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Abstract

:

In this study, AERONET (Aerosol Robotic Network) and EARLINET (European Aerosol Research Lidar Network) data from 17 collocated lidar and sun photometer stations were used to characterize the optical properties of aerosol and their types for the 2008–2018 period in various regions of Europe. The analysis was done on six cluster domains defined using circulation types around each station and their common circulation features. As concluded from the lidar photometer measurements, the typical aerosol particles observed during 2008–2018 over Europe were medium-sized, medium absorbing particles with low spectral dependence. The highest mean values for the lidar ratio at 532 nm were recorded over Northeastern Europe and were associated with Smoke particles, while the lowest mean values for the Angstrom exponent were identified over the Southwest cluster and were associated with Dust and Marine particles. Smoke (37%) and Continental (25%) aerosol types were the predominant aerosol types in Europe, followed by Continental Polluted (17%), Dust (10%), and Marine/Cloud (10%) types. The seasonal variability was insignificant at the continental scale, showing a small increase in the percentage of Smoke during spring and a small increase of Dust during autumn. The aerosol optical depth (AOD) slightly decreased with time, while the Angstrom exponent oscillated between “hot and smoky” years (2011–2015) on the one hand and “dusty” years (2008–2010) and “wet” years (2017–2018) on the other hand. The high variability from year to year showed that aerosol transport in the troposphere became more and more important in the overall balance of the columnar aerosol load.






Keywords:


aerosol typing; lidar; photometry; EARLINET; AERONET












1. Introduction


Aerosols influence the planetary radiation budget in both direct and indirect ways by absorbing and scattering solar radiation or by changing cloud properties [1]. Knowledge of aerosol physical and chemical properties can increase our current level of understanding of aerosol effects, variability, and their emerging role in climate change. Global and regional datasets of aerosol properties can be obtained from satellite or ground-based measurements (e.g., References [2,3]). Satellite data give good spatial coverage but suffer from poor temporal coverage; however, this is currently compensated for by synergistic approaches using ground-based measurements. Continental ground-based networks such as the European Aerosol Research Lidar Network (EARLINET, https://www.earlinet.org) and global networks such as the Aerosol Robotic Network (AERONET, https://aeronet.gsfc.nasa.gov/) have measured aerosol properties for more than two decades, building on data quality through their complex quality assurance programs. These long-term databases give the opportunity to assess the main properties of aerosol types, their variability at least on a continental scale, the processes driving property changes, long-range transport, or seasonal occurrence (e.g., References [3,4]). Recently, the two networks have joined their efforts in the frame of the Aerosols, Clouds, and Trace gases Research InfraStructure (ACTRIS, https://www.actris.eu/, [5,6]).



Raman lidar systems are the basic instruments used on regular bases in EARLINET. The continental scale coverage and simultaneous measurements schedule give the opportunity to study aerosol properties using vertically resolved data [5,7,8]. Lidar systems can provide information regarding the aerosol content on multiple layers due to their temporal and vertical high resolution. A distinct classification of the predominant aerosol on each layer is thus possible when using the intensive lidar parameters, which can be retrieved when following the usual practice within the EARLINET community. The classification includes layer boundaries identification and the calculation of intensive optical property values (i.e., lidar ratios, Angstrom exponents, particle linear depolarization ratios) specific to the layer and evaluation, taking into account other instruments or model outputs [9,10]. This subjective approach is highly time-consuming, and a subjective mode to derive the aerosol types is usually conducted only for special cases.



AERONET is a global network formed by ground-based sun–sky or lunar photometers and was established more than 25 years ago by NASA (National Aeronautics and Space Administration, i.e., globally) and PHOTONS (PHOtométrie pour le Traitement Opérationnel de Normalisation Satellitaire, i.e., for Europe) [11,12]. Long-term optical, microphysical, and radiative columnar aerosol properties are retrieved in a standardized and controlled mode. Evaluation and classification of aerosols are possible using the key parameters retrieved from photometer data. Aerosol optical properties from AERONET data are also used on different classification methods to determine the predominant aerosol type [13,14]. Biomass burning or desert dust aerosols are some of the classes that can be identified due to their distinct optical parameters [15,16]. The extinction Angstrom exponent (AE) 380/500 nm values near unit are assumed to be characteristic for industrial aerosols, while there are smaller values for dust types and larger values for biomass burning aerosols [16]. Similarly, the high values of aerosol optical depth (AOD) at 500 nm correspond to biomass burning events, while near zero represents the background level [17].



The aerosol mixtures are difficult to assess from sun photometers or lidar retrievals because different aerosol types have overlapping characteristic parameters. The combination of collocated lidar and photometer data give the opportunity to better assess aerosol types. The parameters used to identify the aerosol types are often a combination of lidar ratios (LRs), particle depolarization ratios (PDRs), AEs, and AODs [8,18,19].



The accuracy of aerosol classification is low using a subjective approach due to both multiple mandatory assumptions and similar properties of different aerosol types. Most of the typing methods are focused on advanced lidar systems, such as high spectral resolution lidar [7] or multiwavelength Raman measurements [8], sometimes also including particle linear depolarization. More automatic approaches have been explored in recent studies dedicated to aerosol typing using optical parameters retrieved from ground-based or satellite lidar measurements [5,7,9,19,20].



In this study, both AERONET and EARLINET data were used to characterize the optical properties of aerosol for the 2008–2018 period in various regions of Europe. For EARLINET data, an artificial neural network (ANN) software developed by Nicolae D. et al. [20] was used to derive the predominant type of aerosol. The ANN tends to simulate the human neural network comportment, learning after multiple similar situations and being able to choose between comparable inputs. ANNs are widely used in data processing or classification, including applications in atmospheric sciences, due to their capacity to deal with noisy data and superposed clusters. The ANN capacity to deal with nonlinear relationships between data is exploited in lidar data processing [21], improvements in satellite data related to aerosol properties [22], and retrieval of atmospheric temperature profiles from satellite measurements [23].



The aim of this article is to provide for the first time, to the authors’ knowledge, a multiyear typology of long-range transported aerosols over Europe. The analysis was made on the basis of lidar data from EARLINET and collocated sun photometer data from AERONET. The article is structured as follows: Section 2 describes the observational data used to do the aerosol typing over Europe, a neural network aerosol typing algorithm based on lidar data, and the defined regions based on typical air mass transport. Optical characteristics of aerosols and aerosol types over Europe are discussed in Section 3. Section 4 summarizes the concluding remarks.




2. Data and Methodology


To analyze the optical characteristics of the aerosols and their type, a combined set of collocated lidar and sun photometer data was used. Optical properties of aerosols were retrieved from lidar and separately from sun photometers and then compared. A neural network aerosol typing algorithm based on lidar data (NATALI) software, already tested on synthetic data and a small set of measured data [20], was used to classify aerosols using lidar data from EARLINET stations.



2.1. Observational Data


The EARLINET database (i.e., multispectral Raman lidar climatological data available from [24]) and the AERONET database (i.e., sun/sky photometer measurements available from [25]) were the two main data sources used in this article to obtain a multiyear typology of long-range transported aerosols over Europe between 2008 and 2018. Geographically distributed stations that operated both multiwavelength Raman lidars and automatic sun/sky photometers were selected, considering the availability of long-term records from both instruments (Figure 1 and Table 1).



The EARLINET climatological measurements were systematically performed every Monday at (locally) noon and every Monday and Thursday evening after local sunset. The measurements were performed for at least 2 h at the wavelengths 355 nm, 532 nm, and 1064 nm for the elastic channels, 387 nm and 607 nm for the Raman channels, and 532 nm for the depolarization channel. In order to assess the quality of the measurements, EARLINET developed a specific quality assurance program, which is mandatory for all lidar stations [5]. This program is improved year by year and is currently being developed by the Centre for Aerosol Remote Sensing in ACTRIS.



Combined method [26] and inversion algorithms [27,28] were applied to lidar measurements to retrieve the vertical profiles of the aerosol backscatter coefficient at 355 nm, 532 nm, and 1064 nm, and the aerosol extinction coefficient at 355 nm and 532 nm. The calibrated depolarization vertical profiles of the aerosols were computed using the method proposed by Freudenthaler [29] and Belegante et al. [30]. The inversion of lidar measurements to retrieve the aerosol backscatter and extinction coefficient profiles and their associated uncertainties was done for many years at the level of each lidar station using its own software (therefore an important vulnerability for the network). Only recently, EARLINET developed the single calculus chain (SCC) [31], a centralized software to process lidar data from all stations in a homogeneous and quality assured manner. However, the data presented in this paper were not processed with the SCC, which was not available at the time the measurements were done. Due to the small number of calibrated depolarization datasets, they were also not used.



Starting from the aerosol extensive properties (backscatter and extinction coefficient profiles), all subsequent analysis was made using the NATALI software [20]. Lidar datasets collected between 2008 and 2018 by 17 stations of EARLINET distributed over all of Europe (Figure 1) were used as input. The aerosol layers were identified from the lidar measurements with the gradient method based on the identification of the peaks and valleys from the first derivative applied to the vertical profiles of backscatter coefficients at 1064 nm. Multiple criteria regarding the quality assurance (QA) of lidar data were used to make the aerosol typing as accurate as possible. The NATALI software performs aerosol typing only if all aerosol intensive optical parameters are provided and their values are between the thresholds that are defined based on previous studies [20]. The typing process is done for layers that pass these criteria, and otherwise the probability of misclassifying or returning an unknown type increases. In addition, a flag stating that typing is uncertain appears when the relative error of any of the intensive optical parameters is higher than 20%. Besides these QA criteria already implemented in the NATALI software, an extra filter was applied to the EARLINET climatological datasets. Only intensive optical parameter sets that corresponded to possible physical characteristics of aerosols were retained for aerosol typing. Thus, aerosol layers characterized by small particles with low absorbance or by big particles and high absorbance were considered physically highly improbable and were removed from the typing datasets. After all QA criteria were applied to the total number of 4957 layers from lidar, only 808 were selected for aerosol typing (~16%) (Table 1).



The AERONET photometer measurements of the solar and sky radiance were performed automatically at 340 nm, 380 nm, 440 nm, 500 nm, 670 nm, 870 nm, and 1020 nm. The columnar optical properties (i.e., aerosol optical depth, Angstrom exponent, single scattering albedo, phase functions, and asymmetry parameters) were computed using the AERONET inversion algorithm [32,33]. From the AERONET products, the monthly mean values of the AE at 380 nm and 500 nm and the AOD at 500 nm were selected for analysis. Standard deviation was used as a measure of variability of these parameters. For those stations where the 500-nm wavelength was not available, the AOD at 500 nm was calculated from the AOD at 440 nm and AE using equations from Soni et al. [34].



Annual and seasonal mean values of aerosol intensive optical parameters were calculated for the overall datasets or on each defined geographical cluster. Observing stations and the number of datasets considered in this study are presented in Table 1.




2.2. Neural Network Aerosol Typing Algorithm Based on Lidar Data: NATALI Software


The aerosol typing of lidar data from the EARLINET database was done using the custom-made software NATALI (see Supplementary Materials). This classification algorithm has already been tested on synthetic and measurement data, and the entire processes of building up and software quality assurance are fully described in Nicolae D. et al. [20].



The NATALI software uses as input parameters the EARLINET database: the backscatter coefficient profiles at 1064, 532, and 355 nm; the extinction coefficient profiles at 532 and 355 nm; and optionally the linear particle depolarization profile at 532 nm. Depending on the available input parameters and their quality, the typing can be done at three levels: (1) high-resolution typing when depolarization is available (14 aerosol types (pure, mixtures of two, and mixtures of three pure aerosol types) can be identified); (2) low-resolution typing when depolarization is available (six predominant aerosol types (70% pure aerosols with traces from other types) can be identified) (used especially when the uncertainty of the input data is high); and (3) low-resolution typing when depolarization is not available (5 predominant aerosol types can be identified). In this article, the typing was performed using option 3 (low-resolution typing when depolarization is not available) because the calibrated depolarization profiles were included only recently in the EARLINET observations and therefore were not available for most of the years analyzed in this article. Dust, Smoke, Continental, Continental Polluted, and Marine/Cloud were the aerosol types retrieved using the low-resolution typing part of the NATALI software. Their principal characteristics and sources are in the table below (Table 2), and they have been described in Nicolae D. et al. [20]. Marine aerosols and aerosol layers corrupted by clouds cannot be separated by the algorithm when using the low-resolution typing level due to their similar optical properties at the lidar wavelengths.



NATALI software detects the layer boundaries with the gradient method [35] using the 1064-nm backscatter coefficient profile. For each layer, the aerosol mean intensive optical parameters are calculated using the three backscatter coefficients and the two extinction coefficients, as follows:


     AE    λ 1  /  λ  2       = −      ln α     λ 1    /  α   λ 2         ln λ   1  /  λ 2    ,   



(1)






     CI    λ 1  /  λ  2       = −      ln β     λ 1  /  β   λ 2           ln λ   1  /  λ 2    ,   



(2)






     LR    λ 1    =    α   λ 1       β   λ 1      ,   



(3)






     CR    λ 1  /  λ 2    =    β   λ 1       β   λ 2      ,   



(4)




where α represents the extinction coefficient, β the backscatter coefficient, and λ the wavelength.



The entire set of parameters (i.e., AEs, color ratios (CRs), color indexes (CIs), and LRs and PDRs when available) was used as input for several ANNs upon which the typing process was based. The ANNs were built on a synthetic database constructed from a customized aerosol model able to reproduce the necessary observed aerosol properties in a statistically relevant number. At least 3500 samples of each aerosol type were used as input to the ANNs for supervised learning. A cascade of three ANNs with different architectures was established to perform the classification on each typing level in order to maximize the performance of the typing process. The predominant aerosol type was selected using a voting procedure applied to the responses of the three ANNs based on the ANN output confidence level and stability of answers. The NATALI software performance in retrieving the aerosol type is highly dependent on the physical content of the optical inputs and their uncertainty and availability, and the predominant aerosol types that are recognized in more than 70% of the cases with intensive optical parameters have uncertainties lower than 50% [20].




2.3. Clusterization Based on Typical Atmospheric Circulation


To analyze the air masses carrying different aerosol types from various sources over Europe between 2008 and 2018, the GrossWetterTypes threshold-based catalogue with 18 circulation types (GWT18) was used [36]. The GWT classification catalogue was developed within COST 733 Action (the European Cooperation in Science and Technology) [37,38], and it organizes the maps into types according to varying degrees of zonality, meridionality, and vorticity determined as spatial correlation coefficients between daily sea level pressure fields and prototypical flow patterns [36].



The methodology proposed in COST 733 to identify circulation types was based on sea level pressure. In this article, instead of sea level pressure, a 850-hPa geopotential height was used, because this level is representative of the local circulation within the planetary boundary layer (PBL) and for long-range transport within the free troposphere. The geopotential height dataset was extracted from ECMWF ERA Interim Reanalysis (European Centre for Medium-Range Weather Forecasts) [39] at a 0.25° × 0.25° horizontal resolution.



The analysis was performed in two steps. First, the circulation type around each station was assessed, and then the stations were grouped based on their common circulation features (Table 3). Around each cluster, an extended domain was defined (Figure 1). Second, the circulation types according to the GWT18 catalogue (not shown) were assessed for each cluster. The GWT18 catalogue discerned the dominant circulation over an area into cyclonic and anticyclonic types in eight cardinal and intercardinal directions (N, S, E, W, NE, SE, SW, NW) and discerned two undefined cyclonic and anticyclonic circulations.





3. Results


3.1. Optical Characteristics of Aerosols over Europe


Mean values of the aerosols’ optical parameters for Europe are presented in Table 4. These were obtained from EARLINET observations between 2008 and 2018. In total, 4957 layers were analyzed, and for each layer, the optical parameters (i.e., backscatter coefficients at 1064, 532, and 355 nm, extinction coefficients at 532 and 355 nm) were used to calculate the intensive optical parameters (Equations (1)–(3)). Table 4 shows the mean values obtained for all layers passing the QA criteria (808 layers) and their associated standard deviations. Based on the inversely proportional relationship between Angstrom exponents and the particle radius (e.g., References [40,41]), the results indicate that the typical aerosol particles observed during the study period over Europe were medium-sized absorbing particles with low spectral dependence (i.e., relatively similar values for the parameters in Table 4 [42]).



Differences between the optical properties of aerosols in different regions of Europe were analyzed. Figure 2 shows the mean aerosol intensive optical parameters for each geographical cluster, calculated from EARLINET lidar measurements and AERONET data. Although collocated, the two measurement techniques did not sample the same atmosphere because the Raman lidars are usually operated during nighttime, while the photometers are usually operated during daytime. This may introduce systematic biases when comparisons are conducted directly. In addition, lidar does not detect low-level aerosols in the first part of the planetary boundary layer (approximatively 200 up to 800 m) due to its technological limitations (the overlap issue [5]). This may also introduce biases as long as the locally produced aerosols are generally confined in the PBL and the lidar cannot measure their specific characteristics.



The lowest mean values for the Angstrom exponent (i.e., 0.97) were observed over the Iberian Peninsula (Southwest cluster) and were associated with Dust and Marine particles (Figure 2a). The highest mean values for the lidar ratio at 532 nm (i.e., 82 sr) were recorded over Northeastern Europe and were associated with Smoke (Figure 2b).



Figure 3 shows the aerosol optical properties (i.e., AODs at 500 nm and Angstrom exponents at 380/500 nm) for each geographical cluster and season, calculated from AERONET photometer measurements. In total, 1845 monthly averaged values of AODs and AEs were used.



High AOD values (i.e., 0.3) were observed during summer over the Southeast (Figure 3a). The Northeast cluster was characterized by low AOD values for all seasons (with the exception of winter), which can be explained by cleaner air conditions compared to the other clusters (e.g., Reference [43]). The highest values for AE were observed during summer (i.e., months JJA (June, July, August)) and varied from 1.29 for the Southwest and Northwest clusters to 1.55 for the Southeast cluster. These high values can be explained by the presence of small particles (e.g., smoke) transported in the troposphere (Figure 3b). The smallest values for AE were recorded during winter (i.e., months DJF (December, January, February)) for all clusters, with the exception of the Northwest cluster, where the smallest AE values were recorded during autumn (i.e., months SON (September, October, November)) (Figure 3b) (e.g., Reference [13]).




3.2. Aerosol Types over Europe


The distribution of aerosol types in Europe shows that Smoke (37%) and Continental (25%) aerosol types were identified by NATALI software as the predominant aerosol types in Europe, followed by the Continental Polluted type (17%) and Marine/Cloud (10%). Dust (10%) is generally transported from the Sahara, but there is also a contribution from soil dust. Approximately 1% of the analyzed cases were not recognized by NATALI. Differences between aerosol types in different regions of Europe are shown in Figure 4.



The dominant aerosol type was Continental for the Northwest (54%) and Central (32%) clusters. The Marine/Cloud type was more frequently identified over Central Europe (19%) and the Southwest (15%), but this type was also present in the Mediterranean (10%) cluster. The high percentage obtained for Central Europe was very likely due to incomplete cloud screening, taking into account the drawback of the algorithm in the low-resolution typing level in separating the marine and cloud corrupted layers.



Over the Northeast (54%), Southeast (43%), and Mediterranean (38%), Smoke was the dominant aerosol type. This was most likely due to the forest fires that occur frequently over the Ukraine, the Russian Federation, Greece, and Turkey [44,45]. Smoke from Africa is also transported over the Iberian Peninsula and into the Mediterranean region [46].



In order to explain the aerosol types retrieved with NATALI code, for each domain, the GWT18 circulation types corresponding to the date of EARLINET measurements were analyzed (Figure 5). For the Central cluster, the dominant circulation type was western (34.9%), which enabled humid air mass advections from the Atlantic Ocean toward the Central domain, while the Southwestern circulation type (17.9%) enabled the transport of dry and hot air masses from North Africa. The western circulation explained the Marine/Cloud type and also part of the Smoke aerosols of North American origin [47]. The southwestern circulations enabled the Dust particle advection and also Smoke aerosols from Iberian Peninsula summer fires. The percentage of undefined anticyclonic circulation types (12.3%) was also remarkable, which is the signature of local circulation and could explain the high percentage of Continental and Continental Polluted aerosol types, as it is known that Central and Eastern Europe are powerful industrial areas known as “the black triangle” [48].



The northern, northwestern, and western anticyclonic circulation types over the Mediterranean cluster were quasi-equally represented (approx. 15% each), while northeastern circulations were 10.7% and southwestern circulations were 7.3%. The northern and northeastern circulation types were responsible for Continental and Continental Polluted aerosols, since the air masses cross “the black triangle”. Western and northwestern circulations were responsible for long-range transport of Smoke particles [49,50,51]. Southwestern circulations were mainly responsible for Dust particles and for Marine/Cloud aerosols.



The dominant circulation type over the Northeastern cluster was western anticyclonic (20.7%) and cyclonic (12.4%), which explains the presence of Continental and Continental Polluted aerosols but also enabled the long-range transport of Smoke particles from North America [52,53] and from local fires [54]. Smoke aerosols from the Ukraine and the Russian Federation were also enabled by eastern (7.4%) and northeastern circulations (3.3%). The northwestern circulation type (9.1%) enabled the advection of Marine aerosols from the Baltic Sea, while southwestern circulation (7.4%) allowed the dry air masses to advect Dust particles from North Africa and Smoke particles from western Balkan fire events.



The highest percentage of circulation types over the Northwestern cluster was anticyclonic undefined (24.3%), which explains the highest percentage of Continental and Continental Polluted particles due to subsidence. The western circulation, both anticyclonic (21.6%) and cyclonic (13.5%), explained the trans-Atlantic transport of Smoke particles [55,56,57] and marine aerosols. The southwestern anticyclonic circulation (13.5%) was linked with Dust events [58] and Iberian fire events [59], while the cyclonic circulation (10.8%) explained the presence of Marine/Clouds.



The Southeastern cluster was characterized by western (15%), northern (13.4%), northwestern (13.0%), and northeastern (12.2%) anticyclonic circulation types. These circulation types were linked with Continental and Continental Polluted (western and northwestern circulations) and Smoke aerosols (northern and northeastern circulations). Southwestern circulations were mostly linked with Dust events, while southern, southeastern, and eastern circulation types were associated with Marine/Clouds.



Western (19.0% anticyclonic, 4.8% cyclonic) and southwestern (12.9% anticyclonic, 3.4% cyclonic) circulation types characterized the Southwestern cluster, explaining the presence of Dust particles [60] and Marine/Clouds. In addition, northwestern and northern and eastern circulations allowed the humid air masses to transport Marine/Clouds from the Atlantic and the Mediterranean Sea toward the Iberian Peninsula. The northeastern (6.8%) circulation type, together with the anticyclonic undefined (9.5%) circulations, explained the presence of Continental and Continental Polluted aerosols either from France or that were locally generated. Due to prolonged droughts and high temperatures during the warm seasons, numerous fire events were reported in Portugal and Spain (http://effis.jrc.ec.europa.eu/reports-and-publications/annual-fire-reports/ and Reference [59]).



Seasonal variation of aerosols over Europe is shown in Figure 6a. In this plot, the results are presented as percentages of the total number of aerosol layers observed during a certain season and between 2008 and 2018 to put into evidence the frequency of occurrence of different aerosol types. However, the number of layers varied with the season because of weather conditions, which made the sampling over the seasons inhomogeneous: a clear sky in summer (399 layers) and the presence of low clouds or precipitation in spring (203 layers), winter (72 layers), and autumn (134 layers). In addition, it should be noted that NATALI is not able to distinguish between Marine aerosols and aerosol layers corrupted by clouds. Cloud particles are large and low absorbing and are therefore very similar to Marine aerosols [20]. As such, lidar observations that are not completely cloud-free may result in a false classification as Marine. This is particularly true for the winter season, when the atmosphere is generally cloudy and lidar measurements are performed between broken clouds.



Except for winter (fewer data and potentially corrupted by clouds), the seasonal variability was insignificant at a continental scale: small increases in the percentage of Smoke during spring and small increases in Dust during autumn (out of the total number of layers measured in each season) (Figure 6a). The variation of aerosol types over Europe showed that the proportions of aerosol types varied each year, being influenced by long-range transport from other continents and by the meteorological situation.



Figure 6b shows that there was significant production and transport of biomass burning aerosols between 2011 and 2015 [4,47,61], while Dust transport increased in 2008, 2010, and 2012 [5,61]. The Dust category included, besides mineral dust, also volcanic dust due to the similar intensive optical parameters, which explains the increase in the percentage of Dust in 2010, when volcanic ash from the Eyjafjallajokull volcano was injected in the troposphere and transported over Europe [62]. In recent years (i.e., 2017–2018), more Marine/Clouds were identified by the NATALI algorithm. These data were not finalized in the EARLINET database, i.e., not all quality assurance procedures applied, and therefore biases due to an incomplete cloud screening may apply.



The years with a high percentage of Smoke in Figure 6b generally corresponded with the years with high temperatures and prolonged droughts, which were the key drivers of warm season fires across the European region [63]. Since the beginning of the 21st century, Europe has experienced a series of extreme hot and dry summers [64] covering different parts of the continent. The years of 2014 (43%) and 2015 (49%) were among the top 10 European record-breaking heatwave events since 1950 [65,66]. Heat waves episodes were recorded almost every summer in different European regions. According to the Joint Research Centre’s annual reports on “Forest Fires in Europe, the Middle East, and North Africa” (http://effis.jrc.ec.europa.eu/reports-and-publications/annual-fire-reports/), the most affected European area was the Mediterranean region (Portugal, Spain, France, Italy, and Greece). The highest peaks of fire activities for this region were registered during the entire analyzed period excepting 2010 and 2014. In addition, fire events were recorded in western, central, and northern Europe during 2011 and 2013–2018. Smoke particles of North American forest fire origin were reported over the Mediterranean Basin in 2013 [49,50] and 2014 [51], over western Europe in 2017 [56], over northern Europe in 2016 [55], and over central Europe in 2013 [47,52] and 2015 [53].



The annual variability of the optical properties of aerosols over Europe is presented in Figure 7, as obtained from AERONET measurements. The European mean values are highlighted in the time evolution of the AOD and AE for all clusters (including the standard deviations as shaded areas) using linear and fourth-grade polynomial fits, respectively (black lines). The decreasing trend of the AOD is clearly visible in these results, and the linear fit of the European mean values had a correlation coefficient of 0.62. The AOD trend pointed to an overall decrease in the aerosol concentration in Europe, probably due to the implementation of environmental policies [67,68,69]. However, large values of AODs were measured in the Southeast in 2008 and 2011 [3], as well as in the Northwest in 2015 [70]. In these regions, the AOD was always above the European mean, pointing to higher concentrations of aerosols but of different types. In the Southeast, the high AODs were associated with persistent Smoke transport in the troposphere from the east and south, while in the Northwest, the high AODs were more related to the transport of Continental Polluted aerosol from Central Europe on top of locally produced particles. The Northeast and Southwest were constantly the “cleanest” regions in Europe, i.e., having the smallest AOD values recorded by AERONET.



Aerosol AEs varied over Europe with values greater than 1.2 between 2011 and 2014 and values lower than 1.2 for the rest of the study period. The high values of AEs were associated with an increased proportion of Smoke over Europe (Figure 7b). The largest value for the AEs (i.e., 1.5) was recorded for the Southeast cluster in 2012, very likely associated with the transport of biomass burning aerosols over Bucharest and Athens. An interesting feature is the change in the AE in the Northwest region, from values around the European mean between 2008 and 2011 to very low values starting in 2012. The Southeast and Mediterranean regions seemed to have the same phase of oscillations for the AE, opposite to Central Europe. The years 2012 and 2015 were characterized by high AEs (small particles) in the southeast and Mediterranean clusters, but low AEs (larger particles) in central Europe. On the contrary, in 2013, the AE decreased in the Southeast and Mediterranean regions and increased in Central Europe.



In general, the differences between regions in terms of AE values (and therefore the size of the particles) increased with time. The values of the Angstrom exponent varied significantly from year to year, showing an important contribution from the long-range transported aerosols to the total aerosol load in the column.





4. Conclusions


In this study, aerosols over Europe were characterized based on lidar and photometer observations collected between 2008 and 2018 by the EARLINET (European Aerosol Research Lidar Network) and AERONET (Aerosol Robotic Network). Seventeen observing stations distributed over six regions in Europe and operating both multiwavelength Raman lidars and automatic sun/sky photometers were selected.



In order to retrieve the aerosol type, NATALI (Neural Network Aerosol Typing Algorithm Based on Lidar Data) software was used. NATALI identifies the aerosol layer boundaries with the gradient method applied on the backscatter coefficient at 1064 nm, calculates the mean layer aerosol intensive optical parameters, and runs a combination of artificial neural networks to identify the most probable aerosol type that fits the optical data.



The analysis showed that the typical aerosol particle observed over Europe between 2008 and 2018 was of medium size, had medium absorbing particles, and had low spectral dependence. The aerosol properties had a large variability in time (from season to season and year to year) compared to the variability in space (from region to region) and were largely influenced by long-range transport from other continents and by large-scale circulation.



Smoke was more present in the East (55% out of all layers observed in the North and 43% in the South) but could also be found in the Mediterranean region (38%) and over the Iberian Peninsula (35%) due to frequent transport from Africa. Central and Northwestern Europe were generally dominated by the Continental aerosols (32% and 54%, respectively). Dust (locally produced soil dust and long-range transported desert dust) was measured all over Europe, as already highlighted by several papers, but mostly in autumn (15%) and spring (12%), when it is lifted by the turbulent air masses above the PBL. Continental Polluted aerosols represented a high proportion (17%) of all aerosol types in Europe, although the decreasing AOD may have been partially related to the implementation of European environmental regulations.



Years with high temperatures in Europe (2011–2015) were highlighted also by an increase in the Angstrom exponent measured by AERONET (>1.3) as well as by an increase in the proportion of Smoke particles derived by NATALI from EARLINET observations (more than 35% out of the total number of aerosol layers).



Based on the decadal variation of the Angstrom exponents, these “hot and smoky” years (2011–2015) seemed to be balanced by “dusty” years (2008–2010) and “wet” years (2017–2018); however, they were not equal in all parts of Europe. The high variability from year to year showed that aerosol transport in the troposphere became more and more important in the overall balance of the columnar aerosol load and that regional characteristics were no longer linked to close-by aerosol sources but to dominant circulations bringing dust and biomass burning aerosols from other continents.
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The NATALI (Neural Network Aerosol Typing Algorithm Based on Lidar Data) software is available with a user guide from http://natali.inoe.ro/resources.html/software.
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Figure 1. Cluster domains: Central (in blue, containing Hohenspeissenberg, Leipzig, Maisach, and Melpitz), Southeast (in green, containing Athens, Bucharest, and Thessaloniki), Mediterranean (in orange, containing Ispra, Lecce, Naples, and Potenza), Southwest (in cyan, containing Barcelona, Evora, and Granada), Northwest (in magenta, containing Cabaw), and Northeast (in yellow, containing Kuopio and Warsaw). 






Figure 1. Cluster domains: Central (in blue, containing Hohenspeissenberg, Leipzig, Maisach, and Melpitz), Southeast (in green, containing Athens, Bucharest, and Thessaloniki), Mediterranean (in orange, containing Ispra, Lecce, Naples, and Potenza), Southwest (in cyan, containing Barcelona, Evora, and Granada), Northwest (in magenta, containing Cabaw), and Northeast (in yellow, containing Kuopio and Warsaw).



[image: Atmosphere 10 00482 g001]







[image: Atmosphere 10 00482 g002 550] 





Figure 2. Optical properties of aerosols as retrieved from EARLINET lidar measurements and AERONET photometer measurements between 2008 and 2018: (a) mean values of Angstrom exponents from lidar (355/532 nm, dark gray bar) and from photometers (380/500 nm, orange bar) for each cluster; (b) mean values of lidar ratios from lidar at 355 nm (blue bar) and 532 nm (green bar) for each cluster. The mean European values (dark gray and orange lines for the Angstrom exponents and blue and green lines for the lidar ratios) and the standard deviations (shaded) are indicated. 
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Figure 3. Optical properties of aerosols as retrieved from AERONET photometer measurements between 2008 and 2018: (a) aerosol optical depths (AODs) (500 nm) and (b) Angstrom exponents (AEs) (380/500 nm). The mean values and the standard deviations for the AODs and AEs for each cluster are indicated by a black marker and whiskers. 
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Figure 4. Prevalence of aerosol types retrieved with the Neural network Aerosol Typing Algorithm based on LIdar data (NATALI) code from EARLINET lidar measurements between 2008 and 2018. 
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Figure 5. Circulation types based on the GWT18 circulation type catalogue corresponding to the clusters described in Figure 1 (color-coded accordingly with the colors for each cluster). Only data corresponding with the time of EARLINET lidar measurements were used. For each cluster, the wind direction is shown for cyclonic (red line) and anticyclonic (green line) circulations. The percentage shown for each cluster represents the total number of observations of the dominant wind direction. For each cluster, the percentage of undefined cyclonic (green circle) and anticyclonic (red circle) circulation is shown. 
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Figure 6. Time distribution of the prevalence of aerosol types retrieved with the NATALI code from EARLINET lidar measurements between 2008 and 2018: (a) seasonal distribution, (b) annual variations. 
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Figure 7. Changes in the aerosol optical properties over Europe between 2008 and 2018 as measured by AERONET photometers: (a) time evolution of the aerosol optical depths (500 nm); (b) time evolution of the Angstrom exponents (380/500 nm). Black lines represent the linear and fourth-grade polynomial fit of the European mean values, and the shaded areas represent the standard deviations. 
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Table 1. List of observing stations and number of data points used (2008–2018). QA: quality assurance.
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	Station
	Longitude (E)
	Latitude (N)
	Altitude (m a.s.l.)
	Number of Data Points from Photometer (Monthly Means)
	Number of Profiles from Lidar
	Number of Layers from Lidar
	Number of QA Layers from Lidar





	Athens
	23.78
	37.96
	212
	128
	63
	302
	37



	Barcelona
	2.12
	41.393
	115
	132
	2
	9
	2



	Bucharest
	26.029
	44.348
	93
	132
	227
	880
	126



	Cabaw
	4.93
	51.97
	0
	132
	37
	213
	26



	Evora
	−7.9115
	38.5678
	293
	132
	205
	851
	101



	Granada
	−3.605
	37.164
	680
	132
	120
	679
	106



	Hohenpeissenberg
	11.0119
	47.8019
	974
	69
	33
	157
	17



	Ispra
	8.6167
	45.8167
	209
	132
	17
	121
	10



	Kuopio
	27.55
	62.7333
	190
	129
	84
	194
	15



	Lecce
	18.1
	40.333
	30
	132
	16
	66
	0



	Leipzig
	12.433
	51.35
	90
	132
	62
	284
	62



	Maisach
	11.258
	48.209
	516
	132
	5
	15
	4



	Melpitz
	12.93
	51.53
	84
	23
	6
	18
	4



	Naples
	14.183
	40.838
	118
	33
	8
	32
	5



	Potenza
	15.72
	40.6
	720
	132
	137
	702
	153



	Thessaloniki
	22.95
	40.63
	50
	132
	70
	202
	111



	Warsaw
	20.98
	52.21
	112
	11
	37
	232
	29



	Total
	
	
	
	1845
	1129
	4957
	808
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Table 2. Conventional names of the aerosol types [20].
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	Aerosol Type
	Source
	Particle Characteristics





	Continental
	Land surfaces
	Medium size, medium spherical, medium absorbing



	Dust
	Desert surfaces
	Large, nonspherical, medium absorbing



	Continental polluted
	Industrial sites
	Small, spherical, highly absorbing



	Marine
	Sea surface
	Large, aspherical, nonabsorbing



	Smoke
	Vegetation fires
	Small, spherical, highly absorbing
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Table 3. The clusters of European Aerosol Research Lidar Network (EARLINET) and Aerosol Robotic Network (AERONET) stations and their spatial extent.
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	Cluster
	Spatial Extent (lon/lat)
	Stations





	Central
	0°–20° E/40°–60° N
	Hohenspeissenberg, Leipzig, Maisach, and Melpitz



	Southeast
	15°–35° E/30°–50° N
	Athens, Bucharest, and Thessaloniki



	Mediterranean
	5°–25° E/30°–50° N
	Ispra, Lecce, Naples, and Potenza



	Southwest
	15° W–10° E/30°–50° N
	Barcelona, Evora, and Granada



	Northwest
	10° W–10° E/45°–65° N
	Cabaw



	Northeast
	15°–35° E/45°–65° N
	Kuopio and Warsaw
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Table 4. Mean values of the intensive optical parameters over Europe between 2008 and 2018 as retrieved from EARLINET lidar measurements (808 layers that passed the QA criteria).
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	Parameter
	Mean Value and Standard Deviation





	Angstrom exponent (355/532 nm)
	1.18 ± 0.14



	Color index (355/532 nm)
	1.31 ± 0.13



	Color index (532/1064 nm)
	0.93 ± 0.08



	Lidar ratio (355 nm)
	62 ± 3 sr



	Lidar ratio (532 nm)
	67 ± 4 sr
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