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Abstract

:

The Observatoire Pérenne de l’Environnement (OPE) station is a rural background site located in North-Eastern France. Besides emissions from agricultural activities, the site is located far from local emissions but at an even distance from the intense emission zones of Western Germany to the north-east and the Paris area to the south-west. In the paper, we report and analyze almost six years of measurements (1 May 2012 to 31 December 2018) of the optical and physical properties of aerosol particles. Based on aerosol optical and physical measurements combined with air mass back-trajectories, we investigate the dependence of these properties on air mass type. Two distinct equivalent black carbon (EBC) sources—origins-fossil fuel (FF) and biomass burning (BB)— were identified. FF was the dominant source of EBC (>70%) but showed a very marked seasonal variation. BB fraction is found higher during the cold seasons in the order of 35% (0.1 µg m−3) against 17% (0.05 µg m−3) during the warm seasons. The highest EBC and N0.54–1.15 (particles whose diameter ranged from 0.54 to 1.15 µm) median concentrations were observed during the night time and during the cold seasons compared to the warmer seasons, indicating primary sources trapped within a thin boundary layer (BL). A different behavior is found for N10–550 (particles whose diameter ranged from 10 to 550 nm) and coarse mode particles (N1.15–4.5, i.e., particles whose diameter ranged from 1.15 to 4.5 µm) median concentrations, which were observed during the warm seasons compared to the cold seasons, indicating rather biogenic secondary sources for the smaller particles, and potentially primary biogenic sources for the coarse mode particles. The scattering and absorption coefficients and single scattering albedo (SSA) show the same seasonal variations like the ones of N0.54–1.15 concentrations, indicating that particles larger than 500 nm seemed to contribute the most to the optical properties of the aerosol.
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1. Introduction


Atmospheric aerosol particles have several effects on climate, air quality, and human health [1,2,3,4,5,6]. To understand the effects of aerosol particles on climate and health, measurements of their optical and physical properties, e.g., particle number size distributions, concentrations, aerosol light absorption and scattering in the atmosphere, are needed. Important information on atmospheric aerosol properties have been provided at the European scale, e.g., new particle formation (NPF) [7,8], aerosol-cloud interactions [9,10], and aerosol scattering and absorption [11,12]. These measurements were mostly being performed within the ACTRIS (Aerosols, Clouds, and Trace Gases Research Infrastructure Network) project [13] and all data used in this study are available via the ACTRIS-EBAS data portal (http://ebas.nilu.no/).



Several studies have investigated aerosol optical [12,14,15] and physical [16,17] properties almost all over the world. For the aerosol optical properties, Pandolfi et al., (2018) [12] reported on the variability in aerosol light scattering properties of atmospheric aerosols measured at 28 ACTRIS observatories, which are located mainly in Europe. They observed an increasing gradient of the aerosol scattering coefficient (   b  s c a t    ) when moving from Western Europe and from Nordic and Baltic countries to Central/Eastern Europe. They also showed higher (   b  s c a t    ) values during winter at all low-altitude sites in Central and Eastern Europe compared to summer. Collaud Coen et al., (2013) [14] presented long-term aerosol particle light-scattering and absorption measurements taken at 24 regional/remote observatories located mostly in the United States (although five are located in Europe). They found no significant trends for both scattering and absorption coefficients for the three continental European sites. Statistically significant trends were found for the two European marine sites, for most North American stations, and for a few desert and high-altitude sites. For the aerosol physical properties, Asmi et al., (2011) [16] and Beddows et al., (2014) [17] presented a detailed overview of the sites (24 European field monitoring sites) and seasonally disaggregated size distributions collected at ACTRIS and at the German Ultrafine Aerosol Network (GUAN) stations for the diameters between 30 and 500 nm. They showed that the low-land stations in Central Europe have low seasonal changes, high particle concentrations and relatively low variability. In their study, the northern European stations had clearly lower concentrations, with decreasing concentrations at higher latitudes. The mountain stations were characterized by episodes of extremely clean air, most probably from the free troposphere, mixed by episodes of relatively polluted air masses brought by up valley winds, especially during the daytime in summer.



In the present study, we document and analyze results from long-term (six years) measurements of optical and physical aerosol properties measured in situ at the Observatoire Pérenne de l’Environnement (OPE) station [18]. The aim of this study is (1) to characterize the optical and physical properties (daily and seasonal cycles) and (2) to investigate the dependence of these properties on air mass type and season, the contribution of different sources to the resulting observed concentrations for a typical western European rural background environment.




2. Site and Instrumentations


For this study, we used data collected at the OPE station (48°562 N; 5°5 E, 392 m a.s.l, Figure 1) operated by Andra (French National Radioactive Waste Management Agency). This station is located in an agricultural zone between the Parisian basin and the Vosges Mountains surrounded by large field crops and some forests and pastures. The local village and roads are one kilometer away. The closest large towns are between 30 km and 40 km away and a major road is located 15 km away. The stations main objective is to assess the initial atmospheric state, prior to repository construction, in order that it may be used as a background site. In addition to this aim, the OPE infrastructure and database are open to the scientific community to support research on the long term evolution of atmospheric conditions subjected to natural and anthropogenic stresses, and to contribute to a better understanding of the interaction between the various compartments of the environment. The station hosts a variety of instruments to characterize the aerosols and gas properties (description available from http://www.andra.fr) and in particular, measurements from an Integrated Carbon Observation System (ICOS) flux tower. The area may host the future underground nuclear waste repository and all environmental monitoring.



In this study, we focus on the optical and physical characteristics of aerosol particles measured at the OPE station using an Aethalometer for absorption properties and aerosol equivalent black carbon (EBC) content, and a Nephelometer for the scattering properties. Additionally, a scanning mobility particle sizer (SMPS) and an optical particle counter (OPC) are used for particle size distribution measurements.



2.1. Aethalometer


In this study, the spectral dependence of aerosol absorption coefficients was characterized using a seven-wavelength (370, 470, 520, 590, 660, 880, and 950 nm) Aethalometer (AE31, Magee Scientific). The AE31 is a filter-based absorption photometer, which provides real-time and highly time-resolved data sets of the absorption coefficients of light-absorbing carbonaceous particles [19,20]. Ambient aerosol samples are continuously drawn through a spot on the filter tape in the AE31 system. The AE31 measures the optical attenuation (ATN) of a light beam that passes through a filter sample [19]. The attenuation is then converted into an aerosol absorption coefficient babs for each wavelength. The AE31 instrument uses a correction in order to obtain this coefficient, which is based on the Weingartner et al., (2003) [20] algorithm to account for multiple scattering by the filter by applying a factor C = 1.57 (multiple scattering parameter) specific to the filter of the instrument. The equivalent (EBC) concentrations are then calculated by applying a specific mass absorption efficiency (MAE) on the absorption coefficient at 880 nm as follow:


  E B C =    b  a b s     M A E    



(1)




where    b  a b s     is the absorption coefficient as follows:


   b  a b s   =    b  a t n    c   



(2)




where C is the multiple scattering parameter (C = 1.57) and    b  a t n     is the attenuation coefficient.



The MAEs for each wavelength are respectively 18.47; 14.54; 13.14; 11.58; 10.35; 7.7, and 7.19 m2.g−1, from 370 to 940 nm.



Having multiple wavelengths allow for spectral analysis of the data, which can be of importance for understanding the direct effect of EBC. This can be done through the determination of the single scattering albedo dependence on the wavelength or source apportionment [21,22].



An analysis of the EBC sources apportionment was conducted using the method proposed by Sandradewi et al., (2008) [23]. Briefly, this method aims to apportion the wavelength-dependent absorption coefficients into two sources—fossil fuel (FF) combustion and biomass burning (BB—assuming that the total babs can be attributed to a combination of these two sources (Equation (3)). Using Equations (4) and (5), EBC sources can be determined from the absorption intensity at different wavelengths and source-specific Absorption Ångström Exponent (AAE or α) values:


   b  a b s    ( λ )  =  b  a b s      ( λ )    f f   +  b  a b s      ( λ )    b b    



(3)






     b  a b s , 470 n m , f f      b  a b s , 950 n m , f f     =    (    470   950    )    −  α  f f      



(4)






     b  a b s , 470 n m , b b      b  a b s , 950 n m , b b     =    (    470   950    )    −  α  b b      



(5)




where αff and αbb refer to the α values for both EBC aerosol sources, namely fossil fuel (FF) and biomass burning (BB). These values were chosen based on the distribution found by Zotter et al., (2017) [22], which corresponds to values of αff = 0.9 and αbb = 1.7, at paired-wavelengths of 470 and 950 nm.




2.2. Nephelometer


The light scattering coefficient of fine aerosols was measured at 3 wavelengths (450 nm, 525 nm, and 635 nm) by a nephelometer (Ecotech, Aurora 3000). This instrument measures the integrated light scattered by particles from 10 to 171. Nephelometer data are corrected for detection limits and truncation errors according to Müller et al., (2011) [24] adapted from Anderson and Ogren, (1998) [25]. The Ångström coefficient (å) is computed from multi-wavelength nephelometer measurements according to Equation (6). In this study, we combined the scattering coefficient at 525 nm with the absorption coefficient to get the in situ extinction coefficient (EXTIS) and aerosol single scattering albedo (   ω 0   ) between 520nm and 525 nm according to Equations (7) and (8).


     b  s c a t    ( λ )     b  s c a t    (   λ 0   )    =    (   λ   λ 0     )   å   



(6)






    EXT   I S    ( λ )  =  b  a b s    ( λ )  +  b  s c a t    ( λ )   



(7)






   ω 0   ( λ )  =  (     b  s c a t    ( λ )     b  s c a t    ( λ )  +  b  a b s    ( λ )     )   



(8)




where    b  a b s     and    b  s c a t     refer to the aerosol light absorption and scattering coefficients, respectively.




2.3. SMPS


Particle number size distributions in the range from 10 nm to 556 nm were measured using a scanning mobility particle sizer (SMPS, model 3096, TSI inc., Shoreview, MN, USA) modified by TROPOS (Leibniz Institute for Tropospheric Research) to comply with the recommendations of the European ACTRIS infrastructure [26]. The SMPS data used for this study were inverted ‘off-line’ with an inversion software provided with the instrument by TROPOS.




2.4. Optical Particle Counter (OPC)


Particle number size distributions in the range from 0.5 µm to 32 µm were measured using an optical particle counter (EDM180, Grimm) over a total of 31 size channels. Whenever a particle passes the laser, the scattered signal is transmitted to a receiving diode. The received signal is associated with a size class according to its power. This size is computed using a Mie calculation assuming a particle shape and refractive index. OPC data were validated both visually and by comparison with the absorption data obtained by the AE-31. Combining OPC measurements with those obtained from the SMPS allowed us to cover diameters ranging from 10 nm up to 32 µm.




2.5. Tapered Element Oscillating Microbalance-Filter Dynamics Measurement System (TEOM-FDMS)


PM2.5 (particulate matter with aerodynamic diameter below 2.5 µm) mass concentration has been measured using TEOM-FDMS 1405-DF. The latter is designed to provide representative short and long term readings of the ambient PM concentration, even in the presence of volatile materials.




2.6. Availability of Instruments


Figure 2 presents the long-term dataset available for this work. The OPC, AE31, nephelometer, TEOM, and SMPS were installed in May 2012, September 2012 (for both the AE31 and nephelometer), and June 2013, respectively. For the AE31, TEOM, OPC, and SMPS, the majority of raw measurements were validated, and the data gaps are associated with instrument shutdowns due to hardware failure, troubles in the data acquisition system or maintenance and intercomparison periods, while for the nephelometer, the gaps in the data are due to the dysfunction of the instrument.



The set of results proposed in the rest of this work will be treated with a level of confidence that depends on the amount of data available for each of the instruments, especially for the nephelometer.




2.7. Air Mass Back-Trajectories


Back-trajectories were calculated over 72 hours with a resolution of 1 hour using the PC-based version of HYSPLIT v4.1 [27,28]. Weekly Global Data Assimilation System (GDAS) meteorological data files with a 2° × 2° resolution were used. The Potential Source Contribution Function (PSCF) approach [29] was used in this study to investigate the transport of particles to the OPE site. This approach couples atmospheric concentrations with back-trajectories and uses residence time information [30] to geographically identify regions that contributed to particle concentrations observed at the OPE. This analysis was performed using the ZeFir toolkit [31], an Igor-Pro user-friendly procedure, with a resolution of 0.2° × 0.2° for each grid cell.





3. Results and Discussions


3.1. EBC Concentrations


In order to assess whether the different parameters show a statistically significant seasonal trend, the Wilcoxon-Mann-Whitney test [32] was applied to the median values between cold/warm seasons (Figure S2a). This test showed that the cold/warm difference was significant for some parameters (for example, EBC, EBCbb), however, for EBCff no differences between cold and warm properties were detected.



Figure 3 shows the variations of EBC concentration and Table S1 reports the seasonal medians of this parameter. EBC median concentrations are significantly higher in autumn and winter (0.34 µg m−3 (25th percentile: 0.21 µg m−3; 75th percentile: 0.54 µg m−3) and 0.32 µg m−3 (0.18 µg m−3; 0.56 µg m−3)) compared to spring and summer (0.24 µg m−3 (0.16 µg m−3; 0.41 µg m−3) and 0.25 µg m−3 (0.17 µg m−3; 0.37 µgm−3)), respectively. This might be a result of higher contributions of sources from combustion linked to conventional heating devices often observed during this time of the year. This may also be related to different combustion sources emitted all year long (i.e., traffic) but influenced by the seasonal variation of the boundary layer dynamics (represented for each season in Figure S1) trapping surface-emission during the cold season in a thinner layer than during summer. This is in agreement with Cesari et al., (2018) [33] at the Environmental-Climate Observatory of Lecce in Italy, who reported the highest concentrations of EBC during winter due to a possible influence of combustion sources like biomass burning and boundary layer dynamics. The hypotheses in this study will be further investigated in Section 2.2. The atmospheric BL heights presented in this study were extracted from the reanalysis ERA-Interim of the European Center for Medium-Range Weather Forecasts (ECMWF) model with a resolution of 0.25°. During the day, the development of the BL is associated with enhanced vertical mixing, and therefore, a dilution of surface emitted pollutants. At night, on the contrary, the emitted particles accumulate in a thinner boundary layer with reduced vertical mixing leading to higher surface concentrations.



EBC concentrations measured at Hyytiälä (Finland, rural continental station, 182 m) between December 2004 and December 2008 are close to those observed at the OPE (yearly average 0.3 µgm−3) and showed similar seasonal variations [34]. Farah et al., (2018) [35] at the Puy de Dome (PUY) station, also showed higher concentrations of EBC in the atmospheric BL for winter and autumn, with average concentrations comparable to the ones obtained at the OPE (0.22 µg m−3). The OPE EBC concentrations are lower than the ones measured at three suburban sites near Paris (0.9 µg m−3, [36]). The OPE station can thus be classified as a rural background site, with a minor local anthropogenic influence.



An analysis of the relationship between EBC concentration and air mass history was also performed (Figure 4). It is clear that northeasterly air masses, most commonly observed in winter, spring and autumn, are associated with the highest EBC concentrations for these seasons (1 µg m−3, 0.71 µg m−3 and 0.63 µg m−3, respectively for winter, spring, and autumn). This last observation thus provides a further explanation for the seasonal variations in the absorption coefficient and EBC concentrations previously observed. In summer, there was a less pronounced geographical contrast, but north-eastern air masses were also associated with some of the highest EBC concentrations (0.41 µg m−3).



The Wilcoxon-Mann-Whitney test was also applied to the median values between day/night (Figure S2b) for each season, in order to assess whether the different parameters show a statistically significant diurnal trend. This test showed that the day/night difference was significant for some parameters (for example, EBCbb), however, for certain parameters during certain seasons (for example, EBCff in winter, spring and autumn), no differences between day and night properties were detected.



For EBC diurnal variations, there are significant diurnal trends in spring and summer with a minimum mass concentration around 1 P.M. UTC (Figures S2b and S3). These diurnal variations may be explained by the diurnal cycle of the traffic. In winter and autumn, the diurnal variations of EBC mass were not significant. This could be explained by weaker boundary layer height variations and by weaker anthropogenic sources variations (heating).




3.2. EBC Source Apportionment


We determined the contribution of FF and BB to EBC (EBCff and EBCbb) at the OPE. As mentioned previously, we used αff = 0.9 and αbb = 1.7 to determine babs,ff and babs,bb. EBCff and EBCbb are directly determined from babs,ff (950 nm) and babs,bb (470 nm) using the site-specific values for babs(λ).



Figure 5 shows the relative (absolute) EBCff and EBCbb contributions (concentrations) at the OPE. Table S1 provides additional numerical values of the medians calculated over different periods. FF is the dominant source of EBC (>70%) but shows a very marked seasonal variation, with a fraction of EBC resulting from higher BB during the cold seasons, in the order of 35% (0.1 µg m−3) against 17% (0.05 µg m−3) during the warm seasons (Figure 5b). This finding is consistent with more intensive domestic wood-burning type heating during winter and autumn. These observations are in agreement with the seasonal variations of the contribution of BB reported in the literature. Herich et al., (2011) [37] showed at three urban and rural sites in Switzerland, higher BB contributions during winter (33 ± 12%) against (6 ± 10%) in summer. Helin et al., (2018) [38] showed at three locations in Helsinki (1 urban street canyon and 2 suburban sites), higher contribution of BB (44 ± 15% for the 2 suburban sites) during the cold seasons due to residential wood combustion.



Concerning the diurnal cycle, significant variations are observed, with a lower contribution of BB and FF (traffic) in the middle of the day for all seasons (for summer for FF) (Figures S2b and S4).



The study of EBC sources can also be conducted from the evolution of the absorption Ångström coefficient (α), presented in Figure 6. As a reminder, an Ångström coefficient close to 2 indicates a predominant contribution of BB, whereas a coefficient close to 1 is indicative of a major contribution of FF [21,23,39].



The variations of α are in perfect agreement with the observations from the model of Zotter et al., (2017) [22]. In particular, the highest values of α were observed during the cold seasons (Figure 6b), in agreement with the higher contribution of BB from the model. Helin et al., (2018) [38] showed that the monthly variation patterns of α at three locations in Helsinki were similar. The highest α values were observed during the cold season and the lowest during the summer; a pattern which was noticed in previous studies as well [40,41,42,43].




3.3. Particle Number Concentrations


Particle number concentrations were measured between 10 nm to 4.5 µm combining SMPS and OPC measurements. Figure 7, Figure 8 and Figure 9 show the variations of the concentrations over three distinct size ranges, 10–550 nm (SMPS coverage), 0.54–1.15 μm (OPC submicron size), and 1.15–4.5 μm (OPC supermicron size). In addition, Table S1 presents the seasonal medians of these concentrations.



3.3.1. Particle Number Concentration (10–550 nm)


Particle number concentrations in the size range 10–550 nm (N10–550) measured by the SMPS had a seasonal variation, with significantly higher median concentrations during the warm seasons (2550 cm−3 [1700 cm−3; 3600 cm−3]) compared to the cold seasons (1850 cm−3 [1250 cm−3; 2800 cm−3]) (Figure 7a,b, Table S1, and Figure S2a). This N10–550 seasonal variation is opposite to the EBC concentration seasonal variations. While the BL dynamics would have the tendency of concentrating aerosols emitted at the surface in a thinner BL during winter compared to summer, the opposite tendency is seen here. This involves an additional source of 10–550 nm particles during summer, which likely includes secondary aerosol formation processes, among which are new particle formation. This would be consistent with earlier studies, which have highlighted the connection of such processes to strengthened solar radiation and enhanced biogenic activity during warmer months [7].



The diurnal variations of N10–550 showed a significant diurnal trend with lower concentrations around noon for winter and autumn (Figure S5). These diurnal variations may be partly explained by the diurnal cycle of the BL, with a dilution effect around mid-day with the increasing mixing layer height. In spring and summer, there is no significant diurnal trends for this parameter.



The concentrations measured by the SMPS at OPE were compared with those reported by Asmi et al., (2011) [16] for the Melpitz (Germany, 87 m a.s.l), Vavihill (Sweden, 172 m a.s.l), Hyytiälä (Finland, 182 m a.s.l), Cabauw (Netherlands, 0 m a.s.l), and K-Puszta (Hungary, 125 m a.s.l) sites. Asmi et al., (2011) [16] classified these stations into two categories based on their geographic location. Hyytiälä and Vavihill were classified as Nordic stations while the other three were classified as Central European stations. The study of the concentration of particles with a diameter of between 50 and 500 nm revealed for the years 2008 and 2009, overall lower concentrations for the Nordic stations (878 and 1368 cm−3 on average for Hyytiälä and Vavihill, respectively) than for Central European stations (average between 2327 and 3387 cm−3). Sites in Northern Europe were also characterized by a marked seasonal variation in total particle concentration, with higher values in summer. On the contrary, Central European stations do not show significant variations from one season to another. Concentrations observed at the OPE would suggest that the level of concentrations and seasonal variations are in agreement with what is reported for the Nordic stations, in terms of seasonal variation, and for Central Europe stations, in terms of number concentrations.




3.3.2. Particle Number Concentration (0.54–1.15 µm)


Particle number concentrations in the size range 0.54–1.15 µm (N0.54–1.15) had a seasonal variation, with significantly higher median concentrations in winter (0.7 cm−3 [0.1 cm−3; 2 cm−3]) and autumn (0.73 cm−3 [0.23 cm−3; 1.41 cm−3]), compared to 0.56 [0.21 cm−3; 1.15 cm−3]) and 0.54 cm−3 ([0.33 cm−3; 0.88 cm−3]) in spring and summer, respectively (Figure 8a,b, Table S1, and Figure S2a). This result is in agreement with the seasonal variation observed for EBC. The variations in the N0.54-1.15 were also similar to those of the EBC concentration on a shorter time scale (Figure S6, representing time series of and EBC during the pollution episode detected during the first half of March 2014). This is indicative of a dominant combustion source of the 0.54–1.15 µm particles.



For the diurnal cycle, there was no marked variation in the median concentration in winter and autumn (Figure S2b). This feature was also seen for the diurnal cycle of EBC discussed in Section 2.1, confirming the large contribution of combustion sources to this size class. In spring and summer, N0.54-1.15 showed a significant diurnal trend with minimum values around 13 h (Figure S7). The lower concentrations observed during the daytime can be explained by the diurnal cycle of the BL, and also by the diurnal variation of the emission of primary particles. Indeed, in the morning, it is the start of human activities that is likely to contribute to the increase of particulate matter.



The findings are consistent with the findings of the MEGAPOLI 2010 winter campaign when single-particle analysis demonstrated the internal mixing of aged BC with secondary nitrate and sulfate in particles in the size range of around 400–1050 nm [44]. These particles were very distinct chemically from smaller (<400 nm) local Paris BC particles and were found to be associated with episodic contributions from Eastern Europe. The absence of a potassium signature in the measured mass spectra also identified their fossil fuel origin. These findings provide support for the conclusions made here on the likely source of wintertime BC containing particles in Northeastern France in the 540–1150 nm range. Some follow-up measurement and modeling studies also quantified the relevant importance of these local and regional contributions in terms of mass [45,46].




3.3.3. Particle Number Concentration (1.15 and 4.5 µm)


Particle number concentrations in the size range 1.15–4.5 µm (N1.15–4.5) measured by the OPC had a seasonal variation, with significantly higher median concentrations in spring and summer (0.03 cm−3 [0.01 cm−3; 0.06 cm−3] and 0.05 cm−3 [0.03 cm−3; 0.07 cm−3]) compared to winter and autumn (0.01 cm−3 [0.001 cm−3; 0.35 cm−3] and 0.02 cm−3 [0.01 cm−3; 0.05 cm−3]), respectively (Figure 9a,b, Table S1, and Figure S2a). This result is in contrast with the seasonal variation observed for EBC. The contrast between seasonal variation in particle number concentrations and that of EBC would suggest, as for the N10–550 concentrations, that there are additional particle sources in the warm seasons originated from other processes than combustion. Samaké et al., (2019) [47], at 28 French sites (including the OPE site), showed higher concentrations of primary biogenic organic aerosols: polyols (sum of arabitol and mannitol) and glucose, which are mainly associated with the coarse mode, during the warmer seasons compared to colder seasons. Another source of these high concentrations in warm seasons could also be related to the abrasion of leaves and the subsequent release of microbial organisms and plant debris [48,49] and long-range transport of large particles from distant sources. Last, as shown by Contini et al., 2010 [50] at an urban background site in Italy, the increment in large particles could be due to an increase of crustal matter contribution, due to the intrusion of African dust, during the warmer seasons compared to colder seasons.



For this size range, the diurnal cycle was statistically significant in spring (Figure S2b) even though it was less marked than for the lower diameters, with slightly lower concentrations between 12 h and 14 h compared to the rest of the day (Figure S8). The higher concentrations observed at the beginning and end of the day can be explained by the diurnal cycle of the BL. Similar differences in the trends of ultrafine and coarse particles due to the different influence of primary sources and BL dynamics was observed also in the central Mediterranean area [51].




3.3.4. Influence of the Air Mass History


Figure 10 illustrates the influence of the origin and path of the air masses on the particle concentrations at the OPE in the different size ranges studied previously. For particles below 550 nm, there is a significant contribution of particles from the Eastern sector, particularly visible in winter and spring. The significant contribution of particles from the Eastern sector is also present and dominant whatever the season, for particles in the size range 0.54–1.15 μm. This is in agreement with these particles being associated with EBC that is mainly originating from the Eastern sector. The study of the origin of EBC (FF or BB), discussed before, also suggests a dominant contribution from anthropogenic activities, represented here by the FF combustion related to traffic. For particles in the size range 1.15–4.5 μm, there is a visible contribution of local sources of primary emissions due to local agricultural practices [47] and of marine aerosol. Samaké et al., (2019) [47] showed higher concentrations of primary biogenic organic aerosols, which are mainly associated with the coarse mode. On the other hand, Farah et al., (2018) [35] at the PUY station, showed that particles with diameters above 1 μm are higher in Mediterranean and Atlantic air masses, likely a result of long-range transported dust and marine aerosols.



This analysis, based on the relationship between the measured particle concentrations and air mass history, is a first approach to roughly identify the locations of the main aerosol sources and with regard to the particle sizes at the OPE. The analysis of size distributions, which is the subject of the following section, will allow a more detailed analysis of the contributions of the different particle modes to the sub-550 nm particle concentration as well as an identification of the sources associated with these modes.





3.4. Link with Air Quality Parameters and to Pollution Events Detected in Paris


Temporal variability of the PM2.5, N10–550, N0.55–2.5, and EBC hourly concentrations at the OPE station is presented in Figure 11. Additionally, the annual limit value of PM2.5 (25 µg.m−3, according to the World Health Organization) is illustrated in green in the background. Regardless of the year, the OPE station exhibits the highest PM2.5 concentrations between January and March, when the annual limit value is exceeded (Figure 11a). High N0.55–2.5 and EBC concentrations are observed concomitantly to peaks in PM2.5 (Figure 11b–d). Petit et al., (2017) [52], at four different urban background sites (three are located near Paris (SIRTA, CREIL and METZ)), also showed high PM2.5 concentrations during March 2015, that were related to low volatile compounds. A strong dominance of secondary pollution, and more particularly of ammonium nitrate, is also observed at all sites during this period (Petit et al 2017). Local sources, especially wood-burning, are, however, found to contribute to local/regional sub-episodes, notably in Metz and SIRTA. Bressi et al., (2013) [53], at urban, suburban and rural background sites in the region of Paris, showed the highest PM2.5 concentrations (wood-burning, organic, and secondary inorganic species) between December and April, suggesting the importance of mid- or long-range transport, and regional instead of local-scale phenomena especially from countries located northeast and east of France. Nevertheless, emissions of local anthropogenic sources lead to higher levels at the urban and suburban sites compared to the northwest site for PM2.5 during the whole campaign, which can even be emphasized by the low boundary layer heights. We confirm the large regional contribution to PM2.5 during the winter/spring season to the Paris peaks by observing the same seasonality at the OPE, with concentrations representing 83% of the average Paris seasonal/monthly concentrations.



We also observe that PM2.5 peaks observed at the OPE station are not followed by peaks in the N10-550 number concentrations. Reversely, peaks in N10-550 are not observed in the PM2.5 concentrations. This indicates that potentially harmful pollution episodes occurring in the fine particle mode are not properly monitored by air quality networks, using PM2.5 as a tracer.




3.5. Optical Properties


3.5.1. Particle Absorption


Aerosol absorption coefficients measured at 520 nm had generally higher median values in autumn and winter of 3.5 Mm−1, compared with 2.6 Mm−1 for warmer seasons (Figure S9). This seasonal cycle is similar to that of EBC, the sources of which have been previously discussed.



This seasonal variation is also found for the absorption coefficient measured at Melpitz (at 637 nm), where the median value over the 2007–2010 period is 3.52 Mm−1 [11]. The aerosol absorption coefficient measured in the OPE is about 2.5 times that measured at Lamont in the middle of America (1997–2000) [54] and is about 40% of that measured in Shangdianzi in North China (2003–2004) [55].




3.5.2. Particle Scattering


The aerosol scattering coefficient (   b  s c a t    ) measured at 525 nm showed very similar variations to the absorption coefficient (Figure S10). During the cold seasons, (   b  s c a t    ) is characterized by higher median values than during the warmer seasons, in the order of 25 Mm−1 against 15 Mm−1 (Figure S10b). This seasonal cycle is similar to that of the absorption coefficient, which might be explained by source variability and intensity. This could also be explained by the BL dynamics.



At Melpitz, the aerosol scattering coefficient measured at 550 nm was higher than at the OPE (53.61 Mm−1) but showed similar seasonal variation [11]. Pandolfi et al., (2018) [12] showed at regional/rural stations (e.g., Kosetice (Czech Republic, 534 m a.s.l), Ispra (Italy, 209 m a.s.l)), higher (   b  s c a t    ) in winter compared to summer. The authors related these high winter (   b  s c a t    ) values with the higher frequency of stagnant conditions and temperature inversions in winter. They also showed at urban/suburban observatories (e.g., Sirta (France, 162 m a.s.l), Madrid (Spain, 669 m a.s.l), Granada (Spain, 680 m a.s.l)), higher (   b  s c a t    ) during the winter compared to the summer season as already observed by Lyamani et al., (2012) [56] and Titos et al., (2012) [43]. This is likely due to the accumulation of fine particles, mainly from traffic, domestic heating, and biomass burning favored by meteorological conditions.




3.5.3. Single Scattering Albedo


The single scattering albedo or SSA (   ω 0   ) corresponds to the ratio of the scattering coefficient and the extinction coefficient (sum of the absorption and scattering coefficients). It is a widely used parameter for radiative impact studies. The    ω 0    has low values for mainly absorbing particles, and values close to 1 for mainly diffusing particles.



Figure S11 shows the variations of    ω 0    and Table S1 reports the seasonal medians of this parameter. It is observed that, unlike the absorption and diffusion coefficients, there is no pronounced seasonal variation for SSA, with similar medians for all seasons (between 0.86 and 0.89). This observation suggests that the variations observed for the absorption and diffusion coefficients would, therefore, be explained by seasonal variations of the quantity of material rather than by variations of the intrinsic particle properties. The values obtained at the OPE site are close to those obtained at Melpitz (0.894 at 525 nm) and K-Puszta (0.92 at 530 nm) ([11] and references therein). These three stations, mainly influenced by anthropogenic activities or by biomass combustion, have a    ω 0    on average lower than on marine sites, like Mace Head (0.941–0.997 at 550 nm, [11] and references therein), for which aerosol properties are dominated by those of marine sea salts.



The medians and inter-quartiles obtained over the October–February period are close for all years at the OPE site (Figure S11a). This suggests that the ratio of particles having a predominant absorbing or scattering character remains unchanged despite possible variations in the intrinsic properties of the sampled particles or in their quantity.



The    ω 0    showed slightly lower diurnal values in the second half of the day (after 14 h) indicating a greater relative EBC contribution to the total amount of particulate matter at that time of the day.






4. Conclusions


A six-year dataset of multiple continuous measurements at the OPE has been used to determine the specific optical and physical characteristics of aerosols and their sources and transport pathways.



Higher EBC and N0.54–1.15 median concentrations were observed during nighttime and during the cold seasons. These variations can be explained by increased emissions, in particular, combustion, and by lower BL heights. Higher N10–550 and N1.15–4.5 median concentrations were observed during the warmer seasons compared to the colder seasons. This might be due to local sources other than combustion. Secondary aerosol formation processes (e.g., new particle formation) are identified as the dominant source of N10–550. Primary biogenic aerosols and long-range transport of marine aerosols are identified as the main source of N1.15–4.5, both sources being modulated by the BL dynamics.



FF was the dominant source of EBC and showed a very marked seasonal variation. The contribution of the BB fraction was found higher during the cold seasons compared to the warmer seasons, probably because of the increase in domestic biomass burning heating.



Aerosol absorption and scattering coefficient median values followed the ones of the EBC and N0.54-1.15, which seemed to contribute the most to the optical properties of the aerosol.



We presented a statistical analysis using the PSCF method/tool to identify the geographical potential contributions to the OPE aerosol optical and physical properties. This analysis will serve as a basis for evaluating a possible change in the site characteristics in the future. It can also be used for comparison with different aerosol transport models outputs.
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Figure 1. Map of France: The green house represents the Observatoire Pérenne de l’Environnement (OPE) station. (Adapted from Google Earth). 
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Figure 2. Continuous measurement data availability between 2012 and 2018 (TEOM in red, Aethalometer in blue, nephelometer in green, Optical Particle Counter (OPC) in black and scanning mobility particle sizer (SMPS) in purple). 
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Figure 3. (a) Evolution of the equivalent black carbon (EBC) concentrations over the entire measurement period and (b) seasonal. Red lines represent the median value, the bottom and top sides of the boxes symbolize the 25th and 75th percentile, respectively. The length of the whiskers represents 1.5× interquartile range which includes 99.3% of the data. 
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Figure 4. Potential Source Contribution Function (PSCF) results for EBC concentrations for the four seasons over the 2012–2018 period measured at the OPE station (black dot). 
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Figure 5. (a) Average relative contribution (%) of the two EBC sources over the entire measurement period. (b,c): Seasonal variations of the two EBC sources in µg m−3, Biomass Burning (lower left panel) and Fossil Fuel (lower right panel). Red lines represent the median value, bottom and top sides of the boxes symbolize the 25th and 75th percentile, respectively. The length of the whiskers represents 1.5× interquartile range which includes 99.3% of the data. 
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Figure 6. (a) Evolution of the absorption Ångström coefficient over the entire measurement period; (b) seasonal variations of this same parameter. Red lines represent the median value, bottom and top sides of the boxes symbolize the 25th and 75th percentile, respectively. The length of the whiskers represents 1.5× interquartile range which includes 99.3% of the data. 
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Figure 7. (a) Evolution of the total particle concentration (cm−3) of diameter between 10 and 550 nm measured by the SMPS over the entire period; (b) seasonal median of this same parameter (cm−3). Red lines represent the median value, bottom and top sides of the boxes symbolize the 25th and 75th percentile respectively. The length of the whiskers represents 1.5× interquartile range which includes 99.3% of the data. 
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Figure 8. (a) Evolution of the total particle concentration (cm−3) of diameter between 540 and 1150 nm measured by the OPC over the entire period; (b) seasonal median of this parameter. Red lines represent the median value, bottom and top sides of the boxes symbolize the 25th and 75th percentile, respectively. The length of the whiskers represents 1.5× interquartile range which includes 99.3% of the data. 
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Figure 9. (a) Evolution of the total particle concentration (cm−3) of diameters between 1.150 and 4.5 μm measured by the OPC over the entire period; (b) seasonal median variations of this parameter. Red lines represent the median value, bottom and top sides of the boxes symbolize the 25th and 75th percentile, respectively. The length of the whiskers represents 1.5× interquartile range which includes 99.3% of the data. 
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Figure 10. PSCF results for: (a) N10–550, (b) N0.54–1.15, and (c) N1.15–4.5, for the four seasons over the 2012–2018 period measured at the OPE station (black dot). 
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Figure 11. Time series of: (a) PM2.5; (b) N10–550; (c) N0.55–2.5; (d) EBC, concentrations (Blue). Green bars indicate when mass concentrations exceed their annual limit value (25 µg.m−3). 
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