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Abstract

:

Concentrations of aerosol particles in Poland and their sources are rarely discussed in peer-reviewed journal articles despite serious air quality issues. A source apportionment of carbonaceous aerosol particles was performed during winter at a rural background environment field site in north-eastern Poland. Data were used of light absorption at seven wavelengths and levoglucosan concentrations along existing monitoring of PM2.5, organic carbon and elemental carbon (OC/EC) at the Diabła Góra EMEP monitoring site between January 17 and March 19 during the EMEP intensive winter campaign of 2018. Average PM2.5, OC, EC, equivalent black carbon (eBC) and levoglucosan concentrations and standard deviations amounted to 18.5 ± 9.3, 4.5 ± 2.5, 0.57 ± 0.28, 1.04 ± 0.62 and 0.134 ± 0.084 µg m−3 respectively. Various tools for source apportionment were used to obtain a source contribution to carbonaceous matter (CM) with three components. The wood combustion source component contributed 1.63 µg m−3 (21%), domestic coal combustion 3.3 µg m−3 (41%) and road transport exhaust 2.9 µg m−3 (38%). Similar levels and temporal variability were found for the nearby Lithuanian site of Preila, corroborating the Polish results.
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1. Introduction


The annual excess mortality rate in Europe due to ambient air pollution has been estimated to be 790,000 [1]. Anthropogenic activities related to energy, heating and transport result in the release of air pollutants into the atmosphere. Air pollution from combustion sources includes particulate matter (PM), which spans a large range of sizes and physicochemical properties. Particle size is an important parameter for associated health effects, and combustion particles often have a diameter smaller than 2.5 µm (PM2.5), and most often even smaller than 1 µm (PM1). The fine particles penetrate deeper into the respiratory tract, and hence, have more adverse effects than coarse particles (diameter larger than 2.5 µm) [2,3,4,5]. Numerous studies have shown that both short- and long-term elevated concentrations of PM increase the risk of cardiovascular and respiratory diseases or lung cancer, e.g., [6,7,8]. Additionally, outdoor air pollution and its PM2.5 component has been classified as carcinogenic to humans [9]. A fraction of the PM from combustion sources consists of carbonaceous matter (CM), including organic matter (OM) and black carbon (BC). PM, and particularly CM, are detrimental for human health, and it has been discovered that the health effects of BC are more serious than for different PM fractions [10,11,12]. CM can be primary, i.e., emitted directly from a source, or secondary, e.g., through condensation of material formed from volatile organic compounds (VOCs) on the particles during atmospheric ageing. Traffic emissions contain a larger fraction of BC, while wood, or biomass, burning emissions also contain more organic materials such as aromatics, polycyclic aromatic hydrocarbons (PAH), and humic-like substances (HULIS) [13,14,15,16].



Carbonaceous aerosol, carbonaceous matter (CM) or total carbon (TC), is the fraction of the total aerosol mass which contains carbon, i.e., CM constitutes a large variety of molecules and structures. CM is divided into organic matter (OM), which consists of organic carbon (OC), and black carbon (BC) or elemental carbon (EC), depending on if the instrument is providing BC or EC as a measure for soot particles [17]. Simply described, the aerosol EC content is defined based on thermo-chemical properties (less susceptible to degradation than OC), and BC is defined based on optical properties (strong light absorption from ultraviolet to infrared) [18]. In this paper, both types of methodologies have been used, and therefore both EC and BC are presented. Since a mass absorption coefficient (MAC), is used to transform light absorption into an equivalent BC mass, the term equivalent black carbon (eBC) is used hereafter.



Source apportionment is a valuable tool for determining the impact of various aerosol sources at specific locations. By observing selected aerosol properties and connecting these to unique sources, one can apportion the contribution of these sources to air pollution at the measurement site. There are several different source apportionment methods, and in this paper we use the aerosol particles light absorption properties and the trace chemical levoglucosan, respectively, for the source apportionment of the carbonaceous aerosol.



An important parameter for light absorption properties of CM is the absorption Ångström exponent (AAE), which is used to describe the wavelength dependence of the light absorption coefficients. BC from fossil fuels and traffic emissions typically has an AAE close to 1, while higher AAEs are associated with OC containing aerosols from e.g., biomass burning emissions. Due to its strong UV absorption, these high AAE aerosols are often called brown carbon (BrC) [19]. By applying this difference in light absorption, biomass and fossil fuel aerosols can be distinguished. This has been done e.g., in the so called aethalometer model [20]. The appropriate AAE values for different sources have been studied extensively. The values reported differ, depending on source, location, and methods, but are generally in the range 0.7–1.1 for traffic, and 1.8-3.0 for biomass burning, e.g., [19,20,21,22,23]. Additionally, it has recently been shown that there is also a dependence of light absorption on combustion conditions in addition to source specificity [24,25,26]. For example, low values of AAE indicate efficient combustion with high temperatures and mixing ratios of oxygen in the combustion zone. Higher AAE indicates more influence of air starved conditions and lower combustion temperatures forming relatively more polycyclic aromatic hydrocarbon compounds (PAHs). A higher AAE gives a higher total light absorption of the aerosol particles [27].



In Poland, which is the focus of this study, an important emission source is coal combustion. There are few and scattered AAEs reported for coal in the literature. Coal-based thermal power plants in India have been associated with low values of AAE (around 1) [28,29], while in another study emissions from a lignite burning plant, in Germany, the combustion was associated with relatively higher AAEs rangíng from 0.8 to 3.0 [30]. Similarly, for residential combustors, AAE was varying between <1 and 3 [31], partially due to various coal composition and due to varying combustion conditions. In a laboratory study of particle emissions from various coal types, AAE was nearly twice as high for coal briquettes (2.55 ± 0.44) compared to coal chunks (1.30 ± 0.32) [32].



Another method for source apportionment is tracer-based apportionment. In this study, levoglucosan is used as a tracer for biomass burning. The anhydrosugar levoglucosan is almost exclusively formed during cellulose pyrolysis at temperatures above 300 °C [33]. There are issues with levoglucosan as a source tracer due to atmospheric reactivity. However, it is still considered most suitable due to its high abundance and relatively long stability compared to other markers [34] and has been used in many source apportionment applications, e.g., [35,36,37]. In a number of studies the levoglucosan to OC ratio, which is used to quantify contribution to OC or CM from biomass combustion, has been shown to be around 10–20%, depending on fuel type, burning conditions, etc. [38,39]. In an ambient study in Hungary, during periods with dominating wood burning contribution, the LVG/OC was 0.14 [40]. Additionally, the levoglucosan to wood smoke OC has been reported as 0.18 [41], and 0.16 [42], specifically 0.2 for softwood while it was 0.08 for hardwood.



Combustion of fossil fuel and biomass, including residential energy use and power generation, is a primary source of the atmospheric PM2.5 globally [43,44]. Despite recent advances in the knowledge about PM, (its sources, processes and effects on health and climate) there is still not much known about the sources and what this depends on in Poland, which still has a lot of coal burning as energy source. In Poland, approximately 50, 80 and 77% of primary energy, electricity and heat consumption, respectively, is using hard coal and lignite [45]. Poland also has issues with PM levels. In Diabła Góra, where our measurements are performed, 35% of the PM2.5 in 2009 was carbonaceous compounds (OC 29.3%, EC 5.2%) [46]. The anthropogenic influence, as well as the PM2.5 in general, was highest in winter (December–March), with an average PM2.5 concentration of 19.3 µg m−3. Rogula-Kozłowska et al. reported winter concentrations of PM2.5 of 26 µg m−3, out of which 44% was carbonaceous [47]. Reizer and Juda-Rezler studied PM10 trends, and found a clear annual cycle, with higher concentrations during the winter and heating period [45]. High PM10 and PM2.5 events are also associated with meteorological winter conditions such as low wind speeds, temperature inversion and low mixing layer height.



Hence, some knowledge exists about the aerosol pollution in the region of interest in this paper, however, previous studies have focused on, or been limited to, trends in aerosol burden and chemical characterization, or have been focusing on long range transport in the summer season [48,49]. In this paper, we report source contributions of carbonaceous aerosol particles from a winter measurement campaign at a rural background environment in north-eastern Poland, and discuss different source areas as well as similarities in CM levels with another nearby aerosol monitoring station. In order to separate three different CM sources (domestic wood and coal combustion and road traffic exhaust), we utilized a combination of absorption measurements with the aethalometer instrument and filter measurements of levoglucosan as source tracer. It is important to continuously evaluate and develop the use of the aethalometer model to apportion source contribution, since the aethalometer is a common instrument at aerosol monitoring sites. Hence, it will have a widespread use for long-terms studies of the carbonaceous aerosol in the future.




2. Experiments


2.1. Diabła Góra Site Description


The Diabła Góra rural European Monitoring and Evaluation Programme (EMEP) regional background monitoring station is located in the Warmia-Mazuria region (Figure 1 and Figure 2) in the Puszcza Borecka Forest, surrounded by agriculture and forestry.



There is no local pollution source in the vicinity of the station (no roads, living houses, industry). The nearest object is the forester’s lodge, 350 m southwest of the station. The reason for the choice of Warmia-Mazuria region in this study was the fact that rural Poland in general is more polluted than neighboring western countries in Europe and has a different composition of sources contributing to the pollution with especially domestic coal combustion being a very important pollution source. The nearest populated villages, communities and emission point sources with substantial emissions of SOX, NOX, and/or PM10 are depicted in the map of Figure 2. Ełk, Suwałki, and Augustów are smaller towns with populations between 30,000 and 70,000. Olsztyn is the largest town within 100 km of the station with a population of 608,000. This area will hereafter be referred to as the near-regional area of Diabła Góra. There are also several larger national roads in this near-regional area, which are important sources of NOX, and PM10.




2.2. Auxiliary site Preila description and sampling


The Preila environmental pollution research station (55°55′ N, 21°00′ E, 5 m above sea level, [51]) is located in the Curonian Spit in Lithuania and represents a rural coastal environment (Figure 1). A road along the spit connects summer resorts and fishing villages. The closest city Klaipėda (153,000 inhabitants) is about 40 km north of Preila. Another major city, Kaliningrad (430,000 inhabitants) in Russia is at the distance of 90 km to the south. Due to the proximity to Diabła Góra (ca 150 km), data from the station were included for comparison.



At Preila, non-refractory PM1 was measured by the Aerosol Chemical Speciation Monitor ACSM (Aerodyne Research Inc., Billerica, MA, USA) which operated with a time resolution of ~30 min. The collection efficiency was evaluated following Middlebrook et al., [52] and was equal to 0.5. eBC measurements were performed using an aethalometer (AE31 Aerosol d.o.o., Ljubljana, Slovenia) with 2 min time resolution. Source apportionment was performed using the approach of Zotter et al. (replacing the estimated OM from OC by measured OM from the ACSM) [21], using the Ångstöm exponents found for Diabła Góra (see Section 3.3).




2.3. Sampling and Chemical Analysis at Diabła Góra


PM2.5 and PM1 samples were collected at the station by DHA-80 (Digitel, Volketswil, Switzerland) High Volume Samplers (HVS) with PM2.5 and PM1 inlets, respectively, on Whatman QM-A quartz filters of 150 mm diameter. The air was sampled through the inlet, using the sampling tube, vertically from the top to bottom through the filter placed in the flow chamber. The face velocity of the sampled air through the filter was 0.5 m/s. The transported air quantity was measured by a flow meter behind the filter. After 24 h exposure, the filters were changed automatically at midnight. The sampler had a magazine of 15 filters. The air flow rate was about 750 m3/24 h. Filters were conditioned and weighed prior to sampling and after sampling (weighing room temperature 19–21°C, relative humidity 45–50% RH). The mass of collected PM2.5 and PM1 was determined by a gravimetric method. The concentration of PM was calculated based on mass and air flow during sampling.



In order to determine EC and OC in PM samples collected on filters, a thermal-optical method with FID detection was used, a Model 4L Main Oven Assembly (Sunset Laboratory Inc., Tigard, OR, USA). Quartz filter punches with 1.5 cm2 area (cut out of the filters) were analyzed in a two step procedure. First, during gradual heating in an inert atmosphere, in helium stream, the organic fraction was desorbed. In the next stage, during heating in an oxidizing mixture of helium and oxygen, elemental carbon was released. The heating of the samples was carried out according to the parameters specified in the selected measuring protocol—EUSAAR_2. Compounds separated from the sample during subsequent heating stages in the furnace, under oxidizing conditions and with magnesium oxide, were converted to carbon dioxide. This was then reduced, in the presence of hydrogen and nickel catalyst, to methane and measured by a flame ionization detector (FID). The final stage was the inclusion of a fixed volume loop used to inject the external standard at the end of each analysis. That allowed optimal and stable measurement conditions, increasing the repeatability of the analytical method [53]. Only OC and EC values from the measurements at the PM2.5 inlet were used in this study.



The content of levoglucosan was determined by gas chromatography/ion trap mass spectrometry—GC/IT—MS method. From each ambient aerosol filter two 1.5 cm2 punches were taken and 15 μg of internal standard (IS; methyl β-D-xylopyranoside, Sigma Aldrich, Poznań, Poland) was added. The punches were extracted for 60 min with 15 mL aliquots of methanol using a Multi-Orbital Shaker (PSU-20i, BioSan, Riga, Latvia) at room temperature. High-purity methanol (LC-MS Chromasolv grade, Sigma-Aldrich) was used for the extraction of filters. Obtained extracts were concentrated to 1 mL using a rotary evaporator operated at 30 °C and 150 mbar (Rotavapor® R215, Buchi, Flawil, Switzerland). The extracts were then filtered with a 0.2 μm PTFE syringe directly into 2 mL vials and evaporated to dryness under a gentle stream of nitrogen. The residues were then reconstituted with 150 µL of trimethylsilylating agent (BSTFA-pyridine, 2:1 v/v, Sigma-Aldrich), agitated for 1 min and derivatized in 60 °C for 60 min (Standard Dry Block Heater, TalBoys, Troemner, Thorofare, NJ, USA). The samples were then immediately analyzed using a GC-MS technique. Trace 1300 gas chromatograph coupled to an ITQ700 ion-trap mass detector with an EI ion source (Thermo Scientific, Waltham, MA, USA) was used. The analyses were carried out using a Rxi-5MS Restek column (30 m × 0.25 mm × 0.25 μm). Helium (99.9999%, Air Liquide, Paris, France) at constant flow of 1 mL/min was used as carrier gas. The following chromatographic separation was used: 60 °C for 5 min, then 3 °C/min to 200 °C, then 200 °C for 5 min, then 10 °C/min to 300 °C, and 300 °C for 5 min. The temperature of the transfer line was 280°C. The ion source and the injector were heated to the temperature of 250 °C. The ionization energy was set to 70 eV and the SIM mode for selected ions (m/z 147, 204, 217, 319, 333) was used. Samples were analyzed in the splitless mode. Calculations of levoglucosan concentrations in ambient aerosol samples were performed using an external calibration curve of an authentic standard (levoglucosan, purchased from Sigma Aldrich, in the highest available purity ≥ 99%). Only levoglucosan concentrations measured at the PM2.5 inlet were used in this study.



A flow of 14.0 liters per minute was drawn from outside through a characterized and custom-made PM1 cyclone in the lab house. This flow was split to a 9.0 L/m excess flow and a flow of 5.0 L/m to an aethalometer (AE33 model, Aerosol d.o.o., Ljubljana, Slovenia) [54]. The aethalometer is a filter based optical absorption instrument that measures light absorption coefficients as a function of seven wavelengths. The equivalent black carbon (eBC) concentration [18] was obtained by dividing the absorption coefficient at 880 nm with a mass absorption coefficient (MAC) set to 7.77 m2 g−1, the default value given by the manufacturer. The correction for filter loading effects was accomplished with the dual-spot method. PN 8060 filter tape (Aerosol d.o.o., Ljubljana, Slovenia) was used in the aethalometer with default values for various corrections according to the manufacturer instruction. Flow calibrations and checks and other regular maintenance have been performed for the AE33 since purchase during 2015, except for the inspection and cleaning of the optical chamber. The performance of the current AE33 instrument in source apportionment with the aethalometer model has previously been tested by Martinsson et al. [55].





3. Meteorological and Source Apportionment Analysis


3.1. Meteorological Data and Production of Meteorological Air Mass Back Trajectories


Meteorological parameters, RH, T, wind speed, and wind direction were measured at Diabła Góra with a MAVS301 meteorology station (Vaisala, Vantaa, Finland).



Hourly air mass back trajectories were retrieved using the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT4) model [56] with the Global Data Assimilation System (GDAS) meteorological database at the NOAA Air Resources Laboratory’s web server.



Trajectories arriving at a height of 100 m above ground level at Diabła Góra were used. If the trajectory passed over a source area lower than 200 m above ground level within 100 km from Diabła Góra, it was considered that the area could affect Diabła Góra with its emissions. For long range transported trajectories more than 100 km away from Diabła Góra, a height of 500 m above ground level was allowed.




3.2. Source Apportionment of Domestic Wood Combustion


The source apportionment method to apportion carbonaceous matter was based on a combination of two methods: (1) The concentration of levoglucosan was used to apportion the contribution from domestic wood combustion. (2) The Sandradewi et al. [20] aethalometer model was used to separate two further sources, domestic coal combustion and road traffic exhaust emissions.



According to laboratory studies described in Puxbaum et al. [38], the levoglucosan to OC ratio equaled on average about 0.15 for domestic wood combustion for several different combusted wood types. In line with that study, it was assumed that wood combustion contributed 100% to CM when levoglucosan to OC ratio equaled 0.15. At Diabła Góra this ratio varied between 0.012 and 0.056.



Puxbaum et al. [38] also suggested multiplying OC by a factor of 1.7 to convert to OM at background sites affected by wood combustion. Using these recommendations, it was possible to calculate the following:


OM = OC · 1.7



(1)






CM = OM + EC



(2)






CMwb = CM × (Levo)/(0.15 ×·OC),



(3)




where CMwb is the domestic wood contribution to CM, and (Levo) is the levoglucosan concentration.



This yielded a source apportionment of the wood combustion source with a 24-h time resolution, since the measurements of levoglucosan, OC and EC are sampled on a daily basis.



Puxbaum et al. [38] showed that the levoglucosan to OC ratio could be highly variable in background environments and Hedberg et al. also showed that levoglucosan fraction was highly variable in domestic areas with intense wood combustion [57]. Levoglucosan can also react chemically, for example with OH [58]. Although concentrations of OH should have been very low in this study, levoglucosan decomposition could have been a problem and led to underestimation of long range transported CMwb in Equation (3). Due to the uncertainties in CMwb, a levoglucosan to OC ratio between 10 and 20% was used in a sensitivity analysis. This is also a reasonable range of this ratio according to the discussion in the introduction section. This sensitivity analysis also provided a sensitivity range for the domestic coal combustion source, since the wood and combustion source contributions were combined in the aethalometer model as described in the next section.




3.3. Source Apportionment of Domestic Coal Combustion and Traffic Exhaust


To be able to apportion domestic coal combustion and traffic exhaust to CM, several attempts were made with variations of the traditional Sandradewi et al. [20] aethalometer model before the final model choice. First of all, it was recognized that the traditional aethalometer model only allowed to separate two sources, while it was known that at least three sources should be prominent for CM in the Polish background environment; domestic wood combustion, domestic coal combustion, and traffic exhaust. Power plant coal combustion could have been a significant source, as well as some other potential sources.



Nevertheless, an attempt was made with the traditional aethalometer model with two sources to get familiar with the source patterns. We first thought that domestic wood combustion would be the main source that had stronger light absorption at shorter wavelengths than at longer wavelengths, which in the terminology of Sandradewi et al. [20] translates to a high absorption Ångström exponent, AAE around 2. However, as shown later in Section 4.2., high AAE and relatively high CM concentrations were associated with air arriving from the Katowice and Kraków area according to air mass back trajectories, despite that these cities are almost 500 km from the Diabła Góra site. Domestic coal combustion dominates the contribution to PM2.5 during winter time in these cities (for example [55]), hence it was concluded that also domestic coal combustion contributed to high AAE alike wood combustion. This is corroborated by the studies listed in the introduction Section 1, where it was stated that AAE for coal and lignite combustion varied between roughly 1 and 3 depending on the type of coal used as fuel.



With an AAE of around 2 for both sources [20], it was not possible to separate them from each other using only the aethalometer model as our apportionment tool. At least, this should have been the case when the fuel and burning conditions for both fuels gave an AAE of around 2.0. There could have been situations with both lower and higher AAE values for both domestic coal or wood combustion, but this was hard to investigate with the current data. Hence, the aethalometer model provided source contributions from a combined wood and coal combustion source.



Fortunately, with the help of the levoglucosan method to apportion wood combustion, it was possible to separate coal combustion from wood combustion. This could be done by subtracting the wood combustion contribution obtained with the levoglucosan method, from the source contribution calculated for the combined wood combustion and coal combustion source obtained from the aethalometer method.



The contribution from the second source in the aethalometer model, which is traffic according to the Sandradewi et al. [20] method, is usually quantified using an AAE value of around 1.0. An attempt with AAE = 1.0 and AAE = 2.0 for the traffic and combined wood and coal combustion sources respectively yielded satisfactory apportionment results. However, we were looking for more precise AAE values for the sources to achieve an improved agreement for the wavelength dependent absorption coefficients. In addition, we wanted to try modified versions of the aethalometer model to achieve even better agreement. We looked very closely on the hour resolved wavelength dependence of the absorption coefficient using many different functions to fit the absorption coefficients in hope of separating three sources using only the aethalometer instrument as tool. However, two sources were always enough to represent the wavelength dependence.



Nevertheless, we gained new experience owing to the analysis. We discovered that the slope of the decrease of absorption coefficient as function of wavelength only changed for the wavelength region 370 to 520 nm. The slope did not change between 520 and 950 nm. In other words, it was only possible to separate the two sources domestic combustion and traffic from each other using the decrease in absorption coefficients in the 370 to 520 nm wavelength region.



Based on all aethalometer analysis, the traditional aethalometer model with two source components as in Sandradewi et al. [20] was chosen as the final model, and with reference wavelengths 370 and 950 nm.



Before we could use the aethalometer model to calculate the source contributions, we had to choose final values for both AAEs. We fitted AAE values to the absorption coefficients for all of the 1-h aethalometer data. First, we let a minimizing routine fit the AAE values without constraints. However, these AAE values did not make sense physically. Hence, we restricted the AAE values using the following constraints:




	
The combined wood and coal combustion source contribution had to be higher than the contribution from only the wood combustion source as estimated from the levoglucosan method at all times. Otherwise, coal combustion contributions would be too small.



	
The source contribution from the traffic source should be higher than roughly 10% at all times, which means contribution from the combined domestic wood and coal sources of maximum about 90%. It is reasonable to assume that traffic should contribute at least to a small extent, even during intense domestic heating periods or periods with substantial combustion of agricultural waste in the Kaliningrad area. Please see also the discussion in the second last paragraph in this section about the sensitivity analysis of the traffic source contribution.








When the fitting of AAE values was made with these two constraints, it resulted in AAE values of 1.03 for traffic and 1.93 for the combined wood and coal combustion source, which was in line with previous literature data listed in the introduction section.



Other sources should have contributed to the CM concentrations during the measurement period, for example power plant coal combustion (as evidenced by CAN Europe [59]). However, not knowing what AAE values should belong to the coal power plant source, it was not possible to quantify it. Also, AAE values for the apportioned sources might in reality have been higher due to atmospheric ageing during long range transport. Ageing is known to increase AAE in smog chamber experiments by secondary organic aerosol formation [60]. How this should have affected the AAE values of 1.03 and 1.93 in the current study was unknown.



In summary, the aethalometer model from Sandradewi et al. [20] was run for hourly averaged absorption coefficient values and was used under these conditions and constraints:




	
Reference wavelengths were 370 and 950 nm (in Sandradewi et al. [20] these were 470 and 950 nm).



	
AAE from domestic wood and coal combustion was 1.93.



	
AAE from traffic exhaust was 1.03.



	
Source contributions to CM of the combined wood and coal source were allowed to approach maximum 90%, at the same time as they had to be higher than the wood contribution calculated with the levoglucosan method.








A sensitivity analysis for the wood and coal combustion sources has already been described in the previous section. In addition, a sensitivity analysis for the traffic source was performed. Maximum traffic contribution in the sensitivity analysis occurred when the combined domestic wood and coal contribution was allowed to approach values for the wood contribution only. The combined domestic contributions can not be lower, since this would mean negative contribution from coal combustion. A minimum traffic contribution was attainable using the boundary condition that the combined domestic contribution was allowed to approach 100% during the time when agricultural fires took place. During these situations with intense fires and very high concentrations of CM, traffic contribution could possibly have been almost negligible compared to the domestic sources, why this justified this sensitivity analysis.



A caveat here and in similar studies is that other sources likely contributed to CM, however it was not possible to identify them.



Please note that the aethalometer model source apportionment is based on light absorption. Nevertheless, it is still possible to apportion also non-light absorbing CM. Namely, it is sufficient that the total light and non-light absorbing CM is correlating with light absorption coefficients to be able to apportion it to our emission sources in the aethalometer model. This is the traditional approach in the aethalometer model as described by Sandradewi et al. [20].





4. Results and Discussion


4.1. Air quality Situation


Taking into account the large population density of Poland (124 per km2) and the heat demand during winter, CM emissions from car traffic and from domestic wood and coal combustion respectively should have been relatively high in Poland during the Diabła Góra winter campaign. The average CM concentration in Diabła Góra was 8.2 µg m−3, which corresponds to 44% of the total average PM2.5 mass concentration. PM2.5 and CM has been further split into OM, OC, EC fractions for the daily samples and eBC for minute resolution data. Table 1 presents average values of measured and estimated particle parameters within 1 standard deviation and the median, 10th and 90th percentile respectively during the measurement period.



Despite large variation in absolute concentrations, the ratio between CM and PM2.5 was confined in the range 0.32 to 0.64 for all 24-h samples. Hence, the relative contribution from all combined combustion sources to PM2.5 was relatively stable throughout the measurement period. However, the relative contribution to PM2.5 between individual combustion sources was changing between the different days as will be seen in Section 4.2.



The winter PM2.5 concentrations agreed reasonably with previous concentration measurements in Diabła Góra, although average PM2.5 concentrations were slightly lower than in Rogula-Kozłowska et al. [47] and Witkowska et al. [46]. This is likely due to lower temperatures and higher heat demand in those studies. OC and EC were also slightly lower in this paper compared to Witkowska et al. [46]. Witkowska et al. [46] were also able to extract the secondary organic OC contribution, which turned out to be slightly higher than the primary emitted OC contribution.



The average eBC to EC ratio within standard deviation was 1.76 ± 0.40 (n = 62) during the campaign. The high ratio is common for rural environments and is in part attributed to underestimation of the mass absorption coefficient [61,62]. The best agreement with eBC to EC ratio close to 1.2 was obtained during periods with the lowest OC to EC ratios. With OC to EC ratios around 10, eBC to EC ratio was on the order of 2.2. This could possibly mean that eBC was relatively higher during periods with strong lensing effect [63] from organic coatings.




4.2. Source Apportionment


The average and median domestic wood combustion contribution to CM amounted to 1.63 µg m−3 and 1.38 µg m−3 respectively (Table 2) according to the levoglucosan method from Equation (3). Taking into account the uncertainty in levoglucosan to OC ratio for background environments according to the sensitivity analysis in Section 3.2., resulted in a 1.22 to 2.44 µg m−3 contribution to CM from domestic wood combustion. These values represented a 16 to 32% contribution.



The average (and median) domestic coal combustion and road traffic exhaust contribution to CM could be calculated from the levoglucosan and aethalometer method as described in Section 3.3. These were 3.2 (2.9) µg m−3 and 2.9 (2.3) µg m−3 respectively (Table 2). Using the sensitivity analysis from Section 3.2. resulted in a contribution from the domestic coal combustion in the range 30–46%. As can be seen from Figure 3, There was a relatively large variation between how much all three sources contributed to CM between different days.



The combined wood and coal contribution was reaching 70–90% at some instances (for example 17 January, and 19 March according to Figure 3), and the coal combustion was contributing to a smaller extent at some other instances (for example 8–10 February). The sensitivity analysis for the traffic source contribution resulted in a range from 23 to 51% according to Table 2. We allowed for a relatively large range for this source since we were not aware of more strict and preconceived boundaries of the source contribution.



Other sources, like power plant coal combustion should have contributed to substantial concentrations. However, we did not know to which of the three sources it belonged to, or if it could have been separated as an own fourth source. With the current data and the lack of knowledge of the wavelength dependence on light absorption coefficients, this was impossible to estimate in this study.



Next, we examined whether near-regional point sources within 100 km, towns or roads contributed significantly to the 1-h resolved source contributions from the aethalometer model. We tried with two independent methods to investigate this issue based on trajectories just missing or travelling through the point sources, and trajectories arrived from specific high spatially resolved grid boxes. However, it was not possible to observe that single point sources resulted in increased concentrations at the field site. Likely, all trajectories passed several important point sources on the way to the field site, and therefore this could be the reason why no single point source stood out. After this, we investigated in a similar way if certain grid cells with 0.5 and 1 degrees in latitudinal and longitudinal resolution respectively were especially important for high source contributions when long range transported (>100 km) trajectories reached Diabła Góra. The analysis showed that the Katowice and Kraków area about 500 km south of Diabła Góra contributed to high concentrations seen in Diabła Góra for the combined domestic wood combustion and coal combustion source in Figure 4a. Katowice and Kraków air reached the field site during parts of the days during 25–28 January, 2 February, 17 February, 12 March, and 14 March. This was in line with previous results that showed that Katowice and Kraków area had severe domestic coal combustion air quality problems [64]. Conversely, several major cities in Poland gave high contributions from the traffic exhaust source as seen in Figure 4b. Other major cities to the north and north-west of Diabła Góra, for example Gdańsk did not contribute significantly to enhanced concentrations since north-westerly winds were generally associated with clean air masses.



The source apportionment could not be directly compared to previous results for Diabła Góra due to different approaches and data. Nevertheless, a study by Reizer and Juda-Rezler indicated a possible influence from domestic sources as well as large point sources to PM10 concentrations in Diabła Góra [45]. Witkowska et al. [46] pointed to domestic wood and coal combustion as likely dominant sources in winter, but quantification of their respective contribution was not possible in that study.



Source contributions or periods with high concentrations showed no relation with time of the day despite that one would suspect high concentrations after morning rush hour for the traffic source and during heating periods in the morning and evening for the domestic sources. This proved that the nearest sources contributed less to pollution, but also that high concentrations of pollutants from long range sources arrived at different times to the field site.




4.3. Meteorological Influence on Concentrations and Source Apportionment


The average meteorological parameters, including standard deviations, minimum and maximum values, during the two-month measurement campaign are presented in Table 3. The measured wind direction at the site is shown in Figure 5a. The average temperature and wind speed were calculated based on 1-h values. The accumulated precipitation was obtained from the HYSPLIT trajectories described in Section 3.1. The average temperature, wind speed, and precipitation during our campaign were very similar to the winter conditions in Witkowska et al. [46], who described a year (2009) of PM measurements at Diabła Góra. Yet, the winds were predominantly from south-east and west-south-west in the winter of 2009, while in 2018 north-easterly winds were relatively more common (Figure 5a). Witkowska et al. [46] also observed the highest concentrations when air was transported from ESE and WSW, i.e., similar to the pattern in Figure 4 in this paper.



The average PM2.5 levels were similar to the levels in the corresponding time period described by Witkowska et al. [46] (18.5 ± 9.3 μg m−3 compared to 19.3 μg m−3). Also, they observed a negative correlation between PM2.5, OC, EC and wind speed. A similar pattern for wood and coal contribution was observed, and also, but not as clearly, for PM2.5 (Figure 5b). This pattern has been attributed to typical high-pressure phenomena, i.e., low boundary layer, and little dispersion and hence accumulation of pollutants at low wind speeds. However, traffic emissions did not show high contribution at very slow wind speeds (<1 m s−1). This was most likely due to other factors affecting the transport of pollutants. During the periods with low wind speeds in winter 2018, the air masses were predominantly coming from the north (including north-east and north-west). Hence, if the air came from polluted regions had a larger influence than wind speed during these time limited measurements. For a more accurate meteorological analysis, a longer measurement time series would be needed. For the source apportionment at Diabła Góra in general, the meteorological conditions were not of high importance, but for severe pollution events, meteorological conditions together with high emissions were of importance locally.



In Figure 5c, the PM concentrations and source distribution were shown as a function of air temperature. An observed increase in PM was anticipated, and especially in use of heating sources (wood and coal), during cold periods. This was not clear from Figure 5c, and low temperatures did not seem to affect pollution levels at Diabła Góra. Reizer and Juda-Rezler noted peak PM levels two to three days after the lowest air temperature (or maximum atmospheric air pressure), i.e., high pressure meteorological conditions [45]. A similar pattern at Diabła Góra was observed in the winter of 2018, which was in line with PM contribution being mostly of long-distance transport origin. Hence, the local temperatures were not of most importance, but rather the history of the air mass transported pollutants.




4.4. Comparison with a Nearby Lithuanian Site


Data from the Preila site (see Section 2.2) were included to investigate the robustness of the Diabła Góra results. This probes the representativeness of Diabła Góra as a regional background site, and serves as quality control for the methods employed. We found a fair agreement for PM levels, carbonaceous fractions, and the subcategories thereof (sources), as shown in Figure 6 and Figure 7. For Diabła Góra, PM1 was available only for a few days (see Table 1). However, for those days, the difference between PM1 and PM2.5 was rather small (10.0 µg m−3 and 13.7 µg m−3). Furthermore, the results from each site were fairly similar despite different sampling size ranges used, indicating that PM1 was dominating PM2.5. The largest difference found between the sites was the traffic contribution, both the temporal variability (see Figure 6c) and average contribution to total CM (see Figure 7). This may reflect the fact that sources were more uncertain and/or that different methods were employed. Regarding wood combustion, levoglucosan data was not available for Preila. Therefore the ACSM signal intensity was plotted at m/z 60, as a proxy.



Notably, the last day included in our study was also the onset of the annual agricultural burns, which impacted on the regional air quality [65]. The fires, while banned in the European Union, were abundant throughout Kaliningrad on that day based on data from the MODIS satellite [66]. As the enclave spans the vast majority of the space in-between the two stations, both located within 23 km of its borders, we tentatively attributed this influence to the “residential” wood burning peak observed (see Figure 6d,e) at both sites.





5. Conclusions


A source apportionment for a rural background site in north-eastern Poland was performed during winter using low resolution 24-h data from PM2.5, OC/EC, levoglucosan, and high-resolution 1-h data from an aethalometer. CM constituted on average 44% of the measured average PM2.5 concentrations of 18.5 ± 9.3 µg m−3. Domestic wood and coal combustion and road traffic exhaust contributed 21, 41, and 38% respectively to CM concentrations on average. The source apportionment rested on several constraints and assumptions, why it should be repeated with relevant source markers and/or additional methods, where the sources could be constrained in a precise manner and add missing sources.



No specific individual source area in the near-region (<100 km) seemed to contribute to especially high concentrations or source contributions, while the emissions from the Katowice and Kraków area 500 km distance to Diabła Góra, resulted in relatively high 24-h concentrations and source contributions by the combined wood and coal combustion sources. All major cities to the south contributed to high source contributions from the traffic exhaust source. Meteorological factors did not influence the source contributions to a large extent.



Domestic coal combustion should be associated with AAE on the order of 2, similar to domestic wood combustion. This is important information for users of the aethalometer model for source apportionment. It is recommended not to only use the aethalometer instrument to seperate wood and coal combustion in an environment where both sources contribute, since it alone cannot help to distinguish between these sources.



Comparison with the nearby Lithuanian site Preila showed similar PM levels and subcategories, corroborating our results for Diabła Góra.
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Figure 1. Map of the region showing the locations of the Diabła Góra measurement site together with the Preila site used for comparison (freeworldmaps.net). 
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Figure 2. A zoom-in of north-eastern Poland with Diabła Góra denoted with bold font. Denoted are also other communities and towns in the near-region area within 100 km of Diabła Góra, which have relatively large emissions of SOX, NOX and/or PM10 according to the emission inventory by GIOŚ (2019) [50]. Towns with populations larger than 30,000 people are denoted with filled circles. 
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Figure 3. Estimated contribution from domestic wood and coal combustion and road traffic exhaust to CM concentrations in Diabła Góra during the measurement period. The hour resolved source apportionment as obtained from the aethalometer method has been averaged to 24 h in this graph to be able to compare with 24 h values for the wood combustion contribution. During those days when levoglucosan data were missing, the contribution in brown represented the combined wood and coal combustion contribution. 
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Figure 4. Diabła Góra CM source contributions from (a) domestic wood and coal combustion, and from (b) road traffic exhaust as function of grid cell origin for grid cells with 0.5 and 1 degree resolution in the latitudinal and longitudinal direction. Data taken from aethalometer model with 1-h resolved aethalometer and trajectory data. 
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Figure 5. (a) Wind directions at the field site Diabła Góra and average CM source contributions from traffic and wood/coal sources versus (b) wind speed and (c) versus temperature. 
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Figure 6. Timeseries for Diabła Góra (blue) and Preila (orange). (a) PM1 (Preila and Diabła Góra) and PM2.5 (Diabła Góra). (b) Carbonaceous matter (CM) PM subfraction. (c) Traffic contribution to CM. (d) domestic heating contribution to CM. (e) wood burning contribution (subcategory of domestic heating) for Diabła Góra on the left y-axis. Right Y-axis shows ACSM signal intensity at m/z 60 for Preila, which is used to indicate wood burning influence. 
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Figure 7. Top: average contribution to PM chemical species. For Diabła Góra, Seconday Inorganic Aerosol (SIA) is calculated as the residual between PM2.5 and carbonaceous matter. Bottom: average source contribution to carbonaceous matter. 
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Table 1. Measured and calculated parameters based on 24-h measurements for all parameters except the 1 min measurements by the AE33 instrument. PM1 and levoglucosan were measured for a shorter period than other parameters (and one 24-h PM1 sample is missing in the period given in the table). CM and OM were calculated according to Equations (1) and (2). CM (carbonaceous matter), OM (organic matter), OC (organic carbon), EC (elemental carbon), and levoglucosan were measured for the PM2.5 fraction, while eBC was measured for the PM1 fraction.
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	Param. µg m−3
	Average ± 1std
	Median
	10th Percentile
	90th Percentile
	Period during 2018
	Time Resolution





	PM2.5
	18.5 ± 9.3
	16.1
	6.8
	32
	1/17–3/19
	24 h



	PM1
	10.0 ± 6.4
	7.8
	4.2
	15.6
	1/27–2/6
	24 h



	CM
	8.2 ± 4.4
	7.5
	2.9
	14.2
	1/17–3/19
	24 h



	OM
	7.6 ± 4.1
	7.0
	2.7
	13.3
	1/17–3/19
	24 h



	OC
	4.5 ± 2.5
	4.1
	1.57
	7.8
	1/17–3/19
	24 h



	EC
	0.57 ± 0.28
	0.52
	0.26
	0.94
	1/17–3/19
	24 h



	levogl.
	0.134 ± 0.084
	0.113
	0.058
	0.24
	1/27–2/25
	24 h



	eBC
	1.04 ± 0.62
	0.86
	0.33
	1.76
	1/17–3/19
	1 min



	CM/PM2.5
	0.44 ± 0.08
	0.45
	0.35
	0.52
	1/17–3/19
	24 h



	CM/PM1
	0.61 ± 0.08
	0.64
	0.51
	0.67
	1/27–2/6
	24 h
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Table 2. Average and median contributions from sources to CM at Diabła Góra and the relative contribution. The range of values for the average contribution as obtained from the sensitivity analysis described in Section 3.2, is also shown.
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	Source
	Average Contribution (and Median) (µg m−3)
	Relative Average (and Median) Contribution
	Sensitivity Range of Average Contribution





	Domestic wood combustion
	1.63 (1.38)
	21 (21)%
	16–32%



	Domestic coal combustion
	3.2 (2.9)
	41 (44)%
	30–46%



	Road traffic exhaust
	2.9 (2.3)
	38 (35)%
	23–51%
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Table 3. Meteorological parameters at the Diabła Góra field site. Average values, standard deviations (std), minimum and maximum values for 17 January–19 March 2018.
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	Parameter
	Average ± 1std
	Min
	Max





	Temperature (°C)
	−3.6 ± 5.8
	−22.2
	10.0



	Wind Speed (m s−1)
	2.1 ± 1.6
	0
	8.3



	Precipitation 12 h (mm) a
	0.43 ± 1.16
	0
	11.4



	Precipitation 24 h (mm) b
	0.90 ± 2.08
	0
	17.9







a Accumulated during past 12 h before reaching Diabła Góra. b Accumulated during past 24 h before reaching Diabła Góra.
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