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ABSTRACT 

The air pollution in many Bulgarian cities is of concern mainly due to high 

concentration of particulate matter (PM). Poor air quality has adverse health effects and 

is responsible for premature deaths and life loss.  According to the World Health 

Organization air pollution remains the single largest environmental health risk in 

Europe. Additionally, negative effects of urban air pollution can be detected on 

buildings, cultural heritage, vegetation, biodiversity, etc.  

Air pollutant concentrations in the city depend on processes occurring on different 

temporal and spatial scale and reflect contribution from distant and local emission 

sources. At a single point in the city the pollutants concentrations can be regarded as 

superposition of natural background values, regional background and city increment 

contribution consisting of urban background and street level values. Background values 

are critical components of the total air quality concentrations and their estimation is 

important for defining appropriate abatement measures at national, regional and local 

level. 

The objective of this work is to present and discuss background concentrations of key 

pollutants (PM, NO2, SO2 and ozone) for the city of Sofia for one summer and one 

winter month of 2021. These concentrations are estimated by the Bulgarian Chemical 

Weather Forecasting System (BgCWFS) [1-3], based on WRF-CMAQ models. The 

results analysed are for domain Sofia (30 x 27 grid points) with 1 km resolution. The 

concentrations for this domain can be considered as regional background for the city of 

Sofia. We discuss the spatial monthly distributions of the key pollutants and the 

variability across the city and present domain mean concentrations for the two months. 

The relationship to some meteorological variables (wind speed, temperature, mixing 

height) is also discussed. 
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INTRODUCTION 

The air pollution in urban areas is of main concern as high concentrations of pollutants 

are observed in zones with significant population density, thus major part of the citizens 

are exposed to the negative impact of the poor air quality. Additionally, the adverse 
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effects of the pollution in the city can be detected on buildings, cultural heritage, 

vegetation, biodiversity, etc. Based on United Nation data1 more than 55 % of the 

population of the planet lives in urban areas and projection for 2050 shows that the 

expected increase is of 68 %. 

Air pollution in urban areas is determined by processes of different scale. At a single 

point in the city the pollutants concentrations can be regarded as superposition of 

natural background values, regional background and city increment contribution 

consisting of urban background and street level values. The regional background is 

formed by sources situated outside the city. The city itself contributes to the pollutants’ 

concentrations forming urban background. Emissions’ sources linked to human 

activities (industry, domestic heating, traffic, construction works, etc.) contribute to the 

urban background concentrations. The spatial distributions of the concentrations in the 

city are heavily influenced also by the local geographical characteristics (topography, 

climate, built-up and green areas  

The background concentrations are critical component of the total air quality 

concentration in a cumulative modeling analysis. Air quality monitoring data in the city 

represent local conditions and their number is usually not sufficient to capture the effect 

of different nearby and long-distance emission sources. Chemical transport models give 

the possibility to explicitly account for effects of various emission sources and effects of 

regional and long-range transport of pollutants on concentrations in the city 

The objective of this work is to present and discuss background concentrations of key 

pollutants: particulate matter (PM10, PM2.5), nitrogen dioxide (NO2), sulphur dioxide 

(SO2) and ozone (O3) for the city of Sofia for one summer (August) and one winter 

(January) month  of 2021. These concentrations are assessed by the Bulgarian Chemical 

Weather Forecasting System (BgCWFS) [1-3], in operation at the National Institute of 

Meteorology and Hydrology (NIMH) since 2012. 

 

SITE AND METHODS 

Sofia city (about 570 m a.s.l) is located in a valley of southwestern Bulgaria. The 

nearest mountain to the south of the city is Vitosha with the highest peak Cherni vrah, 

2290 m. Several other mountains surround Sofia, the main one is the Balkan mountain 

to north-northeast. The shape of the valley is oval with elongated axis from NW to SE 

(Fig.1). The relief of the area determines poor ventilation, and thus creates unfavourable 

conditions for dispersion of pollutants. The climate is continental with frequent 

temperature inversions and foehn winds in the cold part of the year. Local circulations 

(mountain - valley breeze) are typical for the warm part of the year These circulations 

are well-developed under anti-cyclone weather type with weak pressure gradients. The 

prevailing winds are mostly determined by the relief and the orientation of the valley. 

With higher frequency are western and northwestern winds, followed by eastern and 

south-eastern winds. The frequency of calm conditions is 31.1 % and the yearly mean 

wind speed is 2.6 ms-1 based on long-year observations at NIMH site. 

 

1 https://www.un.org/development/desa/en/news/population/2018-revision-of-world-urbanization-

prospects.html 
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Fig. 1. Map of Bulgaria and provinces (left) and map of Sofia city within Sofia 

The background concentrations of PM10, PM2.5, NO2, SO2 and O3, (O3, only for the 

summer month) for Sofia city are obtained from BgCWFS [1-3]. The system is based on 

the US EPA Models-3 air quality modelling system with the following main modules: 

- CMAQ v.4.6 – Community Multiscale Air Quality model,  

-WRF v.3.6.1 – Weather Research and Forecasting model  

 -MCIP v.3.6 – meteorology-chemistry interface processor 

-SMOKE v.2.4 – sparse matrix operator kernel emissions modelling system  

BgCWFS is configured on 5 modelling domains Europe (81 km resolution) , Balkan 

Peninsula (27 km ), Bulgaria (9 km), Sofia district ( 3 km) and Sofia city (1 km) . The 

vertical structure of CMAQ is determined by fourteen σ-levels with varying thickness. 

The planetary boundary layer is presented by the lowest 8 levels. Initial and boundary 

conditions for WRF are provided by the National Centres for Environmental Prediction 

Global Forecast System with resolution of 1° × 1° and 6 h. The initial conditions for 

CMAQ are part of the previous-day calculations. The emissions for domain Bulgaria are 

from the national inventory for 2015, while for the rest of Europe the TNO inventory 

(Netherlands Organization for applied scientific research) for 2011 is used. 

Results for the innermost domain (30x27 grid points and 1 km resolution) are analysed. 

The monthly mean fields of concentrations, as well as their daily and hourly variations 

at a chosen location (NIMH site, 42.655N, 23.384E, 586 m a.s.l.) are discussed for 

January and August 2021. Relationships to some meteorological parameters - 

temperature (T), wind speed (WS), wind direction (WD), planetary boundary layer 

height (PBLH) are also investigated. 

 

RESULTS 

The weather in January 2021 was generally determined by passing cyclones formed 

over the Mediterranean and the North Atlantic. The temperatures observed at NIMH- 

Sofia were between -10.3°C and 13.5°C, with a mean monthly value of  1.4°C. The total 

amount of the precipitation was 99 mm (145 % of the norm). The weather conditions in 

August 2021 were mainly associated with anticyclones or with high pressure ridge in 

altitude and weak low pressure field near the ground. The temperature range was 8.5°C 

-38.0°C with a mean monthly value of 22.7°C. The total amount of precipitation was 

110 mm (about 30 times higher than the norm). About 80 % from the total amount was 

measured during 25- 29 August due to passing of cyclones and associated cold fronts. 

Spatial distribution of mean monthly values  

The spatial distribution of the key air pollutants is studied based on monthly mean 

modelled fields, Fig. 2 and 3. The highest PM10 monthly mean values (above 60 µgm-3) 

are estimated in similar areas for both months: NW of the city - alongside the European 

route E80, where there is also an industrial area, and within the city – a zone between 
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two major traffic routes heading towards NW and SE out of the city. Outside these hot-

spot areas, the monthly mean PM10 in the city is about 15-30 µgm-3 in January and 7-15 

µgm-3 in August. The lowest concentrations are S, SW of the city (Vitosha mountain).  

The map for PM2.5 shows the same hot-spot areas (values above 40 µgm-3) as for  PM10. 

with the lowest values above the Vitosha mountain. Outside these hot-spot areas, the 

monthly mean PM2.5 in the city are 15 – 20 µgm-3 (January) and 5 -10 µgm-3 (August). 

The highest values of NO2 (up to 28.5 µgm-3 in January and 18.5 µgm-3 in August ) are 

estimated within the city for both months. The hot-spot areas are near the north 

industrial zone, around the airport and E, NE of the city center. NO2 typical values for 

the city are 10.7 µgm-3 - 17.8 µgm-3 in January, and 4.6 µgm-3 - 7 µgm-3 in August.  

The SO2 maps have quite uniform character with mean monthly values in the city about 

5 - 7.5 µgm-3 (January) and 2.8 – 5.5 (August). Single hot-spots (15 µgm-3 in January) 

are identified at the outskirt of the city and associated with small industrial facilities. 

 
Fig. 2. Monthly mean values of PM10, PM2.5, NO2 and SO2 for January 2021. The 

location of NIMH is marked with white dot 

Ozone concentrations are discussed for the summer month only. In summer, high 

surface O3 concentrations in southern European cities are associated with photochemical 

smog [4]. O3 is not emitted directly into the atmosphere, but is formed by chemical 

reactions in presence of sunlight with its precursor gases e.g. NOx and volatile organic 

compounds, emitted by motor vehicles, plants, combustion industrial processes, 

factories, etc. Being a strong oxidant, O3 has harmful effects on human health, 

ecosystems, also can damage some materials.  

The map for surface O3 concentrations in August (Fig.3) indicates that the highest 

concentrations (around 100 µgm-3) are estimated for the mountainous regions 

(especially the SW part of the domain). Surface O3 levels are typically high at high 

elevation sites in summer and are associated with lower titration processes and regional 

long-range transport in presence of elevated ozone-rich layers [5]. The lowest 

concentrations (around 75 µgm-3) are within the city in the area with highest 
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concentrations of NO2 that leads to depletion of surface ozone. Mean monthly O3 

concentrations for big part of the city are within 87-90 µgm-3. 

 
Fig. 3. Monthly mean values of PM10, PM2.5, NO2, SO2 and O3 for August 2021 

Variation of daily concentrations  

The analysis in this section is from model results for a single location – the NIMH site. 

Temporal variation of daily mean concentrations of PM10 and PM2.5 in January and 

August, and daily amounts of precipitation (Q) are presented in Fig. 4. This Figure 

shows also the wind roses for the two months.  

The maximum PM10 concentration in January is 95.9 µgm-3, which is 6 time higher than 

the one for August (14.8 µgm-3). The period with daily mean PM10 above the EU limit 

value of 50 µgm-3 is in the second decade of January when the precipitation amount was 

the lowest. The modeled sum of precipitation in January is 103.5 mm, close to the 

observed one. In August, PM10 values show less daily variability. The simulated 

accumulated precipitation for August is 11.8 mm, that is about 10 times lower than the 

observed one. The PM2.5 daily variability follows the one of PM10. The ratio PM2.5/PM10 

is greater for August suggesting presence of more coarse particles. 

The model wind roses at the NIMH provide an insight for location of possible emission 

sources affecting PM concentrations. In January, the prevailing winds are from NW 

quarter and from E, and suggest influence both from emission sources along the valley, 

and from regional sources located NW of the city. In August, the prevailing winds are 

along the valley, additionally winds across the valley are noted, linked to summer local 

circulations (mountain - valley breeze). 

Diurnal variation of concentrations 

The monthly averaged diurnal variations of PM10, PM2.5, NO2 and O3 at NIMH site are 

discussed in relation to variations of modelled T, WS and PBLH, Fig. 5. In January, the 
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day duration is between 9:07 and 9:57 hours with sunrise between 7:42-7:57 and sunset 

between 17:04 and 17:39 local time2. In August, the day length is between 13:13 and 

14:29 hours with sunrise between 6:18 and 6:50 and sunset between 20:03 and 20:47.  

 

Fig. 4. Daily averaged modelled PM10, PM2.5, precipitation (Q) and monthly wind rose 

for January and August, 2021 

The maximum values of PM10 (29-30 µgm-3) and PM2.5 (19-20 µgm-3) in the diurnal 

variation for January are at 08:00 - 09:00 and are associated with morning inversions. 

The concentration of particles decreases with the PBLH increase and have minimum 

value of 20.53 µgm-3 at 13:00. Another increase in PM concentrations is at 20:00, when 

the PBLH has again lower values and T decreases. The hours with maximum PM 

concentrations correspond also to the “rush” hours, when the emissions from the traffic 

all over the city are more intense. In August, the PM diurnal variation shows higher 

concentrations during the night and decreasing trend during the day, when both T and 

PBLH are increasing as well as the wind speed. The maximum values are much lower 

than for January - around 13 µgm-3 for PM10 and 10 µgm-3 for PM2.5, and are estimated 

night-time and early morning hours. The decrease during the day (up to 17:00) 

corresponds to a well-developed convective boundary layer. The maximum of the 

diurnal PM10 value in January (35.27 µgm-3) is higher by a factor 2.6 compared to 

August, while for PM2.5 this factor is 2.4. The biggest differences between hourly values 

in both months are in late afternoon (after 17:00) to midnight (winter values are up to 5 

times higher than the summer ones).  

The NO2 diurnal variation in January resembles the one for PM10, with highest 

concentrations (25.5 – 26.6 µgm-3) in the morning and late evening hours. In August, 

the peaks in the diurnal variation of NO2 have smaller values by a factor of 2, and the 

periods of the peaks have shorter duration. 

The O3 concentrations in August have well expressed diurnal variation. Minimum 

hourly averaged O3 values (69.80 µgm-3) are at 8:00 in correspondence with maximum 

NO2 concentrations of 13.1 µgm-3. The highest O3 concentrations (up to 107.4 µgm-3) 

 

2http://nao-rozhen.org/astrocalendar/2021/Astronomical_calendar_2021.pdf 
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are for the early afternoon, between 12:00 and 15:00. The rose diagram for O3 (Fig.5) 

shows that high concentrations correspond to N winds while the lowest correspond to 

winds along the valley and from S corresponds with finding in [6].  

Fig. 5. Diurnal variation of PM10, PM2.5 averaged for January and August (1st row); T, 

WS and PBLH (2nd row); Diurnal variation of NO2 and O3 and rose diagram of O3 (3
rd 

row). Hours are local time 

CONCLUSION 

We presented model results for the background concentrations of major pollutants: 

PM10, PM2.5, NO2, SO2 and ozone O3 for Sofia city for one winter (January) and one 

summer month (August) of 2021. The model used is the Bulgarian System for Chemical 

Weather Forecast with analysis of results for the innermost domain covering Sofia city 

with 1 km horizontal resolution. 

The analysis of the spatial distributions of monthly mean concentrations showed that the 

background concentrations do not have uniform character, can have significant 

differences across the domain and these differences depend on the pollutant. The results 

revealed also significant differences between the two months. PM10 concentrations for 

the biggest part of the city are almost 3 times higher in winter than in summer. The 

region with maximum of O3 concentration in summer is the Vitosha mountain, thus, 

ecosystems might be exposed to negative impacts of this pollutant. In the city, for its 

bigger part, O3 concentrations are within 87-90 µgm-3. The lowest concentrations 

(around 75 µgm-3) are within the city in zones with elevated NO2 concentrations 

The relationship between concentrations and some meteorological parameters, also 

simulated by BgCWFS, was analysed for daily mean values and mean monthly diurnal 
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variations at NIMH site. Monthly mean PM10 and PM2.5 concentrations at NIMH site are 

26.03 µgm-3 (January) and 18.73 µgm-3 (August) while in August they are lower, 

respectively by a factor 2.8 and 2.6. The Maximum of daily PM10 values in January is 

around 96 µgm-3, which is 6 time higher compared to August. The days with higher 

concentrations correspond to days with absent or small amount of precipitations. The 

wind rose suggested major influence of emission sources from western directions in 

January, while effects of local circulations (mountain/valley winds) might contribute to 

the level of pollution in summer. 

The diurnal concentrations of PM and NO2 showed typical peaks around morning and 

evening hours, and correspond to lower vertical extend of the mixing height. The 

averaged diurnal variation of O3 showed highest concentrations (up to 107.4 µgm-3) 

between 12:00 and 15:00. The rose of O3 concentrations showed that the highest 

concentrations are with northerly winds while the lowest - with zonal and S winds. 

The results discussed here are limited only to two months, but they highlight the 

important fact that background concentrations in urban areas of complex terrain can be 

highly variable in terms of spatio-temporal distribution. Thus, further studies are needed 

applying modelling results of longer periods and checking model performance to other 

modelling results and or appropriate observations.  

ACKNOWLEDGEMENTS 

The present study was performed in the frame of the INNOAIR project ("Innovative 

demand responsive green public transportation for cleaner air in urban environment"), 

funded by Urban Innovative Action programme of the European Union, contract 

UIA05-202. 

REFERENCES 

[1] Syrakov D., Prodanova M., Slavov K., Etropolska I., Ganev K., Miloshev N.,

Ljubenov T., Bulgarian System for Air Pollution Forecast, J. Inter. Sci. Publications

ECOLOGY & SAFETY,7/1, ISSN: 1313-2563, pp.325-334, 2013a.

[2] Syrakov D., Etropolska I., Prodanova M., Slavov K., Ganev K., Miloshev N.,

Ljubenov T., Downscaling of Bulgarian Chemical Weather Forecast from Bulgaria

region to Sofia city, American Institute of Physics, Conf. Proc., 1561, pp. 120-132,

2013b.

[3] http://info.meteo.bg/cw2.2/

[4] Moussiopoulos, N. (Ed.) Air Quality in Cities; SATURN—EUROTRAC 2

Subproject Report; Springer: Berlin/Heidelberg, Germany, 2003.

[5] Chevalier A., Gheusi F., Delmas R., Ordóñez C., Sarrat C., Zbinden R., Thouret V.,

Athier G., Cousin J.-M., Influence of altitude on ozone levels and variability in the

lower troposphere: a ground-based study for western Europe over the period 2001–

2004, Atmos. Chem. Phys., 7, 2007, pp 4311–4326.

[6] Tassev Y., Assenovski S., Donev E., Ivanov D., Danchovski V., Comparative

Analysis of Ground Level Ozone Distribution in Sofia and Plana Mountain during 2007

– 2009. Compt. Rend. Acad. Bulg. Sci., 63, 10, 2010, pp 1521-1532.

286




