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Temperature inversion, which is defined as a phenomenon of increasing air temperature with altitude, seems to be 

an important element of mountain climates and a critical factor affecting air quality. The primary goal of this 

study is to clarify the causes of high concentration of air pollutants occurring in the period 2005-2014 in the 

selected cities located in the Polish Carpathians. In order to fulfill this main objective, the detailed synoptic 

situation was analyzed and the relationship between meteorological factors and air pollution was determined. The 

study is based on data collected from the air quality monitoring network as well as the high resolution gridded data 

sets – CARPATCLIM and ERA-Interim reanalysis. The data consist of the daily mean concentration of particulate 

matter PM 10 and sulfur dioxide as well as daily the air temperature, relative humidity, cloud cover and wind 

characteristics. The results confirmed that the extremely high concentration of air pollutants was associated both 

with the local relief and the extremely unfavorable dispersion condition – a strong inversion layer occurred in the 

lower and the middle troposphere. 
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INTRODUCTION 

Temperature inversions, which is defined as an increase in 

temperature with height, is commonly considered a negative 

phenomenon as it contributes to the incidence of frost, fog and 

mist generation as well as an increase in the concentration of 

air pollution (Jacobson, 2002). Areas particularly predisposed 

to the formation of surface-based inversion are mountain areas, 

in particular valleys and basins. Considering the impact of air 

pollution on the human health, leading to an increase in the 

incidence of respiratory infections as well as cardiovascular 

and oncological diseases (Pascal et al. 2013 Dholakia et al. 

2014, Kim et al. 2015, Lu et.al. 2015), it seems to make sense 

to conduct research on the determinants of the occurrence of 

extremely high concentrations. 

The issue of temporal and spatial variability in the 

occurrence of high concentrations of air pollutants and their 

synoptic conditions has been studied in different parts of the 

world. Among the most recent publications discussing this 

issue, works on urban areas of North America (Whiteman et 

al., 2014) and Europe (Unal et al. 2011; Knozová, 2012, Russo 

et al. 2014) as well as the quickly developing cities most 

affected by poor air quality in China (Wang et al. 2014) and 

India (Trivedi et al. 2014) deserve special attention. Regardless 

of the location, distribution of concentrations of suspended 

dusts - PM 10 and PM 2.5, they were characterized by distinct 

seasonal peaking in winter (December-February) when the 

atmosphere was more stable. In Poland, similar studies were 

conducted in relation to the industrialized areas of the Upper 

Silesian Industrial District (Niedźwiedź, Ustrnul, 1989, 

Leśniok et al. 2010; Radomski, Widawski, 2011) and Krakow 

(Bokwa, 2011, Bielec-Bąkowska et al. 2011). As should have 

been expected, even in these cases, concentrations of PM 10 

and sulfur dioxide reached the highest levels in the period from 

December to February, which was associated with reduced 

insolation, low temperatures and increased air emissions from 

home furnaces. The maximum standards were exceeded mostly 

in low-gradient anticyclonic situations – central anticyclonic 

situation, anticyclonic wedges and circulation types with the 

air-flow from south (Leśniok et al. 2010; Bielec-Bąkowska et 

al. 2011).  

Another group of studies constitute a detailed analysis of 

severe pollution episodes, whose aim was to determine the 

relationship of air quality with synoptic conditions and selected 

meteorological elements (Kukkonen et al., 2005; Malek et al. 

2006, Fu et al. 2008). In addition, parts of articles attempt to 

identify potential sources of inflow of undesirable dusts and 

gases (Ji et al., 2012; Lee et al., 2013; Segura et al., 2013). 

Despite widespread interest in the topic discussed, to date 

research on air quality has focused almost exclusively on large 

cities. The exception is the work of Malek et al. (2006),  which 

discussed the meteorological and environmental conditions of 

the occurrence of one of the worst air pollution episodes in the 

United States. Extremely high concentrations of  PM 2.5, 

which were recorded in January 2004 in Logan with a 

population of about 100,000 people, were associated with both 

the location of the town in the form of a highly concave area, 

and weather conditions hindering the dispersion of air 

pollutants – the occurrence of air temperature inversion 

enhanced by a strong high pressure system and persistence of 

snow cover.  

This paper refers to the study of air quality in relatively 

small cities located in areas of concave terrain forms. Its main 

objective is to clarify the causes of high concentrations of air 

pollutants in selected cities located in the Polish Carpathians - 

Nowy Sącz, Zakopane and Żywiec, as well as comparatively in 

Krakow. This work is a case study and includes an analysis of 

the period from 23 January to 2 February 2006, i.e. the 

strongest episode of pollution recorded in southern Poland in 

the years 2005-2014. The main objective of the research paper 

will be reached through a detailed assessment of the synoptic 

situation and an analysis of the relationship between the air 

quality and selected meteorological elements. 

Location of the study area 

The spatial extent of the study covers an area of four 

mesoregions located in the western part of the Polish 

Carpathians - Valley of the Vistula River, Sądecka Basin, 

Podtatrzańska Valley and Żywiecka Basin (Kondracki, 2002). 

They represent concave forms surrounded by hills and 

mountain peaks. Their bottoms are located at altitudes of  

180-300 m above sea level in the Vistula Valley, 280-300 m 

above sea level in the Sądecka Basin, 340-500 m above sea 

level in the Żywiecka Basin to 750-1000 m above sea level in 

the Podtatrzańska Valley and the height differences oscillate in 

the range of 500 to 1600 m (Fig. 1). The topography of the 

areas in question is a very favorable factor for the stagnation of 

cool air in the basins and in the formation of so-called ‘cold air 

pools’, as well as the occurrence of inversion layers that inhibit 
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the mixing of air. 

 

 
Fig. 1. Location of the study area 

 

Moreover, with the exception of the Żywiecka Vallley, there 

are no significant bodies of water in the areas concerned. Such 

conditions reduce the likelihood of air circulation associated 

with differential heating and cooling rates for land and water. 

The number of inhabitants of the cities selected for analysis 

amounts to 760,000 for Krakow, 85,000 for Nowy Sącz and 

about 30,000 each for Zakopane and Żywiec. 

MATERIALS AND METHODS 

The research was conducted on the basis of average daily 

concentrations of PM 10 and sulfur dioxide obtained from the 

information portals Voivodship Inspectorates for 

Environmental Protection in Krakow and Katowice for the 

stations of Nowy Sacz, Zakopane, Żywiec and for comparison 

the station located along the communication lanes in Krakow 

(http://monitoring.krakow.pios.gov.pl/; http://monitoring.krak 

ow.pios.gov.pl/).  

The synoptic conditions were marked using the lower 

synoptic maps (http://www.knmi.nl/) and ERA-Interim 

reanalysis with a spatial resolution of 0.125×0.125º 

(http://www.ecmwf.int/en/research/climate-reanalysis/era-

interim). The temporal and spatial values of selected 

meteorological elements were developed based on the high 

resolution gridded data sets - CARPATCLIM with a spatial 

resolution of 0.1×0.1º (http://www.carpatclim-eu.org/). In 

addition, for the purposes of verifying the obtained results, the 

data from the stations Krakow (Botanical Garden), Nowy Sącz, 

Zakopane and Kasprowy Wierch, as well as the results of 

aerological soundings of Poprad-Gánovce 

(http://weather.uwyo.edu/) and upper air charts 

(http://www1.wetter3.de/) were analyzed. 

RESULTS 

Concentration of particulate matter PM 10 and 
sulfur dioxide 

Based on the analysis of mean daily concentrations of PM 10 

and sulfur dioxide from the years 2005 to 2014, it has been 

determined that the acceptable standards – 50 μg.m-3 and  

125 μg.m-3, respectively – were often exceeded, especially in 

the case of PM 10. These situations most often occured during 

the winter season i.e. from December to February, which is the 

subject of the separate analysis. Given the importance of the 

issues, focus was placed on a detailed examination of the heavy 

pollution episodes in the studied multiplicity, which occurred in 

the period from 13 January to 2 February 2006. As shown in 

Fig. 4., at all stations the concentration of PM 10 exceeded the 

accepted limit permanently at all measuring stations. However, 

the maximum concentration values for PM 10 did not appear 

simultaneously at all the analyzed stations. They were 

accordingly recorded in Nowy Sącz on 24 and 29 January  

(519 μg.m-3 and 500 μg.m-3), in Zakopane on 25 and 27 January 

(171 μg.m-3 and 162 μg.m-3), and in Żywiec on 29 January  

(505 μg.m-3). It is worth noting that the average daily value of 

the concentration of PM 10 exceeded the value of the analyzed 

episode listed at the communication station in Krakow for  

9 days in the case of Nowy Sącz and 7 days for Żywiec, 

respectively. A similar situation did not occur in Zakopane.  

The concentration of sulfur dioxide was characterized by a 

high spatial differentiation between the stations selected for 

analysis. Throughout the entire period broken down in Fig. 3, 

significantly higher levels of the characteristics mentioned were 

recorded in Żywiec, which may be related to local emissions. 

The accepted standard of daily average concentration was 

exceeded on January 24 in Nowy Sącz and throughout the entire 

measurement period in Żywiec. 
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Fig. 2. The daily average particulate matter PM 10 

concentration in selected cities from 13.01. to 11.02.2006 
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Fig. 3. The daily average sulfur dioxide concentration in 

selected cities from 13.01. to 11.02.2006 

Synoptic situation 

The occurrence of extremely high concentrations of air 

pollutants in the period from January 22 to February 2, 2006 

was conditioned by the retention of a high pressure systems 

over a vast area of Central Europe.  The high-pressure area 

originally discussed was on the Kola Peninsula, moved 

relatively quickly to the south, systematically increasing its 

spatial reach. On January 22 its center was located in the Gulf of 

Riga, on January 23 over northern Poland, and January 24 over 
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western Ukraine. The atmospheric pressure in its center at the 

time was over 1,045 hPa (Fig. 4). Starting on January 25, the 

anticyclonic center mentioned began to move towards the east 

starting on January 28 leaving Central Europe under the 

influence of a vast anticyclonic wedge genetically related to the 

high-pressure zone from the British Isles, in the center of which 

atmospheric pressure exceeded 1,035 hPa (Fig. 4.). Despite the 

low pressure systems developing over the Scandinavian 

Peninsula, southern Poland remained within the impact region 

of the British high-pressure zone until 3 February, which 

eventually gave way to a furrow of low pressure associated with 

a shallow cyclonic center hovering over eastern Ukraine. 

 

 
 

 
Fig. 4. Distribution of atmospheric pressure at sea level at 00 

UTC 24 January (upper map) and 29 January (lower map) 

(http://www.knmi.nl/) 

 
The center of high pressure that shaped the weather 

conditions on January 24 over Central Europe was noted mainly 

in the lower layers of the troposphere - at isobaric levels of  

925 hPa and 850 hPa, while in the middle troposphere - at 

isobaric levels of 700 hPa and 500 hPa the vast anticyclonic 

wedge associated with the zone of high atmospheric pressure 

occurring over northern Africa played an important role. At 

isobaric levels of 700 hPa and 500 hPa, said  anticylonic wedge 

was accompanied by a low-pressure system from the center of 

the Balkan Peninsula, which in the middle troposphere resulted 

in the confluence of relatively warm air masses over central 

Europe. The British high-pressure zone, which affected the 

weather situation in Europe starting on January 28 was 

characterized by a similar vertical range. It made its mark 

mainly in the lower troposphere - at isobaric levels of 925 and 

850 hPa, and in the middle troposphere - at levels of 700 hPa 

and 500 hPa - the region of the British Isles was under the 

influence of the anticyclonic wedge genetically linked with the 

Azores high-pressure zone, which was accompanied by the low-

pressure zone from the Iberian Peninsula. At isobaric levels of 

700 hPa and 500 hPa, Central Europe remained at the time in 

the border zone between the above-surging surface of 

geopotential over the British Isles and its rapidly declining 

height zone heading northeast. The consequence of the 

occurrence of relatively warm air masses in the middle 

troposphere during the period of analysis was the slow 

subsidence of its particles and an increase in their temperature, 

thereby generating inversion layers in the lower and middle 

troposphere. According to the data acquired from ERA-Interim 

reanalysis and aerological soundings at the Poprad-Gánovce 

station, on January 24 they reached the levels of 675 hPa and on 

29 January a level of 700 hPa (Fig. 5.). 

 

 

 
Fig. 5. Atmospheric sounding from Poprad-Gánovce station 

at 12 UTC on 24 January (top figure) and 29 January (bottom 

figure) (http://weather.uwyo.edu/) 

 

The presented synoptic conditions are a common situation 

conducive to the presence of very high concentrations of air 

pollutants in the Polish Carpathians, especially during the winter 

season (Palarz, 2014). The long-term persistence of high 

pressure centers is conducive to the occurrence of temperature 

inversions associated with intensive air subsidence and its 

stagnation in concave terrain forms - valleys and basins. At the 

same time, the analysis of the full series of measurements shows 

that the cause of inverion layers may be more complex. For 

example, very high concentrations of PM 10 occurring on  

21 January 2013 in Zakopane were conditional upon the 

occurrence of an advection inversion. The then incoming 

warmer air masses, while colder and heavily polluted masses 

simultaneously remained in the Podtatrzańska Valley, they 

halted the mixing process leading to higher concentrations of air 

pollutants in Zakopane (244 μg.m-3) than in Krakow  

(88 μg.m-3). 

Meteorological factors 

Temperature conditions accompanying such high 

concentrations of air pollutants were analyzed in relation to the 
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average daily temperature and daily maximum and minimum 

temperatures obtained through the CARPATCLIM database. 

From 23 January until 2 February, the average daily temperature 

ranged from -23.3 °C to -4.1 °C in Nowy Sącz, from -19.9 °C to 

1.1 °C in Zakopane and from -21.3 °C to -3.2 °C in Żywiec. 

Significantly lower values of the discussed characteristic were 

listed in the initial phase of the pollution episode, i.e. from 22 to 

25 January. Similar dependences was observed for both the 

minimum and maximum temperature. The absolute air 

temperature minima during the analyzed period occurred on 

January 23 in Zakopane (-25.7 °C) and January 24 in Nowy 

Sącz (-29.1 °C) and Żywiec (-27.2 °C) respectively (Fig. 6.). A 

comparison of PM 10 and sulfur dioxide with the time 

distribution of all these characteristics suggests a relationship 

between the temperature conditions and air quality – the 

occurrence of days of high concentrations of selected pollutants 

coincided with the lowest values of the analyzed temperature 

characteristics.  
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Fig. 6. The temporal variability of the minimum temperature on 

13.01-11.02.2006 – according to the CARPATCLIM database 

 

The spatial distribution of the minimum temperature during 

the analyzed episode pointed to the presence of specific "cold 

pools" located in concave formations in the Western 

Carpathians. In extreme cases – on 24 and 29 January – the 

recorded minimum temperature at the peaks of the Tatras was 

over 10 °C higher than in the studied basins. The presence of 

surface-based inversions - defined as negative temperature 

gradient between the selected grid point and a representative 

point for Kasprowy Wierch - was observed in the period from 

January 23 to February 1 (Fig. 7.). The evaluation of the lapse 

rate relationship with the concentration of air pollutants 

revealed the existence of statistically significant negative 

relationship between the analyzed variables at 0.01. The 

persistence of inversion layers was conducive to the 

deterioration of the air quality favored in the basins and the 

growth intensity of temperature inversion significantly 

influenced the increase in concentration of all air pollution taken 

into account. Depending on the measuring station, the value of 

Pearson's correlation coefficient oscillated in the range 

appropriate for PM 10 from -0.78 to -0.81, and for sulfur 

dioxide from -0.76 to -0.82. 

The relative air humidity was characterized by a strong 

variation in time and space in the analyzed period ranging 

between 50 to 95 % (Fig. 8). Zakopane was characterized by its 

relatively low values. During the period of highest concentration 

of air pollutants, relative humidity ranged from 60 to 80 % 

depending measuring station - the lower values were observed 

in Zakopane and the higher values in Nowy Sącz. However, no 

clear relation has been identified between relative humidity and 

its air quality. 

Cloudiness was also characterized by significant differences 

across time and space. According to the CARPATCLIM 

database, days with high levels of PM 10 and sulfur dioxide 

were accompanied by low cloudiness. The data of weather 

stations indicate the presence of fog and mist during this period, 

especially intense in the morning. Considering the anemological 

conditions, the accompanied analyzed pollution episode was 

accompanied by mainly weak wind from the south-western 

sector (Fig. 9.). The flow of air from the south and south-west 

from the hills surrounding the concave formations was expected 

to further increase the stability of persistent inversion layers 

located there.  
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Fig. 7. The temporal variability of the temperature gradient 

between the selected measurement station and grids 

representative of Kasprowy Wierch on 13.01-11.02.2006  

– according to the CARPATCLIM database 
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Fig. 8. The temporal variation in relative humidity in days 

13.01-11.02.2006 – according to CARPATCLIM database 
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Fig. 8. The temporal variability of cloudiness on  

13.01-11.02.2006 – according to  CARPATCLIM database 
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Fig. 9. The temporal variability of wind speed on  

13.01-11.02.2006 – according to  CARPATCLIM database 

CONCLUSIONS 

Similarly to the paper by Fu et al. (2008) mentioned in the 

introduction, the persistence of air pollution episodes were 

associated with the occurrence of extensive high pressure 

centers in the case of the Carpathian Mountains as well. They 

were conducive to the subsidence of air particles and the 

increase in stability of the atmosphere, which in turn led to the 

subsidence inversion in the lower and middle troposphere. 

In addition, similarly to Logan (Malek et al. 2006), slight 

cloudiness and low wind speed, as well as snow cover 

increasing the reflected solar radiation contributed to intense 

heat radiation from the substrate and the formation of 

radiation inversion enhanced probably by katabatic run-off 

from the surrounding mountain areas. 

As previously mentioned, the causes of air temperature 

inversion shown above that contribute to high levels of air 

pollution are the most common in the Western Carpathians. 

Occasionally, however, they can also appear in situations of 

abrupt atmospheric front transition. The influx of warmer air 

masses in the middle troposphere often inhibits the dissipation 

of remaining inversion layers in the basins leading to the 

further stagnation of air pollution. 

Comparing PM 10 and sulfur dioxide in Nowy Sącz, 

Zakopane, Żywiec and Krakow proves that air quality is not 

only conditioned by the degree of urbanization and local 

emissions. The greatest significance should be attributed to the 

current synoptic situation and local relief. In addition, the lower 

the concentration of these pollutants in Krakow during the 

reported episode could be determined by, among others, the 

development of an urban heat island effect and the associated 

increased heat emission layers for the easy dissipation of 

inversion layers. However, this problem requires attention in the 

course of further research. 

In conclusion, it must be stated that occasionally addressing 

the air quality problem in relatively small cities and towns 

located in the concave formations of land in the scientific 

literature indicates that the seriousness of the problem is 

underestimated. According to the authors, due to the negative 

impact of air pollution on human health and life, this issue 

requires increased attention so as to broaden the operation of the 

air quality monitoring network, as well as scientific studies that 

discuss the situations conducive to the presence of high 

concentrations of air pollutants. 
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