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Abstract. The study presents the characteristics of the occurrence of smog
episodes - days with exceeded the limit value of 8-hour tropospheric ozone
concentration (120 μg∙m-3) with the occurrence of hot days (maximum air
temperature greater than 25°C), very hot (maximum air temperature greater
than 30°C) and heat waves during 13-year period 2004-2016 in the area of
Warsaw, Poland. In the analyzed period, the average number of hot days was
45, and very hot days was 8. The highest number of these days occurred in
2015, 54 and 20 days respectively. Heat waves were short and lasted usually
3-4 days. The highest number of them was recorded in 2010 and 2015
(14 days). The highest ozone concentration value 189 μg∙m-3 was recorded
on 28 May 2005, thus exceeding the information threshold (180 μg∙m-3 for
the value of 1 hour ozone concentration). However, the number of days with
the exceeded limit value of ozone concentration was not in any year
exceeded the target value, i.e. 25 days in a calendar year. The relatively
stronger relationship (R=0.513) in comparison to others obtained between
average maximum temperature during LTO exceedance days and average
ozone concentration during these days but it was not statistically significant.

1 Introduction
Since the discovery of ozone and its first measurements in Europe at the end of the nineteenth
century, background ozone concentrations have more than doubled, showing a significant
increase during the last few decades, both in rural and urban areas e.g. [1, 2]. The analysis of
tropospheric ozone concentrations is highly important since, apart from being a greenhouse
gas, its strong oxidant properties, at certain levels, can affect animals, vegetation, materials
and have an effect on human health not only for predisposed patients, such as asthma
sufferers and children, but also for previously healthy individuals [3, 4]. The annual cycle of
ozone at background sites in the Northern hemisphere is clearly characterized by a spring
maximum which may be broadened by local ozone production during the summer. The spring
maximum may originate from both enhanced photochemistry in the free troposphere as well
as from stratospheric–tropospheric exchanges [5, 6]. Ozone episodes are defined as time
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periods when ozone concentrations near ground level exceed the air quality limit values
established by legislation [7]. Its formation process is highly dependent on air mass exchange
between the stratosphere and the troposphere, surface dry deposition, temperature, solar
radiation, NOX emissions and environmental concentrations of volatile organic compounds
e.g. [8, 9]. Thus, most studies have shown a strong relationship between ozone concentration
levels and solar radiation, air temperature, relative humidity and wind speed and direction
e.g. [10-12]. Ozone episodes usually occur during sunny days, where strong solar radiation
and high temperatures cause the reactions that lead to the formation of ozone and various
other oxidizing species [13]. Stathopoulou et al. (2008) [14] showed that temperature is the
main parameter affecting ozone concentration levels. A number of studies established that
for the temperature range from 17°C to 32°C the increase of ozone concentration is
approximately linear [15, 16]. Biogenic emissions of ozone precursors also increase with
temperature, which cause ozone formation. Relevant the role of surface dry deposition during
the European 2003 summer heat wave, indicating that reduced uptake from vegetation due to
drought contributed significantly to high ozone levels [17, 18]. Although the relation between
temperature and ozone pollution was confirmed in numerous studies, only limited
publications focus on photochemical pollution during hot days and heat waves. Ozone
pollution during heat waves was analysed over Western Europe for August 2003 [19] and
July 2006 over Central Europe [20, 21]. The assessment of ozone pollution in Athens during
heat waves that occurred in the last decade was presented by Papanastasiou et al. (2014) [22].
A relatively high positive correlation between ozone and air temperature in terms of the
probability of the number of days with ozone exceedances in respect to a given maximum
daily temperature was found in North Rhine-Westphalia, Germany, for the period of 19832007 [23]. In over Poland Strużewska and Jefimow (2016) [24] analysed of surface ozone
pollution in the context of hot spells episodes.
The aim of the presented study is to analyse a long-term variability of temperature
characteristics and surface ozone concentrations based on measurements from WarsawUrsynow in Poland. An attempt was made to establish the relationship between the hot
weather periods and ozone pollution in Warsaw. Also, the heat wave periods were identified
and analysed in the context of high ozone episodes. In addition the heat wave periods were
identified and analyzed in the context of occurrence together with high ozone episodes.

2 Materials and methods
The presented analyses were undertaken for the 13-year period 2004–2016. The hourly mean
values of concentrations of tropospheric ozone (μg∙m-3) and air temperature (°C) were use.
The meteorological data came from meteorological station Warsaw-Ursynow-SGGW
(WULS) Laboratory Water Centre which is located in the campus WULS (ϕ) = 52°09’N,
longitude (λ) = 21°03’E, and elevation (H) = 102.5 m a.s.l. Ozone measurements were
obtained from the Warsaw conurbation managed by the government, namely, the Provincial
Inspectorate for Environmental Protection’s air quality monitoring stations on Wokalna street
- Warsaw-Ursynow (code station PL0141A) (http://www.gios.gov.pl/pl). A both stations are
located 400 m to each other. They are located in Ursynow, a southern district of Warsaw, on
the outskirts of the city and 9 km from the city centre (Fig. 1). The data was homogenized
with use of the quotient method and statistical Student’s t-tests. Completeness of the data
used in the analysis is over 90%.
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Fig. 1. Location of meteorological station – Warsaw Ursynów (WU).

The daily maximum temperature was used to analyse the climatology of hot weather
periods in Warsaw. The following indexes were calculated: number of days with number of
days with Tmax > 25°C (hot days), average temperature during hot days, number of days with
Tmax > 30 °C (very hot days), average temperature during very hot days, number of heat
waves, defined as periods of at least three consecutive days with T max > 30°C. The number
of very hot days is a subset of the number of hot days. A heat wave, defined as a prolonged
period of excessively hot weather, is not precise and may vary depending on the region and
climate type. In this work, we adopted a methodology based on temperature thresholds was
adopted. In the works of e.g. [25-29] heat waves over Europe and Poland are defined as
a period with at least three consecutive days with a maximum temperature exceeding 30°C.
To assess the impact of high temperature on ozone pollution, the following ozone
concentration indexes were calculated: number of days with 8-hour moving average
exceeding 120 μg∙m-3, daily maximum above the information threshold of 180 μg∙m-3. The
occurrence of hot and very hot days, as well as the number of days with elevated ozone
concentrations, were assessed for each year to assess trends and inter annual variability over
the 13-year period. The European Directive on Ambient Air Quality and Cleaner Air for
Europe (CAFE EC/2008/50) defines the thresholds for ozone exposure with respect to human
health based on maximum daily 8-hour running mean of ozone concentrations. The Long
Term Objective (LTO) is defined as the number of days when the maximum 8-hour mean of
ozone concentration exceeded 120 μg∙m-3. The target Value (TV) is exceeded when the LTO
is exceeded more than 25 times per calendar year at a particular station. An attempt was made
to explain the relationship between the length and intensity of hot days and the intensity of
excessive ozone concentrations. Air quality monitoring in Warsaw has been carried out for
several dozen years, however only as late as in 2004 it was adjusted to comply with the
regulations and requirements of the EU. Since the monitoring system has been in operation,
air quality can be recorded in order to warn the community of high levels of pollution as well
as do research on the influence of air pollutants on human health [30-34].
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3 Results and Discussion
3.1 Temperature
In the analyzed period 2004-2016 in Warsaw-Ursynow the highest number of hot days
occurred in 2015 (54 days), in 2005 (53 days), 2016 (52 days) and 2012 (51 days), and the
lowest number of hot days occurred in 2004 (30 days). Along with this, average maximum
daily air temperature during hot days and very hot days were presented in the Fig. 2. The
highest temperature during hot days occurs in 2015 (29.7°C), 2006 (29.2°C) and 2010
(29.0°C). In other years) the temperature during hot days ranged between 27.3°C and 28.4°C.
In the year 2005 although the number of hot days was high, the average temperature during
hot days was lower. During the analysed 13-year period the highest number of very hot days
(Tmax >30°C) occurred in 2015 (20 days) and 17 days in 2006 and 2010. Strużewska and
Jefimow (2016) [26] for Warsaw-Okęcie station obtained 22 and 17 of hot days for the years
2006 and 2010 respectively for the period 1997-2011. They associate this situation with the
inflow of hot air masses from western Europe, which has an impact on the western part of
Poland. The lowest number of very hot days occurred in 2011 (2 days) and in 2004 (3 days).
During the analyzed period in 2008 very hot days were not observed. Similar results were
obtained by Strużewska and Jefimow (2016) [26] where for none of the analysed stations
there were not observed very hot days in 2008 and also in 2004 and 2005. At the WarsawUrsynów station in 2004 and 2005, the number of very hot days was one of the lowest of all.
However, compared to the results from the Warsaw-Okęcie station, thermal diversity is
observable, which is probably influenced by the type of the surface and the distance from the
urban area. It could be supposed that this influence is smaller in case of peripheral and open
space at the Warsaw-Okęcie station. Maximum temperature during very hot days ranged
between 30.8°C (2009) and 33.5°C (2013) and 33.1°C (2015). Kossowska-Cezak (2014) [27]
in other studies for Warsaw-Okęcie station obtained 33 hot days and 5 days very hot days per
year in average in the period 1951 - 2010. The increase in the number of characteristic days
for warm period (hot and very hot days) as 2.2 per 10 years was shown and this increasing
tendency stay after the year 2010.

Fig. 2. Number of hot days and very hot days with average maximum temperature in 2004-2011,
Warszawa-Ursynów.
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Based on the maximum temperature data, the heat wave periods, defined as at least three
consecutive days with the maximum temperature exceeding 30°C, were identified (Tab. 1).
Usually the heat waves were short (3–4 days) in analysed period. In most cases 1-2 heat
waves per year, occurred most often in July. The exception was 2006 and 2015 with 3 long
periods of very hot weather. There were not heat waves in the years 2004, 2008, 2009 and
2011. The highest number of heat waves was recorded in 2010 and 2015 (14 days of 'hot
spells'). The longest lasting and thus significantly burden heat waves were recorded in 2006
(5-13 Jul) and in 2015 (3-12 Aug), which were subjected detailed analysis. According to
Strużewska and Jefimow (2016) in the year 2006, heat waves were rife and occurred over the
same period.
Table 1. Heat wave periods (more than three consecutive days with t max > 30oC) in 2004-2016,
Warsaw-Ursynow.
Years
2005
2006
2007
2010

2012
2013
2014
2015
2016
2004-2016

Date
28-30 May
28-30 Jul
5-13 Jul
15-17 Jul
10-13 Jul
15-17 Jul
21-23 Jul
13-16 Aug
5-7 Jul
6-8 Aug
2-4.08
4-7 Jul
3-12 Aug
24-26 Jun

Σ days
6
9
3
14

3
3
3
14
3
58

3.2 Ozone
The number of days with exceeded LTO was calculated for each year of the analyzed period.
Most days of LTO exceedances occurred in the years 2006, 2005 and 2015 19, 18 and 14
days respectively, which indicates that the target value (TV) was not exceeded in the analysed
period. In the work the sum of hours with exceeded LTO was calculated, which was above
100 hours: in 2005 amounted to 137 hours, in 2006 amounted to 117 hours and in 2015
amounted to 107 hours. It can be noticed that the difference in the number of days with
exceeding the LTO between the years 2006 and 2005 is only 1 day, however, in 2005 there
were worse conditions in terms of air quality because the total hours exceeded the LTO was
20 hours higher. Maximum daily 8-hour running mean of ozone threshold (LTO) ranged
between 129,1 μg∙m-3 (in 2012) and 169,7 μg∙m-3 (in 2005) (Fig.3). The threshold information
value of ozone maximum concentration O3 1-hour 180 μg∙m-3 was exceeded three times in
the analysed period. It occurred in 2005 on 28 May (189 μg∙m-3) and on 16 July (183 μg∙m3)
and in 2005 on 5 May (186.9 μg∙m-3) (Fig. 4). Gawuć et al. (2013) [35] recorded that at
Jarczew station in May 2006 and related to the advective episode the inflow from the eastern
direction.
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Fig. 3. Maximum 8-hour running mean and maximum 1-hour ozone concentrations with number of
hours when ozone concentrations were above 120 μg∙m-3, 2004-2016 Warsaw-Ursynow.

Fig. 4. Number of days with exceedances of 120 μg∙m-3 in respect to the maximum 8-hour running
mean and 180 μg∙m-3 in respect to the maximum 1-hour of ozone concentrations for 2004-2016,
Warsaw-Ursynow.

The relationship between the length and intensity of hot days and the intensity above the
normative concentration of ozone was also examined (Fig.5). In the first approach, the
relationship between the number of hot days in each year and the number of LTO
exceedances was analysed. The temporal agreement between hot spells and episodes of high
ozone concentration was taken into account. There was not statistically significant
relationship for the analysed station (R = 0.02). In the next approach the relationship between
average 8-hour ozone concentration during hot days in each year was analyzed. During hot
days the increase in ozone concentration was observed in relation to temperature. However,
the correlation coefficient of this relationship was low R = 0.283 and not statistically
significant. The dependence is not clear due small range of variability the temperature during
hot days. Average 8-hour ozone concentration during hot days was lower than threshold value
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120 μg∙m-3. In the last approach the relationship between average maximum temperature
during LTO exceedance days and average ozone concentration during these days was
analysed. The correlation coefficient was relatively stronger (R = 0.513) in comparison to
others but it was also not statistically significant ( = 0.05). The small number of data
considered in the analysis influenced the significance of these relationships. The highest
relationship is observed in case of 8-hour ozone concentration and average maximum
temperature during these days.

B
)

C

Fig. 5. Number of hot days with number of LTO exceedances A), maximum temperaturę with the
average 8-hour ozone concentration during hot days B) and maximum temperaturę with the average
8-hour ozone concentration during days with LTO exceedances C), Warsaw-Ursynow 2004-2016.

Conclusions
The number of days with the maximum temperature exceeding 25 °C ‘hot days’ and the
number of days with the maximum temperature exceeding 30 °C ‘very hot days’ for the 13year period (2004-2016) in Warsaw-Ursynów station amounted to 45 and 8 days,
respectively. The highest number of ‘hot days’ and ‘very hot days’ occurred in the year 2015,
54 and 20 days respectively, and the lowest in 2004, 30 and 3 days respectively. During the
analysed period ‘very hot days’ were not observed in 2008. The maximum temperature
during ‘hot days’ ranged between 27.3°C and 29.7°C and during ‘very hot day’ ranged
between 30.8°C and 33.5°C.
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Although it is believed that high air temperature results in an enhanced ozone formation,
the outcome from the presented analysis of the relationship between hot weather periods and
enhanced ozone pollution in Poland is not clear [26]. Similar results obtained Strużewska and
Jefimow (2016) high exposure to ozone concentrations in terms of values higher than 120
μg∙m-3 is correlated with the number of hot days. However, occurrence of very hot days, if
not associated with longer hot weather periods, did not result in enhanced ozone pollution.
The relatively stronger relationship (R=0.513) in comparison to others obtained between
average maximum temperature during LTO exceedance days and average ozone
concentration during these days but it was not statistically significant.
Recent studies [36, 37] of thermal extremes during summer months in Poland in 19512010 showed increasing frequency of the number of extremely warm days in a year and also
the increase of the maximum number of consecutive hot days in a year. In Central Europe,
hot spells can be associated with an inflow of two different types of air masses (subtropical
from the south or transformed polar from westerly directions), which indicate the differences
in contribution of transboundary transport of ozone and its precursors. For a more detailed
explanation and analysis of relationships between episodes of high ozone concentration
during hot days, a separate, more detailed analysis of selected episodes is needed. Such
episodes should be connected with the synoptic situation, the inflow of air masses and
meteorological conditions, which will be taken in further work.
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