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Abstract

:

In this study, atmospheric particulate matter (APM) pollution was compared in urban background sites of two cities in Hungary—namely the capital Budapest and Debrecen—by analyzing daily aerosol samples collected between 8 December 2009 and 18 March 2010. Concentration, elemental composition, including BC, and sources of fine (PM2.5) and coarse (PM2.5–10) aerosol pollution, as well as their variation due to meteorological conditions and anthropogenic activities, were determined for both cities. The average PM2.5 concentrations were 22 μg/m3 and 17 μg/m3 in Budapest and Debrecen, respectively. In the case of PM10, the mean concentration was 32 μg/m3 in Budapest and 23 μg/m3 in Debrecen. The concentration of the coarse fraction decreased significantly over the weekends compared to working days. The number of exceedances of the WHO recommended limit value for PM2.5 (15 μg/m3) were 67 in Budapest and 46 in Debrecen, which corresponds to 73% and 50% of the sampling days, respectively. At the time of the exceedances the daily average temperature was below freezing. The average PM2.5/PM10 ratio was 70% and 75% for the two sites, indicating the dominance of the fine fraction aerosol particles during the study period. Elements of natural origin (Al, Si, Ca, Ti, Mn, Fe, Ba) and chlorine were found to be dominant in the coarse fraction, while elements of anthropogenic origin (S, K, Cu, Zn, Pb) were characteristic to the fine fraction. Similar concentrations were measured in the two cities in the case of S which originates from regional transport and K which serves as a tracer for biomass combustion. Traffic-related elements were present in 2–3 times higher concentrations in Budapest. The episodic peaks in the Cl time series could be attributed to salting after snowfalls. The following sources of APM pollution were identified by using the EPA Positive Matrix Factorization (PMF) 5.0 receptor model: soil, traffic, road dust, secondary sulfate, biomass burning, and de-icing of streets. On polluted days when the PM2.5 concentration exceeded the 25 μg/m3 value the contribution of secondary sulfate, domestic heating, and traffic increased significantly compared to the average. On weekends and holidays the contribution of soil and traffic decreased. The main pollution sources and their contributions were similar to the ones in other cities in the region. Comparing our findings to results from winter 2015 it can be concluded that while the PM2.5 pollution level remained almost the same, a significant increase in the contribution of biomass burning was observed in both cities from 2010 to 2015, indicating a change of heating habits.
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1. Introduction


Increasing urbanization is a global trend which can be traced in the size and number of densely built-up human settlements. According to a survey conducted by the UN in 2018, 55.3% of the world’s population was living in urban areas. By 2030, 60% of the population will reside in big cities [1,2]. The increasing amount of air pollution is an inherent part of the growing urbanization due to the continuous emissions from vehicles, factories, and daily household activities. Particulate matter (PM) is one of the most examined atmospheric pollutants. It has significant effects on local and regional air quality [3,4] visibility [5,6], and also on the global climate system [7]. In addition, high PM levels have several negative health effects, including respiratory and cardiovascular diseases and/or allergies [8,9,10,11,12]. Huge numbers of scientific works are focused on understanding the influence of natural and anthropogenic sources in the context of chemical composition of PM [4,13,14]. Source apportionment combined with dispersion modelling provides information about the contribution of local sources and pollution originating from urban and regional backgrounds and from long-range transport [15,16,17,18,19,20,21,22,23]. European studies show that the annual background PM10 and PM2.5 concentrations in continental Europe are strongly affected by the regional aerosol background [13,24]. Carbonaceous aerosols (organic matter and elemental carbon) and SIA (Secondary Inorganic Aerosols) accounted for a major fraction of PM10 and particularly for the PM2.5 in selected European cities [25]. In the case of the geographical origin of the pollution, long-range transport (LRT), regional transport (RT), and local sources (LP) are distinguished. In winter, LP and RT accounted for the majority of the pollution in most European cities. Such sources are coal combustion [26,27], wood combustion for heating and increased traffic emissions due to unfavorable winter driving conditions [28].



Recently, studies have been published about the characterization of urban particulate matter pollution in middle-eastern Europe [29,30,31,32,33,34,35,36,37,38]; however, data are still scarce and limited to short sampling periods. All these investigations show that urban aerosol pollution is a huge problem in the region, and in order to work out effective mitigation strategies we must have detailed information about the chemical composition and sources of APM pollution as well as the understanding of the effects of meteorological parameters, human activity, and regional and long-range transport. Urban background sites in Hungary were included in two regional-scale studies of PM2.5 pollution [39,40]: Budapest, Gilice tér (February–May 2015) and Debrecen, ATOMKI (2014–2015). At both sites, the APM levels were significantly higher during winters, and high pollution levels were more frequent during the heating period than in other times of the year. Other publications corresponding to Hungarian cities are restricted to short time periods with extreme pollution events [41,42,43] or do not contain chemical characterization of PM pollution [44,45].



In this study, we characterize the PM2.5 and PM10 pollution in the above mentioned cities of Hungary, Budapest, and Debrecen, during the heating period of winter 2009–2010. PM2.5 and PMcoarse samples were collected simultaneously on a daily basis in the two urban background sites. Concentration, elemental composition and sources of APM pollution were determined. The effects of different meteorological conditions and anthropogenic activities were studied. The parallel sampling made it possible to have a direct comparison between the similar UB sites situated 200 km from each other. The influence of local and regional sources was also studied. The obtained results were compared directly to the already published data.



Thus, the objective of this study is to provide quantitative data on the sources of urban aerosol pollution in the two biggest cities in Hungary in the most polluted period of a year, to identify local and regional effects which could serve as a basis to effective abatement measures.




2. Materials and Methods


2.1. General Description of the Sampling Sites


The study was carried out in two major Hungarian cities: Budapest and Debrecen. Budapest (47°29′54″ N, 19°02′27″ W) is the capital of Hungary, the political, cultural, commercial, industrial, and transport center, and the largest and most populated city in the country. It is the ninth most populous capital of the European Union. In 2011, the population of Budapest was 1.7 million (2.5 million including suburbs). It covers an area of about 525 km2.



Debrecen (47°31′48″ N, 21°38′21″ W) is Hungary’s second largest city. It is the intellectual, cultural, economic, touristic, and transport center of the Trans-Tisza region, the seat of Hajdú-Bihar County. More than 38% of the county’s population lives in Debrecen. According to the data of the KSH (Hungarian Central Statistical Office), in 2013 its registered resident population exceeded 204,333 [46]. Debrecen is located in the Northern Great Plain, on the border of Nyírség, Hajdúhát, and Hajdúság. The Nyírség is a sandy area, sloping from north to south, its western border is at the Tócó valley. Hajdúhát, Hajdúság is a loess area, it slopes to the west [47].




2.2. Aerosol Sampling


Parallel aerosol sampling campaign was carried out between 8 December 2009 and 18 March 2010 in urban background sites in Debrecen and in Budapest. In the studied period PM2.5 and PMcoarse (particles with EAD between 2.5 and 10 μm) samples were collected separately every day in both locations.



Twenty-four hour-long aerosol samplings were performed with Ghent-type two-stage stacked filter units equipped with Nuclepore polycarbonate filters of 8 µm and 0.4 µm pore diameters [48]. The samplers were operated at a flow rate of 16–18 L/min.



For the study, sampling sites with similar characteristics were chosen. Both stations are situated in residential areas and are classified as urban/suburban background. In Debrecen, the sampling site was the garden of the Institute for Nuclear Research (ATOMKI) (Figure 1), which is situated 1.5 km from the city center. In Budapest, the samples were collected at the air quality monitoring urban background station in Gilice square in the XIII district of Budapest (Figure 1). The sampling height was 1.8–2 m in both locations. Main roads with heavy traffic are situated 100 m from both sites. In Budapest, the airport motorway and the M0 highway run 1 km East from the sampling site. Altogether, 92 PM2.5 and 92 PMcoarse samples were collected at each site.




2.3. Elemental Analysis


PM mass concentrations were determined by gravimetry using a Sartorius microbalance (6-digit). The samples were conditioned at 25 °C temperature and 55–60% relative humidity for at least 24 h in the weighing box before and after the sampling. The uncertainty of the weighing was 5%.



The elemental composition of the samples was determined by Particle Induced X-ray Emission (PIXE) analytical method [49]. PIXE is a frequently used analytical technique for the elemental characterization of aerosol samples [50,51,52]. The measurements were carried out in the PIXE chamber installed on the left 45° beamline of the 5 MV Van de Graff accelerator of ATOMKI [53]. The irradiation of the samples was performed with a H+ beam of 2 MeV energy and of 20–50 nA current. The accumulated charge was 40 μC on each sample. A Canberra type Si(Li) X-ray detector equipped with 24 μm thick mylar absorber recorded the emitted characteristic X-rays for elements with Z > 12.



The X-ray spectra have been evaluated with the PIXYKLM program package [54,55]. Blank corrections were taken into account for the calculation of concentration values. The concentration of the following elements was determined: Al, Si, P, S, Cl, K, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Br, Sr, Ba, and Pb. The concentration values were given in ng/m3. The uncertainty of the measurements varied between 3 to 10%, while DL was between 0.2 ng/m3 and 20 ng/m3, depending on the element.



Black carbon (BC) concentration of the samples was determined in the fine fraction using an EEL Model 43 smoke stain reflectometer [56]. Concentrations were defined in μg/m3 and the uncertainty of the measurement was 10%.



Minimum detection limits (MDL) and analytical uncertainties of the applied methods are listed in Table S1 in Supplementary Materials.




2.4. Source Apportionment by PMF


Pollution sources were identified by using the Positive Matrix Factorization (PMF) receptor model [57]. PMF is a widely used technique for source apportionment [58]. Its advantage is that it requires no a priori knowledge of source profiles and uses uncertainty to weigh all data. In this work, US EPA PMF 5.0 was applied to determine possible sources of atmospheric aerosol pollution [57,59]. PMF model is based on least-squares techniques that uses error estimates of the measured data to provide weights in the fitting process. The objective of multivariate receptor modeling is to obtain p independent factors, representing p different sources of emissions or secondary components as well as their elemental composition and the amount that they contribute to the total mass. The notation of the PMF is:


   x  i j     =   ∑   k = 1  p   g  i k    f  k j   +  e  i j   ,  



(1)




where xij is the concentration of the species j in the i-th sample, gik is the particulate mass concentration from k-th source contributing to the i-th sample, fkj is the concentration of the species j in source k, and eij is the residual (not modelled portion) associated with the j-th species concentration measured in the i-th sample. The values gik and fkj are adjusted until a minimum for the objective function Q for a given number of factors p is found:


  Q =   ∑   i = 1  n    ∑   j = 1  m     (     x  i j   −  g  i k    f  k j      σ  i j      )   2  ,  



(2)




where σij is the uncertainty estimate of the j-th species in the i-th sample.



In PMF uncertainties can be either observation-based or equation-based. The observation-based uncertainty file provides an estimate of the uncertainty for each species for each sample corresponding to the measured concentration of the given species in the sample. The equation-based uncertainty file provides species-specific parameters which are used to calculate the uncertainties. The uncertainty is calculated using the following equations:




	(1)

	
If the concentration of the chemical species is less than or equal to the MDL provided:


   UNC    =  5 6  ×    MDL  ,  



(3)








	(2)

	
If the concentration is greater than the MDL provided:


   UNC    =      (   Error   fraction    ×    C   )   2  +    (  0.5 ×    MDL   )   2    ,  



(4)




where C is the concentration of the chemical species, MDL is the method specific detection limit, and ’error fraction’ is the estimated measurement uncertainty of the given species.









PMF analyses were performed for the fine fraction (PM2.5) and the coarse fraction (PMcoarse) separately. In total, 92 and 90 samples collected in Budapest and Debrecen, respectively, were included in the analysis. The elements which were found to be below detection limit (MDL) for more than 50% of the samples were excluded from the analysis. An extra 10% modelling uncertainty was used. S/N (signal-to-noise) ratio and the percentage of data with concentrations below the method detection limit and missing values were used to categorize the species for the source apportionment. Variables with S/N ≤ 0.5 were set as bad, and thus were excluded from the analysis. Variables with signal-to-noise ratio between 0.5 and 1.0 were set as weak. The model runs were performed with PM mass as the total variable, as well as when it was set as the weak variable with 400% uncertainty [60]. Thus, the final validated dataset for Budapest contained 92 samples and 14 species (8 strong, 6 weak variables in the coarse fraction and 9 strong, 5 weak in the fine fraction) and 90 samples and 15 species for Debrecen (10 strong and 5 weak variables for both size fractions). In order to find the optimal solutions, the following aspects were taken into consideration: the difference between the measured and expected Q should be minimum, the solution should be stable over several runs (50 random model runs were performed), the modelled species should have normal distribution, the uncertainty-scaled residual should be between ±3, and the obtained source profiles should have physical meanings [61]. The Q/Qexp [62] was 1.4 for both the coarse and the fine fractions in Budapest and it was 1 for the coarse and 0.99 for the fine fraction in Debrecen. The correlation between modeled and real concentrations (r2 varied between 0.88 and 0.99) showed that most samples and species were well modeled, except for the weak variables (r2 was 0.3–0.87). Following this procedure in Budapest, six factors in the fine mode and five factors in the coarse fraction were found to be the optimal solution. In Debrecen, seven factors in the fine and five factors in the coarse mode were obtained. The modelling uncertainties were studied by applying classical bootstrap (BS), displacement of factor elements (DISP), and bootstrap enhanced by displacement (BS-DISP) [62]. When running the BS, the number of bootstrap runs was 100 and the minimum correlation R-value was the default 0.6 in all cases. Bootstrap results displayed that the factors were reproduced at the minimum level of 85% of the produced resamples and there were no swaps for the minimum dQ level with DISP, indicating well-defined factors. The factors were mapped in 88–100% of the bootstrap runs in the coarse and 85–100% in the fine fraction in Budapest and 99–100% for the coarse and 84–100% for the fine fraction in Debrecen. There was no unmapped factor in any case.





3. Results


3.1. Mass Concentration


Table 1 shows the average, standard deviation, median, minimum, and maximum of PM10, PM2.5, and PMcoarse concentrations in μg/m3 and the PM2.5/PM10 ratio at the sampling locations (Budapest and Debrecen) for the whole period, which is also broken down to months.



Concentrations of PM2.5, PMcoarse, and PM10 were higher in Budapest than in Debrecen. PM2.5 concentration varied between 2–59 μg/m3 and 1–56 μg/m3 in Budapest and Debrecen, respectively. PM10 concentration was found to be between 8 and 89 μg/m3 in Budapest and 4–67 μg/m3 in Debrecen. The PM2.5/PM10 ratio was 70 and 75% on average in Budapest and Debrecen, respectively.



The monthly average PM2.5 concentrations varied between 15 and 26 μg/m3 in Budapest and 11–20 μg/m3 in Debrecen, and the highest monthly average PM2.5 was measured in February, 2010 at both sampling sites. The monthly average concentrations in the coarse fraction did not change significantly during the investigated period: it was 8–10 μg/m3 in Budapest and 5–6 μg/m3 in Debrecen. The average monthly PM2.5/PM10 ratio ranged from 60% to 74% in Budapest, while in Debrecen it ranged from 65% to 78%, and the highest contribution of PM2.5 to PM10 was in February.



Figure 2 shows the daily mass concentrations of PM2.5, PM10, and PMcoarse, supplemented by the daily average temperature for the sampling period. The measured values were compared with the 24-h limits recommended by the WHO and the EU. In the latest guidelines by the WHO [63] 15 μg/m3 is the recommended 24-h AQG limit value for PM2.5. Before 2021, this value was 25 μg/m3 [64,65]. The daily concentration of PM2.5 exceeded the 24-h AQ limit value of 25 μg/m3 34 times in Budapest and 18 times in Debrecen. In the case of the more strict value of 15 μg/m3, the number of exceedances were 46 in Debrecen, and 67 in Budapest. This means that in Debrecen, half, while in Budapest, over two thirds of the winter period could be considered polluted according to the WHO. Most exceedances occurred in January and February. Comparing the mass concentration values with the daily average temperature, it could be observed that whenever the mass concentrations exceeded the recommended limit values the daily average temperature was below 0 °C.



Figure 3 shows the average mass concentrations of PM2.5 and PMcoarse for the days of the week. In the case of PM2.5, the maximum concentration was observed on Thursdays (24 μg/m3) in Budapest. During the weekends the PM2.5 level was a bit lower compared to working days; however, this difference was not significant according to ANOVA analysis. In Debrecen, the PM2.5 concentration levels were very similar during the week, and it did not decrease significantly on weekends. In the case of the coarse fraction, the concentration was the highest in Budapest on the middle of the week (Tuesdays to Thursday). In addition, measured concentrations were 1.5–2-fold lower on weekends than on weekdays. In Debrecen on weekdays, roughly the same concentrations were obtained, while on the weekends the level of pollution of the coarse fraction decreased, although to a lesser extent than in Budapest.




3.2. Elemental Concentration


In Table 2 and Table 3 the measured elemental concentrations, BC, and mass concentrations are presented for both sampling sites for both size fractions. Mineral dust component was calculated as follows: 1.9[Al] + 2.14[Si] + 1.4[Ca] + 1.67[Ti] + 1.44[Fe] [66] assuming that the elements occur in their common oxide form. In the fine fraction, the main components were BC, S, and K, while in the coarse fraction besides the mineral dust elements (Si, Ca, Fe), Cl and S appeared in significant amounts. In Debrecen, the contributions of BC and sulfate (SO42−) were 11% and 19% to PM2.5, respectively. In Budapest, these numbers were 15% and 17% for BC and SO42−, respectively. Mineral dust accounted for 25% in Debrecen and 19% in Budapest of PMcoarse. The contribution of sulfate in the coarse fraction was 11–12% in both sites.



In Figure 4, the Budapest/Debrecen concentration ratios are shown. As expected, the Budapest/Debrecen ratios were higher than 1 in most cases. The ratios of mineral dust elements were around 1 except for Ca and Fe, which can be explained by the different soil types [67].



In the case of S, nearly identical concentrations were measured in the fine fraction. Sulfur is usually present in the form of sulfate (SO42−) in the aerosol and it originates generally from regional transport [68]. In the coarse fraction, S typically comes from local sources associated with wood and coal combustion [68]. Larger, around twofold differences were observed between the two cities in the case of Pb, Cu, and Zn. These elements are usually of traffic origin. Similar concentrations were measured for K, which is typically a tracer of biomass burning in the fine fraction. The largest difference was observed for chlorine in both size fractions. Cl appeared episodically, and it was connected to de-icing of streets. It will be discussed in more details in the following. By studying the elemental ratios, it can be concluded that higher concentrations were measured in Budapest for elements related directly (Cu, Zn, Pb, and part of BC) or indirectly (soil-derived elements in the re-suspended dust) to traffic. While the concentrations of aerosols from regional transport were similar in the two cities the 50% more S in the coarse fraction in Budapest indicates a bigger share of coal/oil combustion in the heating mix in Budapest.



In order to identify the possible sources of the aerosol and its individual components, time series of the elemental concentrations and the relationship between the two sites were also examined. Table 4 shows correlation coefficients by Spearman correlation between the concentrations measured in Budapest and Debrecen in PM2.5 and PMcoarse fractions.



There was a moderate correlation between the two locations in case of PMs. In the fine fraction, the strongest relationship was found in the case of sulfur, which originates from regional transport. For the traffic-related elements (Pb, Zn, and Cu) there was either no connection or only a weak correlation between the two locations. For elements connected to local sources such as biomass burning and road salting, moderate or weak correlations were found. Furthermore, for the soil-derived elements (Si, Ca, Ti, and Fe) the correlation coefficient was around 0.5 and higher values were obtained in the coarse fraction.



Figure 5 shows the temporal variation of sulfur and potassium concentrations in the fine fraction. Sulfur and potassium are important components of the fine fractional aerosol. As mentioned earlier, sulfur (in the form of sulfates) in the fine fraction usually comes from regional transport [69]. Potassium can originate from many sources such as sea salt, cooking, mineral powder, coal and wood burning, fertilization, and waste incineration [70]. Receptor models (e.g., chemical mass balance—CMB, positive matrix factorization—PMF, and principal component analysis—PCA) usually identify potassium as a tracer of biomass burning and thus it can be linked to local sources [71,72,73]. Both the temporal variation and the correlation coefficients show that there was a medium-strength relationship between the two sites for these elements. In the case of S, the same origin, and for K, the similar weather conditions in the two cities explain the relatively strong relationship.



The dependence of PM2.5, PMcoarse, and elemental concentrations on local weather parameters (average temperature, wind direction, and wind speed) was also examined. There was a weak negative correlation between the temperature and the concentration of PM2.5, S, and K (r = −0.31, −0.35, and −0.22, respectively) in Budapest, while in Debrecen stronger relationships were found for these components (r = −0.57, −0.57, and −0.49, respectively). In Debrecen, there was a moderate (r = −0.4) negative relationship between BC and the daily average temperature, while in Budapest no such correlation was detected. These results also show that in the case of PM2.5, traffic at the Budapest sampling site played a more important role in the development of aerosol pollution than in Debrecen. In contrast, in Debrecen, aerosol from heating (domestic burning and thermal power plants) dominated the PM2.5 fraction in the sampling period. Wind speed had no significant effect on aerosol concentrations in any of the cities. The temporal variation of the elements related to traffic and mineral dust was mainly determined by the rhythm of working days–weekends in both cities, especially in the coarse fraction (Figure 6).



The temporal variation of Cl concentration is shown in Figure 7. In general, the elemental concentration was higher in both size fractions in Budapest. High Cl concentration values appeared episodically in both cities and these episodes occurred at the same time at the two sampling sites in most cases. Based on meteorological data, it can be stated that these episodes were related to snowfalls [74,75]. At both sites snowing was observed, usually at the same time, and all the episodic peaks in the evolution of Cl concentration in the coarse fraction could be attributed to snowfalls. Therefor the origin of Cl in the coarse fraction was most likely the salting of roads [76]. In the fine fraction, most Cl peaks could also be associated with snowfalls; however, in this case other sources could also contribute to the episodic increases in Cl concentration. In order to identify the source of Cl and the other components, receptor model calculations based on positive matrix factorization were performed using EPA PMF 5.0 model.




3.3. Sources of Urban Aerosol Pollution


Aerosol sources in the sampled cities were determined using the positive matrix factorization model developed by the EPA [57]. The analysis was performed separately for both the fine and coarse fraction data sets, during which outliers were excluded so as not to cause bias in the results. At both sampling sites, five sources were identified in the coarse fraction. In the fine mode, six sources were recognized in Budapest and seven in Debrecen. Figure 8 and Figure 9 show the source profiles of the fine and coarse fractions, respectively.



In the case of the fine fraction in Debrecen, the high Cl content in DF1 (contains almost 90% of the Cl) and the time pattern assigned this factor to the winter salting of roads, as the peaks appeared after the snowfalls [76]. Factors DF2 and DF4 were defined as soil because the constituents of mineral dust (Al, Ca, Si, Ti, Mn, Fe, and Ba) were the predominant elements. The presence of two soil factors is explained by the location of the city. The borderline of two landscapes, the Hajdúhát—Hajdúság (loess area) and Nyírség (sandy area) crosses the city in a N–S direction [47]. Factor DF3 is dominated by the traffic-related road dust elements. Mn and Fe are tracers of tram traffic, while Cu, Zn, and Pb are tracers of vehicle transport [77]. Factor DF5 was identified as biomass burning from domestic heating due to high K and BC concentrations [78]. Factor DF6 is characterized by high sulfur content. S is found in the aerosol primarily in various compounds of SO42−. Fossil fuel (coal, oil, etc.) burning and diesel engines are their primary sources [79]. Fingerprint elements of heavy oil combustion, such as V and Ni, also appear in this factor [80]. Factor DF7 is characterized by heavy metals and BC which are tracers of traffic. The origin of Cu is brake abrasion while Zn can be derived from the wear of tires, as ZnO is used in the vulcanization process in the production of tires [81]. Pb can be the result of wear and abrasion of winter tires. Although leaded petrol was essential for the operation of older and mainly eastern-European cars, it was banned in Hungary in 1999 due to its negative effects. Since then, emissions of lead have decreased significantly; however, Pb is still present in the road dust [82].



The following six sources were identified in the fine fraction in Budapest. The main component of factor BF1 is Cl which can be explained primarily by winter salting of roads in the same way as in Debrecen. In the case of factor BF2, the dominant elements are traffic-related metals (Mn, Fe, Cu, Zn, and Pb) and BC, so this factor was identified as traffic [83]. Factor BF3 is characterized by high Ca concentration and some heavy metals; therefore it was attributed to construction and asphalt wear [84]. Factor BF4 is biomass burning characterized by high K and BC concentrations. Factor BF5 contains the mineral constituents of soil (Al, Ca, Si, Ti, Mn, Fe, and Ba) and has therefore been identified as soil. Factor BF6, such as factor DF6, is characterized by high S concentration.



In the coarse fraction of Debrecen, factors DC1 and DC2 contain elements of mineral dust (Al, Si, Ca, Ti, Mn, Fe, and Ba) [50], therefore these factors were attributed to the two soil types of Debrecen described earlier [47]. The main of components factor DC3 are metals from traffic: Fe, Cu, Zn, and Pb [83]. The main constituent of the DC4 source is Cl. Its origin can be tracked back to the winter salting of the roads as “salt” (mostly in the form of NaCl) which was applied for de-icing of the roads [76,84]. Factor DC5 is characterized by a high concentration of S, the origin of which was most probably heating with oil [68]. Similar sources were identified in the coarse mode in Budapest too, with the difference that the “road dust” factor (BC3) appearing here, not in the fine mode as in Debrecen.



Absolute and relative contributions of the factors are presented in Table S2 (in Supplementary Materials) and in Figure 10 and Figure 11. Contributions for the whole period, for working days, weekends, and for polluted days (when PM2.5 concentrations were higher than 25 μg/m3) were also calculated. The two soil factors of Debrecen were merged in order to make the comparison clearer.



Sources dominating the fine fraction for both cities were secondary sulfate and biomass burning. The relative contribution of secondary sulfate was 36% in Budapest and 45% in Debrecen, while the contribution of biomass burning was 28% in the capital and 22% in Debrecen. The relative contribution of the source identified as traffic was 19% in Budapest and 9% in Debrecen. In Debrecen, soil together with road dust, contributed 14% to the total PM2.5 mass, while the summed contribution of soil and asphalt was the same in Budapest.



In the case of the coarse fraction, the contribution of the source identified as combustion was 28% for both cities. In Debrecen, the relative contribution of soil was 44%, and traffic gave 19%. In Budapest, the contribution of the soil factor was 21%, which was added up by the 36% of road dust and 11% of traffic factors.



When studying the time trend of source contributions, we found that in the fine fraction the increased concentrations were associated with cold days, so consequently biomass burning and sulfate from oil combustion were the dominant pollutants on these days. In March, the relative contribution of traffic and soil-related sources increased markedly. For the Cl-rich source, the temporal variation was similar in the two cities corresponding to episodes of snowfall. The trends seen in the fine fraction were also observed in the coarse mode. Sulfate from combustion dominated on cold days, while traffic, road dust, and soil were the main contributors in March. Cl appeared after snowfalls.



In the days with high pollution levels, the source contribution of fine fraction sulfate in both cities increased almost twofold compared to the average. In addition, it can be seen that the absolute contribution of sulfate was very similar in the two cities (~7.5 μg/m3) over the period, suggesting a regional origin. In the case of the source identified as traffic, much smaller contributions (up to 50%) were measured in Budapest on weekends compared to working days, while in Debrecen there was no significant difference between weekends and weekdays. However, the contribution of this source was also almost twice as high as the average for days of exceedances. The contribution from biomass burning showed an increase for the exceedances compared to the other periods. The contribution of the Cl-traced, soil, and asphalt sources decreased in the weekends. In the case of traffic, biomass burning, and soil, the absolute contributions were significantly higher in Budapest than in Debrecen.



In the coarse fraction in Budapest, the absolute contribution of sulfate, traffic, soil, and road dust decreased on weekends compared to working days. In Debrecen, the main difference between weekdays and weekend was in the contribution of soil, which was reduced during the weekend. Furthermore, a decrease was also observed in the traffic contribution, but to a lesser extent than for soil. The contribution of the factor identified as combustion showed the same value on weekdays and weekends. A comparison of the two cities shows that the contribution of transport-related sources (traffic, road dust, re-suspended dust) was much higher in Budapest. There were two high-pollution level episodes with 49.5 and 58 μg/m3 concentrations on 22 and 27 January in the coarse fraction in Budapest (see Figure 2). These were days with very low temperatures (−6 and −9 °C). In addition, these were the only two days within the cold periods in January when the wind direction was S, SE (wind speed was 3.7 and 2 m/s, respectively). The contribution of combustion was 50% on these days, and the tracers of the combustion factor (S, Pb, and Zn) also had very high concentrations on these days.




3.4. Comparison with Data from 2015


There are data available for the same sampling sites in the heating period of 2015, 5 years later than the present study. In Vratolis et al. [39] composition and sources of PM2.5 at Gilice tér is presented, together with results from Zagreb and Sofia. In the heating period (9 February–20 March) the average PM2.5 concentration was found to be 25 μg/m3 (measured by β-attenuation method) which is similar to the corresponding PM2.5 data from the present study. They identified the following sources: soil, traffic, biomass burning, secondary aerosols, and a nitrate rich source with biomass burning. The estimated source contributions were almost identical to our findings in 2010: (e.g., secondary aerosols: 7.6 μg/m3 (2010) to 7.0 μg/m3 (2015), biomass burning: 5.9 μg/m3 (2010) and 6.3 μg/m3 (2015), soil: 2.7 μg/m3 (2010) and 2.9 μg/m3 (2015).



For the Debrecen site, PM2.5 data from 2014–2015 can be found in Almeida et al. [40]. For comparison purposes, data from the same winter period (December, 2014 to March, 2015) are used here. The mean PM2.5 concentration for the winter of 2014–15 was 15.6 μg/m3. Five years earlier this value was 17 μg/m3. The same sources were identified for the PM2.5 pollution: two types of soil, biomass burning, secondary aerosols, traffic, and Cl. In this case, the contribution of soil and traffic were similar in the two investigated years; however, the contribution of biomass burning doubled from 2010 to 2015, while there was a decrease in the contribution of secondary aerosols. We can conclude that basically the same tendencies could be observed at the two sites.



Our findings fit well in the regional panorama presented in [39,40]. The main sources of PM2.5 pollution in winter were biomass burning, secondary aerosols, traffic, fuel oil combustion, coal combustion, and industry in the investigated urban background sites in middle-eastern and southern Europe. Compared to other cities, such as Zagreb, Belgrade, or Krakow, the contribution of secondary aerosols was higher in Hungary, while the industry factor was missing. In our case, the oil combustion appeared in the coarse fraction, while the relative contribution of biomass burning was very similar to the neighboring countries. We have not seen contribution of coal combustion in either in 2010 or 2015, whereas heating with coal was the main source of pollution in winter in Poland. Considering the PM2.5 levels, both cities belong to the average, moderately polluted sites.





4. Summary and Conclusions


In the present work, atmospheric aerosol pollution was characterized in the winter of 2009–2010 in two Hungarian cities (Budapest and Debrecen) by analyzing daily aerosol samples. On average, the mass concentrations of PM10, PM2.5, and PMcoarse were higher in Budapest than in Debrecen. The PM2.5/PM10 ratio ranged from 60 to 78% for both cities, indicating the dominance of the fine fraction aerosol during the study period. The daily evolution of mass concentrations showed that there were lower concentrations on weekends than on weekdays. The daily concentration of PM10 exceeded the 24-h AQ limit value (50 μg/m3) seven times in Budapest and on one occasion in Debrecen. In the case of PM2.5 fraction, the number of exceedances of the WHO recommended limit value (15 μg/m3) were 67 in Budapest and 46 in Debrecen, which is 73% and 50% of the investigated period, respectively. At the time of the exceedances the daily average temperature was always below freezing.



Elements of natural origin (Al, Si, Ca, Ti, Mn, Fe, and Ba) and chlorine were found to be dominant in the coarse fraction, while elements of anthropogenic origin (S, K, Cu, Zn, and Pb) were predominant in the fine fraction. Similar concentrations were measured in the two cities in the case of S, which originates from regional transport, and K, which serves as a tracer for biomass combustion. Traffic-related elements were present in 2–3-times higher concentrations in Budapest. The episodic peaks in the Cl time series could be attributed to snowfalls.



Sources of APM pollution were identified by using the EPA PMF 5.0 receptor model. The profiles of the sources and the relative and absolute contributions of each source were established. The following sources were identified in the coarse fraction in Budapest: soil, traffic, road dust, secondary sulfate, and a Cl-traced source. In Debrecen, two types of soil (quicksand and loess), traffic, secondary sulfate, and a Cl-traced source were recognized in the coarse mode. Sources determined in the fine fraction were soil, traffic, biomass burning, secondary sulfate, and a Cl rich source in Budapest and biomass burning, traffic, secondary sulfate, the Cl-rich source, road dust, and two types of soil in Debrecen. The contribution of secondary sulfate (which originates from regional transport) was the same in the two cities, while the contribution of sources related to traffic was significantly higher in Budapest. On polluted days, when the PM2.5 concentration exceeded 25 μg/m3, the contribution of secondary sulfate, domestic heating, and traffic increased significantly compared to the average. On weekends and holidays, the contribution of soil and traffic decreased.



In this study, we have provided information about the composition and sources of urban particulate matter pollution in two Hungarian cities for the most polluted period of a year, not only for PM2.5, but also for the coarse fraction. The synchronized sampling at the two sites made it possible to study the connection between the air pollution in the cities and establish regional effects besides exploring the influence of local meteorological parameters and human activities. We have shown that source apportionment of the coarse fraction, besides the PM2.5, gives valuable information about the local air pollution, which could serve as a basis of future abatement strategies. Our findings for the PM2.5 fraction could be compared to results 5 years later. We have seen that the PM2.5 concentrations and the sources of PM2.5 pollution in the heating season did not change in the investigated years. In 2010 and 2015, the source contributions were similar except for biomass burning. The share of biomass burning almost doubled in 5-years’ time at both sites, indicating a change of heating habits. Whether this change was temporary or permanent is a question for further studies. The information on the variation of source contribution estimates on longer time scales are essential to policy makers in order to see the effects of different air pollution reduction measures.
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Figure 1. Location of sampling stations (A: Budapest, Gilice square, B: Debrecen, Atomki). 
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Figure 2. Daily mass concentration of PM2.5, PM10, and PMcoarse, and the daily average temperature in Budapest and Debrecen between 8 December 2009 and 18 March 2010. 
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Figure 3. PM2.5 and PMcoarse concentrations (in μg/m3) on various days of the week. 






Figure 3. PM2.5 and PMcoarse concentrations (in μg/m3) on various days of the week.



[image: Atmosphere 13 00554 g003]







[image: Atmosphere 13 00554 g004 550] 





Figure 4. Budapest/Debrecen elemental and mass concentration ratio in the coarse and fine fractions. 
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Figure 5. Temporal variation of S and K concentration (ng/m3) in the fine (PM2.5) fraction. 
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Figure 6. Temporal variation of mineral dust concentration (ng/m3) in Budapest (left) and in Debrecen (right) in the fine and coarse fractions. 
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Figure 7. Temporal variation of Cl concentration (ng/m3) in the fine (PM2.5) and the coarse (PMcoarse) fraction. 
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Figure 8. Source profiles in Budapest and in Debrecen in the fine fraction. The blue bars represent the element concentrations on a logarithmic scale, in ng/m3. The red points indicate the relative contribution of each source to the total concentration of the given element in %. The first bar shows the PM2.5 concentration and shows the contribution of each factor to total aerosol pollution. 
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Figure 9. Source profiles in Budapest and in Debrecen in the coarse fraction. The blue bars represent the element concentrations on a logarithmic scale, in ng/m3. The red points indicate the relative contribution of each source to the total concentration of the given element in %. 
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Figure 10. Source contributions in the fine fraction in Budapest and Debrecen. 
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Figure 11. Source contributions in the coarse fraction in Budapest and Debrecen. 
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Table 1. Average, standard deviation, median, minimum, and maximum of PM2.5, PMcoarse, PM10 concentration in μg/m3 and the PM2.5/PM10 ratio at the sampling locations (Budapest and Debrecen).
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Budapest (µg/m3)

	
Debrecen (µg/m3)

	




	
PM2.5

	
PMcoarse

	
PM10

	
PM2.5/PM10

	
PM2.5

	
PMcoarse

	
PM10

	
PM2.5/PM10






	
December

	
Average

	
17

	
8

	
24

	
0.67

	
16

	
5

	
21

	
0.73




	
Median

	
17

	
6

	
23

	
0.71

	
12

	
4

	
17

	
0.76




	
Min

	
5

	
3

	
9

	

	
1

	
1

	
4

	




	
Max

	
34

	
21

	
43

	

	
56

	
14

	
67

	




	
SD

	
8

	
5

	
9

	

	
13

	
3

	
15

	




	
January

	
Average

	
24

	
10

	
34

	
0.74

	
19

	
5

	
24

	
0.78




	
Median

	
23

	
6

	
32

	
0.77

	
18

	
4

	
22

	
0.8




	
Min

	
7

	
2

	
10

	

	
8

	
1

	
9

	




	
Max

	
43

	
58

	
89

	

	
36

	
13

	
47

	




	
SD

	
10

	
12

	
19

	

	
8

	
3

	
10

	




	
February

	
Average

	
25

	
8

	
32

	
0.73

	
20

	
5

	
25

	
0.78




	
Median

	
25

	
7

	
31

	
0.78

	
21

	
5

	
25

	
0.81




	
Min

	
2

	
2

	
8

	

	
8

	
3

	
12

	




	
Max

	
59

	
18

	
68

	

	
40

	
11

	
48

	




	
SD

	
14

	
3

	
16

	

	
9

	
2

	
10

	




	
March

	
Average

	
15

	
10

	
25

	
0.6

	
11

	
6

	
16

	
0.65




	
Median

	
17

	
9

	
25

	
0.59

	
10

	
5

	
17

	
0.64




	
Min

	
4

	
3

	
13

	

	
7

	
2

	
12

	




	
Max

	
26

	
17

	
40

	

	
16

	
12

	
23

	




	
SD

	
7

	
4

	
9

	

	
3

	
3

	
3

	




	
Whole period

	
Average

	
21

	
9

	
30

	
0.7

	
17

	
5

	
23

	
0.75




	
Median

	
20

	
7

	
28

	
0.74

	
15

	
4

	
19

	
0.78




	
Min

	
2

	
2

	
8

	

	
1

	
3

	
4

	




	
Max

	
59

	
58

	
89

	

	
56

	
14

	
67

	




	
SD

	
11

	
8

	
15

	

	
10

	
3

	
11
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Table 2. Average, median, minimum, and maximum concentrations (ng/m3) of elemental, BC, and mineral dust components of PM2.5 with standard deviation (SD) in Budapest and Debrecen.
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Budapest

	
Debrecen




	
Average

	
Median

	
Min

	
Max

	
SD

	
Average

	
Median

	
Min

	
Max

	
SD






	
Al

	
68

	
59

	
<DL

	
272

	
56

	
17

	
4

	
<DL

	
109

	
25




	
Si

	
83

	
68

	
3

	
275

	
64

	
67

	
37

	
<DL

	
415

	
74




	
S

	
1201

	
1112

	
52

	
3194

	
752

	
1061

	
942

	
121

	
3271

	
658




	
Cl

	
15

	
8

	
<DL

	
108

	
20

	
5.6

	
1.5

	
<DL

	
52

	
9




	
K

	
311

	
299

	
26

	
758

	
155

	
294

	
255

	
26

	
1070

	
161




	
Ca

	
49

	
35

	
1

	
216

	
48

	
33

	
23

	
3

	
168

	
30




	
Ti

	
2.3

	
2

	
<DL

	
8

	
2

	
3.1

	
2.6

	
<DL

	
12

	
2




	
Mn

	
2.5

	
2

	
<DL

	
8

	
2

	
1.4

	
1.3

	
<DL

	
8

	
1




	
Fe

	
94

	
85

	
5

	
243

	
54

	
64

	
58

	
6

	
181

	
38




	
Cu

	
4.5

	
3.3

	
<DL

	
42

	
5

	
2.3

	
2

	
<DL

	
8

	
1




	
Zn

	
37

	
33

	
<DL

	
92

	
20

	
20

	
16

	
<DL

	
90

	
15




	
Ba

	
3

	
2

	
<DL

	
27

	
3

	
2.8

	
1.1

	
<DL

	
16

	
3




	
Pb

	
20

	
17

	
<DL

	
60

	
13

	
11

	
8

	
<DL

	
48

	
8




	
BC

	
3159

	
2972

	
317

	
6580

	
1376

	
1991

	
1759

	
389

	
6453

	
1048




	
PM

	
21,200

	
20,100

	
2420

	
58,800

	
11,300

	
17,400

	
15,200

	
1390

	
55,800

	
9530




	
min. dust

	
513

	
439

	
61

	
1529

	
339

	
319

	
231

	
26

	
1515

	
277
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Table 3. Average, median, minimum, and maximum concentrations (ng/m3) of elemental and mineral dust components of PMcoarse with standard deviation (SD) in Budapest and Debrecen.
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Budapest

	
Debrecen




	
Average

	
Median

	
Min

	
Max

	
SD

	
Average

	
Median

	
Min

	
Max






	
Al

	
65

	
28

	
<DL

	
420

	
88

	
94

	
71

	
<DL

	
604




	
Si

	
346

	
234

	
29

	
1121

	
291

	
311

	
211

	
6

	
1665




	
S

	
357

	
249

	
37

	
2623

	
425

	
218

	
186

	
41

	
693




	
Cl

	
177

	
46

	
<DL

	
2016

	
418

	
45

	
17

	
<DL

	
470




	
K

	
103

	
81

	
14

	
609

	
97

	
75

	
62

	
17

	
297




	
Ca

	
314

	
213

	
39

	
1070

	
265

	
164

	
112

	
7

	
1133




	
Ti

	
10

	
8

	
1.6

	
31

	
8

	
10

	
7

	
<DL

	
63




	
Mn

	
3.9

	
3.1

	
<DL

	
16

	
3

	
2.6

	
1.9

	
<DL

	
10




	
Fe

	
274

	
218

	
45

	
858

	
169

	
165

	
125

	
17

	
589




	
Cu

	
5

	
3.8

	
<DL

	
24

	
5

	
2.9

	
2.5

	
0.6

	
8




	
Zn

	
21

	
12

	
3

	
207

	
34

	
9

	
6

	
1.2

	
151




	
Ba

	
7

	
6

	
<DL

	
24

	
5

	
5

	
4

	
<DL

	
47




	
Pb

	
6

	
4

	
<DL

	
68

	
11

	
3

	
1.1

	
<DL

	
13




	
PM

	
8880

	
6720

	
1610

	
58,000

	
7900

	
5250

	
4470

	
1160

	
14,400




	
min. dust

	
1705

	
1208

	
229

	
5550

	
1284

	
1330

	
949

	
57

	
7223
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Table 4. Spearman’s correlation coefficients between Budapest and Debrecen elemental concentrations in the fine and coarse fractions.
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PM2.5

	
PMcoarse




	

	
r

	
p Value

	

	
r

	
p Value






	
PM

	
0.58

	
<0.01

	
PM

	
0.50

	
<0.01




	
BC

	
0.30

	
<0.01

	
-

	
-

	
-




	
Si

	
0.43

	
<0.01

	
Si

	
0.62

	
<0.01




	
S

	
0.66

	
<0.01

	
S

	
0.53

	
<0.01




	
Cl

	
-

	
-

	
Cl

	
0.50

	
<0.01




	
K

	
0.45

	
<0.01

	
K

	
0.53

	
<0.01




	
Ca

	
0.46

	
<0.01

	
Ca

	
0.53

	
<0.01




	
Ti

	
0.36

	
<0.01

	
Ti

	
0.63

	
<0.01




	
Mn

	
-

	
-

	
Mn

	
0.53

	
<0.01




	
Fe

	
0.27

	
0.01

	
Fe

	
0.46

	
<0.01




	
Cu

	
0.27

	
0.05

	
Cu

	
-

	
-




	
Zn

	
0.35

	
<0.01

	
Zn

	
-

	
-




	
Pb

	
-

	
-

	
Pb

	
-

	
-
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