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INTRODUCTION

Atmospheric air pollution is a global problem 
and constitutes a serious threat to our planet’s 
ecosystems and biodiversity [Juda-Rezler, 2000; 
Calvete-Sogo et al., 2016; Ghorani-Azam et al., 
2016; Malec and Borowski, 2016]. 

According to the report of the European En-
vironment Agency, the most dangerous air pol-
lutants include: particulate matter (PM), nitrogen 

dioxide (NO2) and near-surface ozone (O3). Ozone 
is a natural component of the atmosphere – it 
plays a very important role in the stratosphere 
(in the so-called ozone layer, ozonosphere), be-
cause it protects our planet from UVB radiation, 
which is extremely harmful to living organisms 
[Dziewulska-Łosiowa and Hryniewicz, 1993; 
Harmens and Mills, 2012]. On the other hand, 
the tropospheric ozone – occurring in exces-
sive amounts in the near-earth troposphere layer 
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ABSTRACT
In excessive concentrations, the tropospheric ozone (the so-called trioxygen O3) constitutes a serious threat to the 
ecosystems of our planet. It is a threat to the health and life of people. In plants, it contributes to disruption of the 
most important biochemical processes. The purpose of this study was to assess atmospheric air pollution with tro-
pospheric ozone in selected rural villages of the Lubelskie region in the years 2015–2017. Assessment of air qual-
ity in the Lubelskie region in terms of the content of tropospheric ozone, which is significant for the protection of 
plants and human health, was carried out in accordance with the Regulation of the Minister of Environment of 24 
August 2012 on the levels of certain substances in the air, as well as more restrictive guidelines of the World Health 
Organization. The research used the hourly values of automatic measurements of the tropospheric ozone immis-
sion in the years 2015–2017. The data originated from three measurement stations, which function as part of the 
Air Quality Monitoring System, in three rural communes located in the north-western, central and southern part 
of the Lubelskie region. As a result of implemented research, no tropospheric ozone concentrations exceeding the 
threshold values,   at which the public should be informed about the risk of exceeding the alarm level, were noted. 
The highest mean tropospheric ozone immission was recorded during the calendar summer and calendar spring, 
while the lowest was recorded during the calendar winter and autumn. In terms of human health protection, the 
largest exceedances of the maximum mean 8-hour value of tropospheric ozone were recorded during the calendar 
summer at Florianka station, which was located at the highest position (270 m above sea level) in relation to other 
measurement stations covered by this study. In terms of plant protection, the mean tropospheric ozone concentra-
tion, expressed with the use of AOT40, did not exceed the applicable target level (18 000 μg·m-3·h) at any of the mea-
surement stations. The highest mean value of AOT40 was recorded at the Florianka meteorological station (14 653.9  
μg·m-3·h), while the lowest was recorded at the Jarczew station (7 486.2 μg·m-3·h). 
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(exceeding the permissible standards, which are 
determined by provisions of the law) is a harm-
ful secondary pollutant. It is created as a result 
of complex photochemical reactions in the pres-
ence of nitrogen oxides, hydrocarbons and carbon 
oxides, which constitute the so-called primary 
pollutants, and they mainly originate from road 
transport. High temperature and high intensity of 
solar radiation are conducive to these reactions 
[Juda-Rezler, 2000; Nali et al., 2001; Naser et al., 
2008; Air quality in Europe, 2018].

Tropospheric ozone is characterised by a neg-
ative impact on human and animal health, as well 
as ecosystem and climate [Directive 2008/50/
EC, 2008; Mauzerall and Wang, 2001; Shindell et 
al., 2012; Mills et al., 2013; Alonso et al., 2014]. 
Increased ozone concentrations constitute a sig-
nificant health problem, causing a series of nega-
tive effects, which are expressed in the increase 
in mortality due to cardiovascular and respiratory 
diseases [Skotak, 2010; Krzyżanowski, 2016; 
Wojdat et al., 2016). According to data of the Eu-
ropean Environment Agency, high concentrations 
of tropospheric ozone caused premature death of 
approx. 18 000 people in 41 European countries 
[European Environment Agency, 2018]. 

The ozone concentration level at which 
the public is informed about the risk of 
alarm level amounts to 180 μg·m-3 (1-hour 
mean), while the alarm level amounts to  
240 μg·m-3 (1-hour mean) [Regulation of the 
Minister of the Environment, 2012]. 

Moreover, the tropospheric ozone is one of 
the most important air pollutants causing dam-
age to cultivated plants and constitutes a serious 
threat to the production of plant biomass [Saitanis 
et al., 2001; Borowiak et al., 2008; Zapletal et al., 
2011; Mills et al., 2013]. Braun et al. (2014) also 
observed a negative impact of the ozone on forest 
ecosystems. According to Alonso et al. [2014], 
the tropospheric ozone constitutes an additional 
stress factor, which hinders adaptation of the 
plants to the climate change. 

Ozone concentration in the near-earth atmo-
sphere layer is characterised by high spatial and 
temporal variability [Klingberg et al., 2012; Vin-
garzan, 2004]. The level of this gas’s concentration 
changes throughout the day and in the annual scale. 
The daily maximum is observed in the afternoon 
hours, while in the annual cycle, it is observed in 
the spring and summer months. The size of im-
mission depends on chemical composition of the 
air, atmospheric conditions and local topography 

[Dziewulska-Łosiowa and Hryniewicz, 1993; Cas-
tell et al., 2008; Khoder, 2009; Statistical Yearbook 
for Environment Protection, 2018].

In contrast to other air pollutants, whose high-
est concentrations occur in large cities, the high-
est concentrations of tropospheric ozone are usu-
ally recorded outside the agglomerations, on their 
leeward side [Juda-Rezler, 2000]. 

Lublin Voivodeship, which in this study is 
referred to as the Lubelskie region, is located in 
south-eastern Poland, between the Vistula river 
and the Bug river. According to the Kondracki 
classification [2002], this area is located in the 
province of Lublin-Lviv Upland. The north-east-
ern part is Polesie, while the north-western part 
belongs to the Central Poland Lowlands. The 
eastern border of this voivodeship is the state bor-
der of Poland with Belarus and Ukraine, as well 
as the border of the European Union (EU). The 
Lubelskie region is a typical agricultural region 
with the highest share of cultivated land in Poland 
– cultivated land constitutes 70.0% of the total 
area of this voivodeship. The potential of nature 
in this region is more favourable compared to the 
mean values in Poland. Therefore, the purpose of 
this study was to assess atmospheric air pollution 
with tropospheric ozone in selected measurement 
stations, located in rural communes within the 
Lubelskie region. 

MATERIAL AND METHODS

The research used hourly (according to Cen-
tral European Time CET) values of automatic 
measurements of tropospheric ozone immission 
in the years 2015–2017. The data originated from 
the following measurement stations: Wilczopole, 
Jarczew and Florianka, functioning within the 
framework of the Air Quality Monitoring Sys-
tem, located in the rural communes of the Lublin 
Voivodeship (Lubelskie region). Characteristics 
of these stations are presented in Table 1.  

Assessment of air quality in the Lubelskie 
region in terms of the content of tropospheric 
ozone, which is significant for the protection of 
plants and human health, was carried out in ac-
cordance with the Regulation of the Minister of 
Environment of 24 August 2012 on the levels of 
certain substances in the air [Regulation…, 2012]. 
Within this document, the target level and the 
level of long-term tropospheric ozone goal in the 
context of human health protection is defined as 
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the maximum 8-hour mean among moving means 
calculated from 1-hour concentrations within 
a day. The target level is met, if the number of 
days exceeding the value of 120 μg·m-3, averaged 
over three years, amounts to no more than 25. The 
condition for compliance with the long-term goal 
is the absence of exceedances of the value 120 
μg·m-3. The WHO guidelines are more restrictive 
and they assume 100 μg·m-3 as the maximum con-
centration for the moving mean. Also, the exceed-
ances of this mean are not allowed [World Health 
Organization (WHO), 2006].

The AOT40 parameter (Accumulated Ozone 
exposure over a Threshold of 40 ppb (=80 µg/m³) 
is an indicator of air quality assessment for tropo-
spheric ozone in the context of plant protection. 
It determines the cumulative dose of ozone above 
the threshold concentration of 40 ppb (80 μg·m-3) 
Higher doses of O3 above this level are toxic to 
plants and its harmfulness increases proportion-
ally to the time of exposure. This applies to the 
daytime, when the most intensive gas exchange 
takes place through the plant stomata. In order to 
calculate AOT40, it is necessary to add the differ-
ences between the measured ozone concentration 
(1-hour mean) and the threshold value. Calcula-
tions are carried out for the period of the most 
intensive plant vegetation, taking into account 
daily hours (between 800 and 2000 CET) and only 
the concentrations above 40 ppb [Borowiak et al., 
2008]. Due to the protection of plants during the 
vegetation period (1V–31VII), the permissible 
level of tropospheric ozone, calculated in this 
manner, cannot exceed 18000 μg·m-3·h (mean 
value). On the other hand, the level of the long-
term goal should amount to 6000 μg·m-3·h.

As the background of these indicators, the ba-
sic statistical characteristics of the tropospheric 

ozone concentration were calculated. These val-
ues included: mean, the highest value, the lowest 
value and standard deviation. These characteris-
tics were calculated for months, seasons and years. 

RESULTS AND DISCUSSION

In terms of human health protection, the 
biggest number of days, in which occurred ex-
ceedances of the maximum mean 8-hour value 
of tropospheric ozone, was recorded at Florian-
ka meteorological station, which is located the 
highest above sea level compared to other anal-
ysed stations (270 m above sea level) (Table 1 and 
Table 4). These results are confirmed by the re-
search of Wróblewski [2006], who stated that the 
value of ozone concentration is strictly associated 
with geographical location of the measurement 
point, and for every 100 m of height increase, the 
ozone concentration increases by 1.58 μg·m-3. 

The largest exceedances of the maximum 
8-hour mean O3 value at each monitoring station 
covered by this study were recorded during the 
calendar summer, while the largest exceedances 
occurred in the warmest season of 2015, com-
pared to the other years of research, in which the 
mean annual area air temperature in the Lublin 
Voivodeship amounted to 9.5°C. The warmest 
month was August, with the maximum daily air 
temperature amounting to 35.4°C [Voivodeship 
Inspectorate…2016].

During the summer of 2015, also at the Flo-
rianka station, 26 days were recorded with ex-
ceedances of the maximum mean 8-hour ozone 
value >120 μg·m-3 (the Polish law allows 25 days 
a year) and 46 days with exceedances of the value 
>100 μg·m-3 [World Health Organization (WHO), 

Table 1. Geographical location of meteorological stations covered by this study
Name of the meteorological 

station / national code / 
international code

Latitude 
(φ) N

Longitude
(λ) E

Height
above sea 

level

Mesoregion according 
to Kondracki (2002)

Type of station /  
owner

Wilczopole/ 
LbWilczopole/
 PL0488A

51°09’49’’ 22°35’55’’ 202 Płaskowyż Świdnicki 
(343.16)

Non-urban background / 
Voivodeship Inspectorate of 
Environmental Protection in 
Lublin

IMGW-Jarczew/ 
LbJarczWolaM
/ PL0002R

51°48’52’’ 21°58’21’’ 177 Wysoczyzna 
Żelechowska (318.95)

Non-urban background / 
Institute of Meteorology and 
Water Management - National 
Research Institute

Florianka RPN/
LbFlorianRPN/ PL0691A 50°33’07’’ 22°58’58’’ 270 Roztocze Środkowe 

(343.22)
Non-urban background / 
Roztocze National Park

Source: Own elaboration based on: Kondracki [2002]; Bank of measurement data of the Inspectorate of 
Environmental Protection [2019].
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2013]. On the other hand, during the calendar win-
ter, no exceedances of the maximum mean 8-hour 
value >120 μg·m-3 occurred in the individual years 
in any of the analysed stations, however these ex-
ceedances were recorded in the case of the value  
>100 μg·m-3, also at the Florianka monitoring 
station, and they amounted to (respectively): 
2014/2015 – 1 day and 2016/2017 – 3 days (Ta-
ble 4). Moreover, according to Kalbarczyk et al. 
[2015], the level of tropospheric ozone concentra-
tion is characterised by high annual and seasonal 
variability, which is significantly affected by me-
teorological conditions and NOx level (one of the 
ozone precursors), than on the average the inten-
sity of solar radiation and atmospheric air tem-
perature, as well as air humidity below average. 

The impact of meteorological conditions 
(particularly thermal conditions) on the value of 
tropospheric ozone concentration is known and 

documented in the Polish scientific literature, 
as well as the foreign scientific literature [Tira-
bassi et al., 2005; Nidzgorska-Lencewicz, 2008; 
Ooka et al., 2011; Rozbicka and Michalak, 2015; 
Oyola et al., 2018]. Beck et al. [1998] stated that 
the cases of occurrence of high ozone concentra-
tions may also depend on the direction and speed 
of wind (transport of ozone and its precursors, 
as well as mixing intensity), therefore they may 
be of transboundary nature and they may be the 
result of the inflow of polluted air masses from 
other areas.

While analysing the concentration of tro-
pospheric ozone in the context of plant pro-
tection, expressed with the use of AOT40, 
it was found that the mean value of this pa-
rameter in the years of research (2015–2017) 
did not exceed the applicable target level  
(18 000 μg·m-3·h) in any of the measurement 

Table 2. The number of days, in which occurred the exceedances of maximum mean 8-hour value 
of tropospheric ozone in the selected monitoring stations of the Lubelskie region (2015–2017) 

The number of days, in which occurred the exceedances of maximum 
mean 8-hour value of tropospheric ozone (O3) > 120 μg·m-3*

The number of days, in which occurred the 
exceedances of maximum mean 8-hour value 

of tropospheric ozone (O3) > 100 μg·m-3**

Meteorological station Florianka Jarczew Wilczopole Florianka Jarczew Wilczopole
Year / Season Spring

2015 4 1 0 23 15 10
2016 1 0 0 20 19 1
2017 1 0 0 21 4 9

Summer
2015 26 13 15 46 35 34
2016 1 1 2 28 12 11
2017 10 0 4 41 12 24

Autumn
2015 1 1 1 5 2 2
2016 2 2 0 11 6 5
2017 1 0 1 1 0 1

Winter
2014/2015 0 0 0 1 0 0
2015/2016 0 0 0 0 0 0
2016/2017 0 0 0 3 0 0

In total for the years :
2015 31 15 16 75 52 46
2016 4 3 2 59 37 17
2017 12 0 5 66 16 34

Source: Own elaboration based on the Bank of measurement data of the Inspectorate of Environmental Protection, 
powietrze.gios.gov.pl [access on 12.07.2019].
*According to the Regulation of the Minister of Environment, Journal of Laws 2012, item 1031, due to the 
protection of human health, the target level 03, which is calculated as the moving mean for eight hours in a given 
day – should not exceed 120 μg·m³. The law allows 25 days in the calendar year, when moving means may exceed 
this value (calculated as a mean for three years). 
** WHO (World Health Organization) guidelines are more restrictive and they assume 100 μg·m3 as the maximum 
concentration for the moving mean. Also, the exceedances of this mean are not allowed [WHO, 2006].
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stations. The highest mean value of AOT40 was 
recorded at the Florianka meteorological station 
(14 653.9 μg·m-3·h), while the smallest at the 
Jarczew station (7 486.2 μg·m-3·h). The Regula-
tion of the Minister of Environment of 2012 also 
determines the level of long-term goal for tropo-
spheric ozone, which should be reached in 2020 
and it amounts to 6 000 μg·m-3·h. In the analysed 
period, no such value was recorded in any of the 
stations, however the annual decrease in AOT40 
value was observed in the years of research and 
if this trend will maintain in the future, then Jarc-
zew and Wilczopole stations have greater chances 
of reaching the long-term target level (6000 μg·m-

3·h). In the analysed period, the lowest AOT40 
value was recorded in 2017 at the Jarczew station 
and it amounted to 4 067.8 μg·m-3·h (Table 3). 

The data presented in Table 2 indicate that in 
the years of research (2015–2017), no tropospher-
ic ozone concentrations were recorded in any of 
the measurement stations, at which the public 
should be informed about the risk of alarm level 
(180 μg·m-3, 1-hour mean) and about the risk of 
exceeding the alarm level (240 μg·m-3, 1-hour 
mean) (Regulation ..., 2012). In the analysed pe-
riod, the highest ozone concentration was record-
ed in August (during high air temperatures) at the 
Wilczopole measurement station (178 μg·m-3), 
followed by Jarczew (160.9 μg·m-3) and Flori-
anka (158.2 μg·m-3) (Table 4). Whereas in Sep-
tember, the highest ozone concentrations were 
recorded at the Jarczew station (162.8 μg·m-3), 
Florianka (152.6 μg·m-3) and Wilczopole (146.6 
μg·m-3). It was concluded that the calendar sum-
mer (months VI-VIII) was characterised by the 
highest mean immission of tropospheric ozone: 
Florianka 68 μg·m-3, Wilczopole 63 μg·m-3, Jar-
czew 58 μg·m-3, followed by the calendar spring 
(months III–V): Florianka 64 μg·m-3 (the high-
est in April), Jarczew 58 μg·m-3 (the highest in 

April) and Wilczopole 57 μg·m-3 (the highest in 
May). Lower ozone concentrations were recorded 
during the calendar autumn (months IX–XI) and 
winter (months XII–II). In the case of calendar 
autumn and winter, on average it amounted to: at 
the Florianka station 42 and 45 μg·m-3, Jarczew 
36 and 38 μg·m-3, Wilczopole 36 μg·m-3. While 
analysing the values   of standard deviation, it was 
concluded that the calendar winter was charac-
terised by the smallest dispersion of ozone con-
centration, while the greatest dispersion occurred 
during the months of calendar summer, spring 
and partially the calendar autumn (Table 4). 

While analysing the results of own research 
in the context of entire country, it must be con-
cluded that in the years 2015–2017 in the area of 
Poland, 2015 was characterised by the greatest 
number of cases with tropospheric ozone concen-
trations exceeding the threshold values   and the 
need to inform the public about the risk of ex-
ceeding the alarm level, and consequently the risk 
to human health, when 12 measurement stations 
in 10 Polish cities exceeded the level of inform-
ing the public (180 μg·m-3, for 1-hour concentra-
tions) (State Environmental Monitoring, 2016). 
The highest 1-hour ozone concentrations were re-
corded in southern and south-western Poland: in 
Legnica (201 μg·m-3), in the following agglomer-
ations: Rybnicko-Jastrzębska, Górnośląska, Kra-
kowska, Poznańska, Łódzka and in the following 
cities: Częstochowa, Tarnów, Rzeszów, Bielsko 
Biała. In 2016, the level of informing the public 
was exceeded only in Rybnik (189 μg·m-3) [State 
Environmental Monitoring, 2017]. In 2017, the 
level of informing the public was exceeded in 
Katowice (184 μg·m-3) and in Zabrze [State Envi-
ronmental Monitoring, 2018]. In the years 2015–
2017, no measurement station in Poland recorded 
the exceeding of ozone alarm level (240 μg·m-3, 
for 1-hour concentrations).

Table 3. Tropospheric ozone concentration in the context of plant protection, expressed with the 
use of AOT40* in selected meteorological stations of the Lubelskie region (2015–2017)

Name of the meteorological station / Year
Florianka Jarczew Wilczopole

μg·m-3·h

2015 18059.3 9256.2 10409.6

2016 12586.9 9134.7 8123.1

2017 13315.4 4067.8 7675.6

Mean 14653.9 7486.2 8736.1

*AOT40 (Accumulated Ozone exposure over a Threshold of 40 ppb (=80 μg·m-3). 
Source: Own elaboration based on the Bank of measurement data of the Inspectorate of Environmental Protection, 
powietrze.gios.gov.pl [access 12.07.2019].
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CONCLUSIONS

1. As a result of implemented research, no tro-
pospheric ozone concentrations exceeding the 
threshold values,   at which the public should be 
informed about the risk of exceeding the alarm 
level, were recorded. 

2. In terms of human health protection, the larg-
est exceedances of the maximum mean 8-hour 
value of tropospheric ozone were recorded 
during the calendar summer at Florianka sta-
tion, which was located at the highest position 
(270 m above sea level) in relation to other 
measurement stations covered by this study. 

3. In terms of plant protection, the mean tropo-
spheric ozone concentration, expressed with 
the use of AOT40, did not exceed the applica-
ble target level (18 000 μg·m-3·h) at any of the 
measurement stations. The highest mean value 
of AOT40 was recorded at the Florianka me-
teorological station (14 653.9 μg·m-3·h), while 
the lowest was recorded at the Jarczew station 
(7 486.2 μg·m-3·h).

4. The highest mean tropospheric ozone immis-
sion was recorded during the calendar sum-
mer and calendar spring, while the lowest 
was recorded during the calendar winter and 
autumn.
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