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Abstract

:

The habitants of Sofia, the capital city of Bulgaria, are unfortunately exposed to high levels of particulate matter (PM), despite a lot of efforts made by the government and the municipality in recent decades. A high resolution model using the Atmospheric Dispersion Modeling System (ADMS)-Urban was carried out for one year (2014) with elevated levels of PM concentration for the Sofia region measured during the winter. Four main emission sources (point industrial, domestic heating, roads, and unorganized transport) were taken into account for this study. This works intends to evaluate the impacts of different sources on the air pollution and quality of life in Sofia city. Although this type of modeling only accounts for the local sources, and has some deficiency, it can be a very useful tool for estimating the contribution of each source type to the concentration field, and it allows simulating different scenarios for future emission reduction that can help authorities with decision making.
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1. Introduction


Air pollution is currently the most important environmental risk to human health, and it is perceived as the second largest environmental concern for Europeans, after climate change [1]. Air contaminants are substances which, when present in the atmosphere in sufficient concentration, may harm human, animal, plant, and microbial health, or damage infrastructures and ecosystems [2]. Significant progress has been achieved in the past 20 years in the European Union (EU) by a dedicated and common policy in the field of anthropogenic atmospheric emissions and air quality, including the “Thematic Strategy on Air Pollution” [3], the National Emission Ceilings Directive (2001/81/EC) [4], and the Directive 2008/50/EC on ambient air quality and cleaner air for Europe [5]. Despite improvements over several decades, air pollution continues to cause substantial impacts to human health, particularly as a significant proportion of Europe’s population live in urban areas, where exceedances of air quality standards regularly occur [6]. Poor air quality-related health conditions, such as respiratory diseases, cardiovascular diseases, asthma and allergy, are considered a very serious problem by European citizens [7]. According to the median aerodynamic diameter, fine particulate matter (PM) can be divided into two categories for air quality regulatory purposes. Emissions from combustion of gasoline, oil, diesel fuel, or wood produce much of the PM, with a diameter of 2.5 μm or less (PM2.5) pollution found in outdoor air, as well as a significant proportion of PM with a diameter of 10 μm or less (PM10). PM10 also includes dust from construction sites, landfills and agriculture, wildfires and bush/waste burning, industrial sources, wind-blown dust from open lands, pollen and fragments of bacteria. PM2.5, as well as ozone (O3), are the most problematic pollutants in terms of human health, followed by benzo(a)pyrene (indicator for polycyclic aromatic hydrocarbons (PAHs); measured as content of PM10) and nitrogen dioxide (NO2). Air pollution is a major cause of premature death and disease and is the single largest environmental health risk in Europe [8]. Estimates of the health impact of exposure to air pollution indicate that long-term exposure to PM2.5 was responsible for approximately 417,000 premature deaths, the estimated impact attributable to the population exposure to NO2 was around 55,000 premature deaths, and exposure to ground-level O3 is estimated to have caused 20,600 premature deaths in Europe in 2018 [6].



Bulgaria was one of the countries with the highest PM10 concentrations in 2009, and, in spite of a considerable decrease was registered over the last decade [6], the air quality continues to be a major problem for the country. Approximately 3.3 million of the population (or 65.1% of total) is living at levels of PM10 pollution above the norms in settlements where this pollutant is measured, and in 9 out of a total of 15 air quality sites, the average annual norm for benzo(a)pyrene was exceeded in 2018 [9]. PM pollution during the winter is most harmful for Bulgarian big cities (e.g., Sofia and Plovdiv), according to the national reports on the state and protection of the environment for 2010–2018, provided by the Executive Environment Agency (ExEA), Ministry of Environment and Water. The main causes of excessive pollution with PM are domestic heating during the winter season, sanding and salting of streets and roads (and the ensuing secondary dispersion from road traffic), and emissions from road and public transport.



The concentration of human activities in cities results in emissions that modify the thermal and chemical composition of the urban atmosphere [2]. The urban living is connected to many busy streets, where crowds intermingle with cars, buses, and motorbikes, each of which injects heat, moisture, noise, and a host of air pollutants into the urban canopy layer. All of this occurs within a street canyon that confines the air flow and restricts the dilution of air pollutants. Contaminated air drifts into adjacent buildings where it lingers longer and affects the comfort and health of occupants [2]. Dense population means high levels of anthropogenic emissions, heat, and stress over the environment and, unfortunately, there is a clear tendency in increasing the number of people living in urban areas over the globe. Today, more than half of the world’s population lives in urban (55%) rather than rural, areas. This distribution is expected to reach 68% by 2050, with one in three people living in cities with at least half a million inhabitants [8]. The increase in urban population is not only common in metropolitan areas like Istanbul, Moscow, Paris, London etc., but also in smaller urban regions. Cities are becoming centers of human activity because people expect to improve the “quality of human life”, but large urbanized regions, on the other hand, are the largest sources of greenhouse gases and air pollutants, and cause changes in the land-use [10]. Relatively small urban areas, such as Sofia, with a population of approximately 1.24 million [11], are not exempt from these migration patterns. The problem with the lack of compulsory address registration, however, makes the city’s management believe that there are between 1.6 and 1.8 million people in the capital, approximately a quarter of the country’s population. Sofia municipality—as a study object—is a challenging complex urban system, because of its geographical setting (complex terrain and favorable meteorological conditions for high pollution) and due to its contrasting modes of urban development combined at the present moment in a rich variety of patterns. The city is settled in a field at the foothills of the steep Vitosha Mountain. Its climate is transitional with influences from several climate zones throughout the seasons. The city general urban form, urban design models, and realized urban morphology are complexly intertwined. Due to the described above reasons the air quality associated with PM pollution in the Sofia municipality was simulated in this work.



Bulgaria has decades of tradition in studying the air quality in both regional and local scales, including development of homemade models [12,13,14,15,16,17,18]. Plenty of work in the field of the regional air quality modeling has been made in Bulgaria in the last two decades, including transboundary pollution between Bulgaria and Greece [19,20,21,22], climate of atmospheric pollution for selected urban environment [23,24,25,26,27,28], study the specifics of air pollution in the Sofia valley [12,13,29,30,31]. Many studies for development and support of the Bulgarian Chemical Weather System [31,32,33,34,35,36,37,38,39], assessment of the contribution of different types of pollutants and different categories of sources [40] have also been published. Most of the more recent publications are based on the Weather Research and Forecasting (WRF) [41] model, which is managed by the USA National Center for Atmospheric Research, and the Community Multiscale Air Quality Modeling System (CMAQ) [42], which is supported by the USA Environmental Protection Agency. Advantages of these models include their ability to use temporally and spatially varying meteorology and to model chemical reactions, but due to used parameterizations of physical processes however, these models have restrictions of grid resolution (the finest is usually 1 km).



In spite of decades of study in Bulgaria on air quality at different scales, the contribution of physical environment on pollution in urban areas is not specifically investigated. Only one study presents modeling of NOx distribution from transport for small residential area in Sofia using Lagrangian particle dispersion model [43]. The physical environment plays a very significant role in urban areas, and this part is commensurate with the role of anthropogenic emissions and weather. Using detailed spatial depiction of urban infrastructure (e.g., roads, buildings, parking spaces, industrial and housing areas) in three-dimensional (3D) maps can affect significantly the air pollution modeling, provide detailed structure and help to define “hot spots” of pollution, and ensure valuable tools for the city planners to build sustainable environment in the future projects for urban development. We exploited the Atmospheric Dispersion Modeling System (ADMS-Urban) [44] which is a city-scale model that resolves concentration fields explicitly representing the near-field features of the dispersion of emissions with very high resolution (50 m in this work). Numerical simulations were performed for the Sofia municipality for a duration of one year (2014). This year is characterized by elevated levels of PM concentration for the region during the winter. Four main emission sources (point industrial, domestic heating, roads, and unorganized transport) were taken into account for this study.



The goals of this paper are to (i) evaluate ADMS-Urban and asses the model abilities to represent the pollution pattern in Sofia field surrounded by complex terrain and (ii) to estimate the impacts of different sources on the air quality and quality of life in Sofia city. The experimental design and methodology are described in Section 2. Section 3 presents results from numerical simulations and model validation, followed by contribution of the different types of sources to the modeled concentration fields for cold and warm seasons. An overall discussion is presented in Section 4, and the conclusions are in Section 5.




2. Experimental Design and Methodology


2.1. ADMS-Urban System


ADMS-Urban is a comprehensive system for modeling air quality and it is being used across the world for air quality management and assessment studies of complex situations in urban areas, cities, towns and close to motorways, roads and large industrial areas [45,46,47]. This model is applied to study the air pollution in local scales for first time in Bulgaria. The local Gaussian type model with an integrated street canyon model is nested within a trajectory model so that significant areas may be considered. ADMS-Urban is significantly more advanced than most of the other air Gaussian type dispersion models, in that it incorporates the latest understanding of the boundary layer structure, using advanced algorithms for the height-dependence of wind speed, turbulence, and stability to produce improved predictions. The model also takes into account the impacts of street canyons on dispersion, turbulence, and mixing induced by traffic, and includes a photochemical model for NOx and O3. Predicting pollutant concentrations in an urban area is a complex modeling problem. ADMS-Urban has been developed with a number of features to simplify the modeling process and help users.




2.2. Model Set-Up


The domain in this study covers Sofia city and suburbs, approximately 38 by 32 km, with grid resolution of 50 m (Figure 1a–d). Spatial data used by the model should be in a Cartesian coordinate system measured in meters in one of the available geographic projections. Different number of vertical levels can be exploited, but high number increases the computational time significantly. We used only two levels for this study as we investigate only concentration in the surface boundary layer. All different types of sources—point (industrial stacks), roads, domestic heating, and unorganized transport are mapped into the selected domain.



ADMS-Urban allows a lot of additional options that we applied in this study. The urban sprawl in Sofia has covered agricultural and green city hinterlands in the Sofia field and reached the foothills of Vitosha Mountain and the Stara Planina Mountain. This complex topography (Figure 1) affects the pollution transport and this effect is modeled by changing the plume trajectory and dispersion to account for disturbances in Monin–Obukhov length. Turbulence is considered using three sets corresponding to unstable (convective), near neutral and stable conditions, based on Monin–Obukhov length and corresponding to different diffusivity coefficients. Loss of the airborne concentration of pollutant occurs by dry and wet deposition. Wet deposition was not applied in this study as there was no hourly precipitation data available. The plume rise module predicts the trajectory, enhanced spread and inversion penetration of a buoyant jet or plume, given the conditions at the source and in the external environment. This module was applied to the industrial point sources requiring additional data for the temperature, flow velocity and geometry of the stack (height and diameter). The basic street canyon module was used for the road sources, which required additional information, such as the coordinates of each road segment and averaged parameters for road width and canyon height. Only primary pollutants were modeled; chemical reactions were not included in this study.




2.3. Emission Inventory


The used in this study detailed emission inventory is developed under the Program for management of air quality of the Sofia municipality for the period of 2015–2020, published and described in details within two reports—for reduction of the emissions and achieving the established air quality standards for particulate matter PM10 [48] and the supplemental program for PM2.5 and PAH [49]. For PM2.5 and PAH there are additional domestic heating sources, which are not included for PM10, thus we should not directly compare the concentration fields of PM10 and PM2.5. The sources and emissions from construction and depots and quarries are not included in the simulations, because their contribution to the concentrations of the considered in this study aerosols is very low (below 1%), which was determined by the calculations made beforehand. The domestic heating sources are modeled only for the cold season (January–March, November–December), because for the rest of the year, their contribution should be insignificant. The emissions required very detailed shape description for line and area sources, while point sources are defined by their geographical coordinates transferred in the study domain. All sources were described into details and are presented in Figure 1a–d together with location of Sofia city and surrounding towns and villages.




2.4. Observations


The base meteorological year for the simulations for each of the pollutants is 2014, in order to achieve a complex image of air quality for Sofia city and the surrounding area. The year 2014 was selected based on 10-years of record of hourly concentrations of PM taken from the official air quality network (ExEA, http://eea.government.bg/kav/; accessed on 23 March 2021), for the automatic air quality stations (AQSs) located in Sofia (Druzhba, Nadezhda, Pavlovo, Hipodruma, Orlov most). Three of these AQSs are suburban background stations (Druzhba, Nadezhda, Hipodruma), two of them traffic AQSs (Pavlovo, Orlov most). The mountain AQS Kopitoto, located near Sofia, is a background station. The map with locations of different observational sites is shown in Figure 2.




2.5. Meteorological Input


The meteorological conditions (measured also automatically at each site) were prescribed from AQS Druzhba, as it consists full record of hourly data with a few missing records only, which were reconstructed based on interpolation method integrated into the model, taking the available values from the nearest hours. The meteorological variables used in this study are hourly data for wind speed (minimum 0.75 m s−1 is required) and direction, temperature, and incoming solar radiation. The wind roses for different months of 2014 are shown in Figure 3. ADMS-Urban was run daily providing 24-h average concentration outputs for the entire domain and prescribed locations, corresponding to the measurement sites. There is a great diversity in the prevalent wind direction and speed between different months that affect significantly the pollution field. During the spring (March, April) and autumn (October–December) the northwesterly flow is predominant. During the summer variety of synoptic conditions were observed with the highest contribution of the north to northeasterly and southeasterly flows.





3. Results


3.1. Model Validation


Model validation was performed for all observational sites with all available data—four with measurements for PM10 and one for PM2.5. There are no observations for PAH from the AQSs, only handmade measurements are available with a lot of missing data, and due to this reason validation is not presented for this pollutant. Additional receptor points were added at the geographical locations of the measurement sites and compared with simulated values. Figure 4 presents annual averaged values, monthly averaged values are presented in the Appendix A (Figure A1). As only the local sources are considered and simulated, the background concentration was added from the measurements at the high mountain station, AQS Kopitoto.



The measured concentrations at all sites were above the annual averaged air quality standards 40 µg m−3 for PM10 and 26 µg m−3 (the standard with permitted exceedance for 2014) for PM2.5. Simulated concentrations with added background concentration are below observed values for all suburban background AQSs (Druzhba, Nadezhda, Hipodruma), in agreement with measurements at Orlov most traffic AQS at Sofia city center, and significantly overestimate values at Pavlovo traffic AQS, located in the western part of the city in Vitosha Mountain foothills. During the months January–March, and November–December, named as a cold season, the model simulations underestimate the measured values even with added background concentration, which has a very high contribution, for the suburban background stations Druzhba, Nadezhda, and Hipodruma (see the Appendix A, Figure A1). Most likely, the reason is inaccurate estimation of the domestic heating emissions during the cold half of the year. The domestic heating emissions usually are calculated with high uncertainties due to lack of necessary information and detailed description of spatial and temporal representation. During the warm season the suburban background sites are in agreement with measurements with added background concentration that clearly indicates the effect of pollution transport from the settlements surrounding the city to the residential areas in the outskirts of the city. At both traffic sites, simulated concentration is closer to measurements without considering background concentration. The Orlov Most and Pavlovo stations are located in close proximity to boulevards with heavy traffic. These stations are affected mainly by the local road source and less by the background concentration, which is clearly visible from the plots with monthly average validation, presented in the Appendix A (Figure A1). The simulated concentrations (with added background) are in good agreement with observations in the central city area for the annual averaged (Orlov Most), but significantly overestimate observations at Pavlovo. Most likely, the reason is that the used meteorology is not representative for this station. The flow is significantly modified by the Vitosha Mountain and the plume trajectory, calculated by the model using the option for complex orography, was not able to capture realistically the pattern of the pollution advection and dispersion.



Standard statistical measures such as mean bias (MB), mean errors (ME) and root mean squared error (RMSE) are presented in Table 1. The indexes of agreement (IA) parameter developed by Willmott [50] was also calculated. It is a standardized method to determine the degree of the model prediction error (see Equation (1))


  I A = 1 −     ∑  i = 1  N        P i  −  O i     2        ∑  i = 1  N          P i  −  O ¯    +    O i  −  O ¯       2       



(1)




where    P i    and    O i    are the predicted and observed values, respectively, and    O ¯    is the mean observed value. The IA values range between zero and 1, with 1 indicating a perfect match. In addition mean values and standard deviation (SD) are shown in Table 2.



The higher disagreement with observations appears during the cold season with ME approximately 30% and high values for RMSE at all stations. The IA is very low (except for Pavlovo station) confirming a problem most likely due to the domestic heating emissions or not well represented meteorological conditions. Very high values were measured in all stations, and the period corresponds to negative temperatures, high relative humidity of 99% and low values of radiation, which is an indicator of the existence of fog during these days. This result unequivocally shows the need of using additional data on meteorological parameters, preferably from numerical models, to allow a more realistic description of this type of situations by entering information about the height of the atmospheric boundary layer, the scale of Monin-Obukhov (involved in the description of turbulent processes) and humidity. Moreover, the mathematical formulation of the Gaussian models, does not allow operation at very low values of wind speed (as this period is). The model requires 0.75 m s−1 for all wind values less than this value. The period under discussion corresponds to calm conditions, and wind input leads to dispersion and notable reduction of concentration.



The MB, ME and RMSE calculated for the warm season are low (except for Pavlovo station) with IA above 0.7. The best agreement is achieved for Nadezhda and Druzhba sites with IA 0.9 and 0.89. Disagreement with observations during the warm season at Pavlovo site reinforces the above statement that the used meteorology is not representative for this station.



The mean observational values are underestimated for the annual averaged and cold season at all sites except Pavlovo, where it is slightly overestimated. During the warm season the modeling results show similar concentrations at suburban background sites Nadezhda and Druzhba and higher values for sites located near the roads with heavy traffic—Pavlovo, Orlov most and Hipodruma. SD is several times higher for the observations compared to the model results, with more significant variations in the mean value at traffic sites Pavlovo and Orlov most.




3.2. Ground Concentration Fields of Different Pollutants


The ground concentration fields are shown in Figure 5 for all considered in this study pollutants. The plots show the averaged concentration from all sources with added background concentration. They are presented separately for the cold and warm seasons, as the effect of the domestic heating is affecting only the cold season. Analysis of the plots for PM10 and PM2.5 shows that concentrations are elevated around the main boulevards (the city ring road, Tsarigradsko Shose, Slivnitca, Todor Aleksandrov, Tsar Boris III, Bulgaria, Peyo K. Yavorov, and Simeonovsko Shose) during the entire year. The concentrations exceed 90 µg m−3 which is more than double the annual air quality standard related to the human health 40 µg m−3 for PM10 and more than three times above the target value of 26 µg m−3 (the standard + permitted exceedance in 2014) for PM2.5. Traffic from the small roads (unorganized transport) within big residential areas Lyulin, Iztok, and Dianabat add additional pollution and concentrations there are above the annual air quality standards for PM10 and PM2.5.



Domestic heating using burning of wood and fossil fuels, adds significant stress to the environment during the cold season, forming areas with very high concentration (above 120 µg m−3). Additional “hot spots” appear mostly in some of the settlements located around Sofia city and in many suburbs, such as Gorublyane, German, Kazichene, Busmantsi, and Krivina in the eastern part of the urbanized region; Benkovski, Orlandovtsi, Vrazhdebna, and Trebich in the northern part of the city; Bakston, Ovcha kupel, Manastirski livadi, Krasna Polyana, and Filipovtsi in the southwestern part of Sofia.



The PAH air pollution is mainly due to the domestic heating and simulated concentrations exceed up to four times the annual air quality standard of 1 ng m−3 during the cold season for the same settlements and suburbs, described above, considering PM10 and PM2.5 fields, as PAH is measured as content of PM10. The difference in concentration fields of PM10 and PM2.5/PAH is caused by the additional domestic heating sources, which were added to the updated emission inventory used for PM2.5/PAH, as was described in paragraph 2.3.




3.3. Contribution of Different Sources to Ground Concentration Field


An assessment was made of the contribution (represented as a percentage) of each type of sources to the total concentration field for the cold and warm seasons. Maps of the contribution of transport (roads and unorganized), point sources, and domestic heating for the considered three types of pollutants are shown in this sub-chapter.



3.3.1. Spatial Distribution Maps of the Contribution of Different Sources of PM10


Transport is absolutely dominant source of PM10 pollution in the central city area and along the roads with heavy traffic during both cold and warm seasons (Figure 6). The contribution of this source is more than 80%. Another source with significant influence in the city area is the unorganized transport from residential areas where the impact is more than 50%. Only specific locations, where powerful industrial sources are located (considered as point sources) are distinguished in the vicinity of the capital, mostly in the town of Novi Iskar, where the companies Zebra AD and Kurilo metal operate. Four thermal power plant (TPP) named TPP Sofia, TPP Sofia-East, TPP Lyulin, and TPP Zemlyane are the most powerful emitters within the city and they are located in the industrial zones of the suburbs Druzhba, Nadezhda, Lyulin, and Krasna polyana.



The domestic heating is a dominant source for satellite villages around Sofia city and some residential areas during the cold season. In the central part of the city most of the households use alternative ways such as central/gas heating or electricity, and the contribution of this source is negligible. The contribution of domestic heating is most significant in the southern and northeastern parts of the domain, and this pattern is strongly related with the close proximity of Vitosha and Lozenska mountains in the south and Stara Planina in the northeast of Sofia city which are acting like barrier for atmospheric flow coming from the predominant directions. The accumulated pollution in front of the obstacles is canalized along the Pancharevo gorge of the Iskar River between the Vitosha and Lozenska mountains, and up to the foothills of Plana Mountain, or dispersed over more open area in the east part of the Sofia field.



The main difference in spatial maps of contribution of different sources between cold and warm seasons is due to the dispersion processes related to meteorological conditions. Because of its location in hollow, Sofia city is characterized by thermal inversions, radiation fogs, and inversion clouds during the cold season, and impeded turbulence leads to very high pollution levels, as the contaminant is accumulated near the sources within the thin boundary layer. In opposite, more dynamic weather during the summer and the transition seasons leads to an extended pollution field over the hollow with lower concentration, which can be found in the presented maps. Most visible is the difference in maps showing the contribution of high point sources, when the turbulence affects significantly the dispersion of pollution over larger area.




3.3.2. Spatial Distribution Maps of the Contribution of Different Sources of PM2.5


All conclusion that have been made for the spatial distribution maps of PM10 are valid for maps with contribution of different sources of PM2.5 (Figure 7). The main difference is reflected by the lower contribution of the road transport in the western part of the Sofia field, which is due to the increase in contribution of the domestic heating during the cold season. New domestic heating sources (Gorna banya, Malinova dolina, Vitosha, manastirski livadi, Bakston, Ovtcha kupel, Suhodol, Lozenec, and Hladilnika) added with the updated emission inventory represent more realistic spatial distribution of pollution. These changes were provoked by the fast urbanization within the southern part of the Sofia municipality during the last decade and build up area was expanded to the Vitosha foothills. The new sources are located in the south and the southwestern part of the city and strongly contribute to the concentration field in this area. There is no significant difference in spatial distribution maps of contribution of different sources of PM2.5 for the warm season.




3.3.3. Spatial Distribution Maps of Contribution of Different Sources of PAH


The spatial distribution of contribution of transport of PAH concentration is more inhomogeneous and structured near the sources themselves during the cold season due to insufficient mixing and higher deposition rates for this pollutant (Figure 8). The biggest residential areas and roads with heavy traffic contribute more than 60% in Sofia. In the vicinity of the city and the settlements around it, the contribution is less than 20%, because there, the most significant contribution is from the domestic heating. During the warm season, transport is the main provider for PAH pollution, except for two areas, which emerge in the eastern and the western parts of the city, where large point sources have a significant contribution. The influence of the main point sources, the enterprises RaTek OOD (west) and Roads and Facilities EAD (east), is mainly outside the city. In residential areas and the central part of the city, the contribution of transport is more than 90%.




3.3.4. Contribution of Different Sources over the Entire Domain


This sub-chapter presents, more generally, the contribution of different sources to the annual concentration of the investigated pollutants, averaged over the entire area. Although the domestic heating plays a role only during the cold season, this source has the largest contribution for all three pollutants with more than 50% for PM and reaches ~80% for PAH (Figure 9). The contribution of this source to the annual concentration of PM2.5 is almost 10% higher than that for PM10. The roads transport is the second largest provider with approximately 30% for PM and ~10% for PAH. The unorganized transport from the minor roads within the residential areas (it is considered as area source) contributes approximately by 10% to all pollutants. The least notable contribution is from the point sources for all of the considered pollutants (below 2%), because they are high sources and the dispersion of the contaminants is carried out in relatively large volume of air, in comparison with the lower placed sources, and this leads to significant reduction of the surface concentration.





3.4. Ground Maximum Concentration Fields of Different Pollutants


The maximum values of the daily concentrations for the entire year 2014 were derived with their location and plotted together to determine the most polluted areas for the different pollutants. Maps made after interpolation of 365 points are shown in Figure 10.



The simulated maximum concentrations are above 100 µg m−3 for PM10 at Sofia city and the outskirts. Most polluted areas with exceedances above 250 µg m−3, which is 5 times above the daily standard of 50 µg m−3, were at the northwestern and southern part of the city, and the southeastern outskirts in the village of German, and around the southern tangent of the city ring road and Tsarigradsko Shose, where the exceedances appeared more often. The highest concentrations were simulated at Nadezhda residential area near the crossroads of city ring road and Lomsko Shose and the Ilientsi industrial zone. Other clusters were found in Malinova dolina residential area near the crossroads of city ring road and Simeonovsko Shose, as well as the Tsarigradsko Shose and P.K. Yavorov boulevards.



Similar areas at the northwestern and southern part of the city outskirts are most polluted with PM2.5. The highest concentrations above 150 µg m−3 were simulated at Filipovtsi, Nadezhda, and Lyulin residential areas near the city ring road and crossroads with the Lomsko Shose, Simeonovsko Shose, and Tsarigradsko Shose boulevards, where they appeared more often.



The most polluted with PAH was Filipovtsi residential area, located in the western part of the city, where high concentrations above 10 ng m−3 appeared very often. Clusters with lower than 10 ng m−3 concentrations were simulated along the Slivnitza boulevard at Zona B-18, Ilinden, Banishora, and Sveta troitza residential areas. Several days with high concentration of PAH were captured in Lyulin residential area near Pentcho Vladimirov Boulevard.





4. Discussion


Despite of some deficits of the local Gaussian type models for air quality studies, the potential of resolving emissions and physical environment with fine resolution makes them very useful tool. The spatial depiction of regional air quality models due to the restriction of their spatial resolution, underestimate pollution (especially for PM) [38,39], as they are unable to capture the high concentration gradients nearby roads with heavy traffic, and from other sources near the surface. In the complex modeling, accounting for the effect of the line sources (the major road arteries with heavy traffic) requires the usage of small spatial step of tenths of meters, in order to be able to register the large gradients in proximity of the segment. The concentration decreases rapidly with increasing the distance from the road even if the effect of the street canyon is not taken into account for the simulations. It is possible to add further receptor points within the canyon in order to detect more accurately the effect of pollutant retention within the canyon under certain conditions, which is not achievable with the regional models.



Some of the uncertainties in this research must be considered, because of the made assumptions, or due to lack of data required as input for the model. The used emissions for the pollutants were calculated beforehand and can contain some inaccuracies and can deviate from the real emissions for the considered period. The emission inventory for a certain area is the most important factor, but it brings the highest improbability in the air quality researches. The sources of domestic heating by fossil fuel combustion and wood burning, as well as the transport sources, have the most significant impact on air quality. The two processes are stochastic, because they represent a multitude of many behaviors and their continuous variability. The emissions preparation is the weakest link in conducting this type of studies, because of their spatial and temporal variability. Due to lack of data and information, the used emissions do not account for the daily, weekly and monthly dynamics in the traffic flow, and the dynamics of inhabiting and heating the dwellings, consideration of which may lead to corrections in the obtained pollution field.



For the simulations, as meteorological input, were used the hourly measurements from AQS Druzhba, because the data set was the most complete. It can be assumed that the data are presentable for the largest part of the city, but the flow is strongly modified in the footprints of Vitosha and Plana mountains (south of the city), Lulin Mountain (west) and Lozenska (east) mountain. This effect is partially compensated by using the terrain module option, which shifts the trajectory of the flow and the dispersion, in order to account for the disturbances in air flow, caused by the terrain. However, significant differences were found with validation at AQS Pavlovo, which stresses that at the foothills of the steep Vitosha Mountain the meteorological field was not representative and needs more attention in the future work.



For background concentrations were used the monthly-mean values of PM10 and PM2.5 measurements from AQS Kopitoto. However, the background data from this AQS can be presentable only for certain synoptic flow from south-southwest. In the other cases, because of the significant difference in the altitudes of the station and the city, the measurements do not account for the possible pollutant transport form sources, located outside of the Sofia municipality. For the concentration fields of PAH, no background concentration was added since the measured value at AQS Kopitoto was very low—0.0536 ng m−3 [48], and is below 1% of the modeled maximal values for the cold season (4 ng m−3), and many observations were missing.



The effect of dry deposition is taken into account, and it leads to decrease of the concentration with increasing the distance downstream from the source and changes the vertical profile of the pollutant by depleting the substance from the air and depositing it on the ground. However, the wet deposition is not considered due to lack of data for precipitation intensity, required as model input. The simulated concentrations are inflated for the days, when precipitation was recorded.



The chemical transformations, which would lead to formation of secondary pollutants, are not considered. Although, the model has a scheme for the transformation of sulfur dioxide to sulfate particles, which are added to the concentration of PM10, this option was not used in this study, but we plan to apply it in our future work. For that reason the obtained PM10 field is expected to be underestimated.



In spite of the above described uncertainties, the carried out study helped for defining some of the deficiencies, occurring when complex evaluation of the pollution in urban area is conducted, which allows for certain activities to be formulated, in order to improve the future modeling at urban scales in Bulgaria. The main components responsible for modeling the urban air pollution are three—anthropogenic emissions, meteorological conditions, and physical environment. This study has pointed several possible ways for improvement in future modeling.



	
It is necessary to start a campaign for collecting new and analyzing the currently existing information from different agencies and departments in order to create more adequate local emission inventory. From the currently existing emission inventories (including the most recently developed and published in December 2020, which was not used in this study [51]), it is apparent that there is a lack of information in several fields:




	(i)

	
The available data of the dynamics and structure of the traffic flow on the major road arteries, shows only the mean number of vehicles passed through them for 24 h. It is necessary to determine the daily and the weekly profiles of traffic flow, as well as to create an averaged profile of the structure of traffic flow on the different segments, located between junctions. The rush hour, especially in the mornings, coincides with the more unfavorable meteorological conditions, i.e., stable stratification and absence of turbulence, which favors longer retention of the pollutant in the atmosphere. The structure of the traffic flow is different in the central city part and for example on city ring road Okolovrasten pat, where the fraction of heavy goods vehicles should be greater. Without data for such profiles, type of the road, movement speed, fuel consumption, stay at traffic lights, etc., it is impossible to use software for detailed vehicle inventory, such as COPERT (the EU standard vehicle emissions calculator [52]), EMIT (Atmospheric Emissions Inventory Toolkit [53]), etc. The usage of this type of software will allow to differentiate the busiest and problematic points in the urban road infrastructure and provide possibilities for development of models for establishing an intelligent transport systems for traffic management. These models would easily show the effect of redirecting the traffic flow or part of it from certain boulevard to another boulevard/street and the respective impact on the pollution field. This would be useful for introducing adequate measures for decreasing the pollution emissions from the transport.




	(ii)

	
It is also necessary to collect information and create data base of the annual average mileage of the registered in the city vehicles by district and what is the percentage of kilometers travelled in the city. This will help with defining the quantity of unorganized transport from minor roads in residential areas more accurately, which are not included in the road sources.









	
The complex terrain requires more realistic presentation of the air flow and a lot of additional meteorological variables in order to adequately model the air quality, and one point (for example one AQS) is not presentable for the entire domain. Regardless of the use of the complex terrain module in the last generation of Gaussian models such as ADMS-Urban and AERMOD (steady-state Gaussian air dispersion model that is US Environmental Protection Agency approved [54]), which allow calculation of the disturbances in the 3D field of flow and turbulence, it assumes homogeneity of the meteorological variables and the boundary layer over the entire domain. For a larger domain, those fields are extremely heterogeneous. For more realistic and detailed management of the meteorological input parameters, which are used for dispersion modeling, it would help to use a field simulated by a regional model for weather forecast (for example Weather Research and Forecasting Model with high resolution ~1 km). This would allow an adequate spatial and temporal variability of the meteorological conditions to be entered for the research domain and will be used in the future studies.



	
The physical environment, represented by the urban morphology, described in digital 3D arrays is of utmost importance for the presentation of the fluctuations in the pollution field and for the definition of the maximal pollution areas under different meteorological conditions. The presence of this type of data will allow for more accurate determination of the required characteristics in order for more detailed modules to be used, which describe urban street canyon (the parameters should be defined for both sides of the road; height of the buildings; distance from the central line of the road to the canyons’ wall; length of the buildings near the road; width of the road), this allows for more realistic presentation of the object. This data are also very useful for more accurate definition of the mean building height, when the domestic heating sources are considered.



	
The problem with entering the background concentration is still not resolved. AQS Kopitoto is used as background site, but the data are not presentable for all of the observed meteorological conditions in the region, since the meteorological site is located on high altitude. The pollution in Sofia field is impacted by the predominant flow in direction of the valleys’ axis from northwest and southeast coming from sources in the Sofia municipality outskirts. It is necessary to establish at least two background sites, according to the assigned parameters and requirements of the European and the national legislation. The sites should be located far enough from the Sofia municipality in the northwest and southeast direction from the city.







5. Conclusions


The goal of the current research was to determine the local pollution of PM and PAH in the Sofia municipality, and, by this way, to test the abilities of the ADMS-Urban model. This model has never been used for evaluation of the pollution in Bulgaria before, and although it is a Gaussian dispersion model, it has a lot of improvements, and it is one of the most widely used models for evaluation of the complex pollution in urban areas. Despite the difficulties with collecting the required information and some discrepancies in the modeling process emanating from that, the obtained results show the solution of a complex problem and support the more detailed understanding of the structure of PM and PAH pollution in the Sofia municipality, and also evaluate the contribution of the different source types to the spatial distribution of the concentration fields.



The main conclusions, which can be made by the conducted study are as follows:




	
The contribution of the different types of sources to the modeled annual concentration, which is averaged over the entire domain, shows that the input of the domestic heating sources for all of the pollutants is most significant, followed by the contribution of transport from the main road arteries, which is more essential for PM in comparison with PAH, and area transport sources. The less notable contribution is from the point sources for all of the considered pollutants (below 2%).



	
Despite the importance of the impact of the domestic heating sources, averaged over the domain, we should keep in mind one essential factor, when we determine the required measures to reduce the harmful impact of the considered pollutants (PM10, PM2.5, PAH). The concentration field in Sofia city and the surrounding areas is mostly heterogeneous. Considering the contribution of the different types of sources of PM, shows the substantial impact of transport (described as road—the main road arteries with heavy traffic, as well as the area transport sources from the minor roads in residential areas) on air quality in the central parts of the city, where the pollution is mostly local, in proximity of the source. The contribution of the domestic heating from wood and coal burning is highest in the city’s outskirts and in the small towns in the Sofia municipality. The effect of the domestic heating sources in the central city parts is notably lower, because of the use of alternative heating methods (central heating, electricity, gas), and also this contribution is valid only for the cold season.



	
The locations of the maximal daily simulated concentrations during the year shows the formation of clusters, regardless of the various meteorological conditions. The highest concentrations of PM occurred at the northwestern and southern part of the city, and the southeastern outskirts in the village of German. The most polluted area of PAH is Filipovtsi residential area. The city ring road and main boulevards with heavy traffic contribute substantially to the “hot spots” of the most polluted areas.



	
Despite of some uncertainties in the presented research, which are described above, the estimated contribution of the different source types, gives us a useful information on temporal–spatial distribution of the pollution, which cannot be obtained by using the data from the five AQSs, where the concentration of PM10 is measured, and only one, where the concentrations of PM2.5 and PAH are measured. Moreover, the locations of the obtained maximal concentration clusters are far away from the existing sites.
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Figure A1. Monthly mean concentration (µg m−3) of PM10 at AQSs Nadezhda (a), Druzhba (b), Pavlovo (c), Orlov Most (d), Hipodruma (e), and PM2.5 at Hipodruma only (f): simulated values without (blue) and with added (red) background concentration, and calculated from observations (green). Background concentration is missing from observations for August and September. 
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Figure 1. Area of the simulations with all types of emission sources described—(a) point (industrial stacks), (b) roads, (c) domestic heating, and (d) unorganized transport. 
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Figure 2. Map of the topography and the measurement sites locations used for model validation (all sites without Kopitoto), background concentration (Kopitoto), and meteorological conditions (Druzhba). 
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Figure 3. Monthly wind roses constructed by hourly data at Druzhba site used for simulations: January (a), February (b), March (c), April (d), May (e), June (f), July (g), August (h), September (i), October (j), November (k) and December (l). 
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Figure 4. Annual mean concentration (µg m−3) of PM10 (at all sites) and PM2.5 (at Hipodruma only): simulated values without (blue) and with added (orange) background concentration, and calculated from observations (grey). 
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Figure 5. Averaged concentrations (µg m−3) based on daily mean values of particulate matter with a diameter of 10 μm or less (PM10) (a,b), with a diameter of 2.5 μm or less (PM2.5) (c,d), and polycyclic aromatic hydrocarbon (PAH) (e,f) for cold (left column) and warm (right column) seasons. 
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Figure 6. Contribution of different sources (in %) to the averaged concentration of PM10 for road transport during cold (a) and warm (e) seasons; unorganized transport during cold (b) and warm (f) seasons; point sources during cold (c) and warm (g) seasons; and domestic heating during cold season (d). 
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Figure 7. Contribution of different sources (in %) to the averaged concentration of PM2.5 for road transport during cold (a) and warm (e) seasons; unorganized transport during cold (b) and warm (f) seasons; point sources during cold (c) and warm (g) seasons; and domestic heating during cold season (d). 
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Figure 8. Contribution of different sources (in %) to the averaged concentration of PAH for road transport during cold (a) and warm (e) seasons; unorganized transport during cold (b) and warm (f) seasons; point sources during cold (c) and warm (g) seasons; and domestic heating during cold season (d). 
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Figure 9. Contribution of different sources to the annual mean concentration over the entire domain for PM10 (a), PM2.5 (b), and PAH (c). 
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Figure 10. Maps based on daily maximum simulated concentrations for PM10 (a), PM2.5 (b), and PAH (c). 
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Table 1. Summary of statistics for different observational sites calculates for the year, cold and warm seasons.






Table 1. Summary of statistics for different observational sites calculates for the year, cold and warm seasons.





	
Statistical Measures

	
MB

	
ME

	
RMSE

	
IA






	
YEAR 2014




	
Druzhba—PM10

	
−15.29

	
20.51

	
33.60

	
0.39




	
Nadezhda—PM10

	
−14.58

	
18.68

	
33.14

	
0.37




	
Orlov most—PM10

	
−4.79

	
26.91

	
42.96

	
0.43




	
Pavlovo—PM10

	
18.98

	
34.15

	
43.84

	
0.61




	
Hipodruma—PM10

	
−11.27

	
24.48

	
44.88

	
0.29




	
Hipodruma—PM2.5

	
−8.49

	
19.65

	
38.51

	
0.24




	
COLD SEASON




	
Druzhba—PM10

	
−29.50

	
32.63

	
46.35

	
0.18




	
Nadezhda—PM10

	
−27.75

	
30.80

	
46.17

	
0.20




	
Orlov most—PM10

	
−22.34

	
38.57

	
58.19

	
0.36




	
Pavlovo—PM10

	
4.52

	
34.73

	
49.65

	
0.70




	
Hipodruma—PM10

	
−30.26

	
38.01

	
62.37

	
0.13




	
Hipodruma—PM2.5

	
−26.00

	
29.83

	
53.59

	
0.08




	
WARM SEASON




	
Druzhba—PM10

	
−1.17

	
8.47

	
10.79

	
0.89




	
Nadezhda—PM10

	
−1.60

	
6.72

	
8.87

	
0.90




	
Orlov most—PM10

	
12.19

	
15.63

	
18.86

	
0.71




	
Pavlovo—PM10

	
33.35

	
33.57

	
37.18

	
0.18




	
Hipodruma—PM10

	
7.34

	
11.22

	
13.23

	
0.86




	
Hipodruma—PM2.5

	
8.78

	
9.61

	
10.63

	
0.86
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Table 2. Summary of mean values and SD for different observational sites calculates for the year, cold and warm seasons.
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Statistical Measures

	
Mean

	
SD




	
Observational Site

	
Observation

	
Model

	
Observation

	
Model






	
YEAR 2014




	
Druzhba—PM10

	
45.25

	
29.97

	
30.70

	
3.92




	
Nadezhda—PM10

	
41.56

	
26.97

	
30.05

	
4.30




	
Orlov most—PM10

	
54.09

	
49.31

	
47.33

	
12.59




	
Pavlovo—PM10

	
49.49

	
68.47

	
47.42

	
20.68




	
Hipodruma—PM10

	
46.74

	
35.47

	
45.74

	
5.67




	
Hipodruma—PM2.5

	
31.30

	
22.80

	
38.66

	
4.00




	
COLD SEASON




	
Druzhba—PM10

	
59.66

	
30.16

	
36.88

	
4.59




	
Nadezhda—PM10

	
54.11

	
26.37

	
37.81

	
5.14




	
Orlov most—PM10

	
74.41

	
52.60

	
58.86

	
14.79




	
Pavlovo—PM10

	
70.93

	
75.44

	
58.95

	
21.58




	
Hipodruma—PM10

	
66.88

	
36.62

	
48.25

	
6.71




	
Hipodruma—PM2.5

	
49.17

	
23.17

	
48.25

	
4.48




	
WARM SEASON




	
Druzhba—PM10

	
30.94

	
29.77

	
10.98

	
3.11




	
Nadezhda—PM10

	
29.16

	
27.57

	
8.85

	
3.17




	
Orlov most—PM10

	
33.63

	
45.82

	
13.21

	
9.19




	
Pavlovo—PM10

	
28.19

	
61.54

	
11.38

	
17.19




	
Hipodruma—PM10

	
27.00

	
34.34

	
11.32

	
4.14




	
Hipodruma—PM2.5

	
7.12

	
22.44

	
7.12

	
3.44
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