calculated by CIMEL and UVMFR time series and extracted from OMAERO, OMAERUV and AeroCom databases, for Athens during the 2009–2014 period. (Bottom): mean monthly values of AOD calculated using CIMEL and UVMFR time series. 
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Figure 5. Mean Monthly Relative difference in UVA (upper plot) and UVB (lower plot), calculated with different SSA input and using time series of UVMFR SSA as reference. 
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Figure 6. Relative difference in UVA (upper plot) and UVB (lower plot) with respect to AAOD, calculated with UVMFR and CIMEL SSA inputs as described in Table 1. 
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Figure 7. Relative frequency histograms of cases of UVA (upper plot) and UVB (lower plot) relative differences of GHI calculated using UVMFR and CIMEL SSA input as described in Table 1, for all available synchronous data. 
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Figure 8. Cloudless synchronous retrievals of Global UV at 324 nm, measured from Brewer and calculated from model using UVMFR SSA and AOD at 332 nm inputs. 
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Figure 9. Number of cases of relative difference between Brewer recorded Irradiance at 324 nm and estimated through RTM calculations using SSAUVMFR at 332, SSACIMEL at 440 nm, and SSAAEROCOM at 300 nm. 
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Table 1. UVA and UVB output datasets of RTM runs, characterized by SSA and AOD used in each case. Result names are characterized by the SSA dataset used.
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	Name
	AOD Input (λ) (nm, instr.)
	SSA Input (λ) (nm, instr.)
	Output (Irradiance Integral)





	UVMFRUVA
	368, uvmfr
	368, uvmfr
	UVA



	UVMFRUVB
	332, uvmfr
	332, uvmfr
	UVB



	CIMELUVA
	368, uvmfr
	440, CIMEL
	UVA



	CIMELUVB
	332, uvmfr
	440, CIMEL
	UVB



	OMAEROUVA
	368, uvmfr
	342, OMAERO
	UVA



	AeroComUVB
	332, uvmfr
	300, AeroCom
	UVB
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Table 2. Statistics of RTM calculated Irradiance at 324 nm compared to Brewer recordings at 324 nm for all available data.
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	UV (Brewer-ModelX)/Brewer
	Mean Difference %
	Standard Deviations %
	Median %
	5–95 Percentile %





	UVMFR
	−0.85
	6.78
	−1.86
	−9.72–11.24



	CIMEL
	−4.91
	6.62
	−5.58
	−12.07–4.33



	AeroCom
	−4.15
	7.50
	−5.34
	−12.47–7.72











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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