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abstract 0e objective of the paper was to characterize the occurrence of heat waves in Europe 
between 1976 and 2015 and to determine circulation conditions causing their occurrence. 0e 
heat waves were recognized as a sequence of at least 5 consecutive hot days. 0e hot day was 
defined as a day on which daily maximum air temperature was higher than 95ᵗh percentile of 
all the values in the analyzed period. 0e conducted research showed an increase in the number 
of heat waves and their duration in the analyzed period. 0e longest heat wave occurred in 
2010, in Moscow, which lasted 45 days. 0e most intense changes were observed in the eastern 
and south-eastern regions. 0e occurrence of heat waves was mainly connected with positive 
anomalies of atmospheric pressure at sea level, geopotential height of 500 hPa, and temperature 
on isobaric surface 850 hPa.
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1. Introduction

Contemporary climate warming is manifested, among others, by more and more 
frequent occurrences of extreme weather events, such as heat waves (IPCC 2013). 
Regional research has clearly indicated that the heat waves in the 21sᵗ century 
are not only going to be more frequent, but also longer and more intense (Meehl, 
Tebaldi 2004; Beniston et al. 2007; Kyselý 2010; Pongracz, Bartholy, Bartha 2013; 
Zacharias, Koppe, Mücke 2015).

Despite the fact that heat waves are not a new weather phenomenon, a sharp 
increase in interest in their occurrence has been observed since 2003. 0is is due 
to the occurrence of a very hot summer in Western and Southern Europe, which 
caused a significant increase in the number of deaths. In France alone, more than 
14,000 deaths are estimated due to biometeorological conditions affecting human 
bodies (Johnson et al. 2005; Poumadere et al. 2005). In Paris, the record number 
of deaths, which exceeded the average daily number by 600%, was found on 13ᵗh 
August 2003 (Vandentorren et al. 2004). In the last few decades, several very 
intense heat waves have occurred in Europe. Heat waves of 1994 and 2015 affected 
mainly Central Europe (Shevchenko et al. 2014; Lhotka, Kyselý 2015; Hoy et al. 
2017; Sulikowska, Wypych, Woszczek 2016), of 2003 and 2006, both Western 
and Southern Europe (Johnson et al. 2005, Poumadere et al. 2005, Barriopedro 
et al. 2011), while of 2010, Eastern Europe (Dole et al. 2011, Grumm 2011; Otto 
et al. 2012). 0e consequence of the aforementioned heat waves was a significant 
increase in the number of deaths in relation to the expected value (Kuchcik 2001; 
Bobvos, Fazekas, Páldy 2015; Revich et al. 2015). In addition to fatalities, extreme 
air temperatures also caused enormous economic losses, mainly in power industry 
and agriculture (de Beno et al. 2004; García-Herrera et al. 2010).

As Kyselý and Domonkos (2006) have shown, more and more frequent occur-
rence of extreme air temperature in Europe is related to an increase in stability 
of anticyclonic types of atmospheric circulation. Particularly important for the 
occurrence of extreme air temperature values, including heat and frost waves, are 
strong high-pressure systems and blocking situations, interrupting zonal circula-
tion (Porębska, Zdunek 2013, Bielec-Bąkowska 2014). Due to the great importance 
of atmospheric circulation for shaping the weather and climate, further and de-
tailed research is required in connection to the changes in circulation conditions 
on a global and local scale, both from the holistic perspective and in the context of 
changes to individual elements of the circulation system (Bielec-Bąkowska 2014).

With this in mind, the aim of the study was to determine the general conditions 
of atmospheric circulation conducive to the occurrence of heat waves in Europe. 
0e implementation of this objective was preceded by the determination of the 
temporal and spatial variability of the occurrence of heat waves in particular 
regions of the continent.
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2. Data and research methods

0e article used data on the maximum (Tmax) daily air temperature from 
1976–2015 for 60 stations located in Europe (Fig. 1). For Polish stations, data was 
obtained from the Institute of Meteorology and Water Management – National 
Research Institute, for German stations from the German Meteorological Service 
(Deutscher Wetterdienst), and for Norwegian stations from the Norwegian Meteo-
rological Institute. For other stations, data was obtained from generally available 
National Oceanic and Atmospheric Administration (NOAA) databases. Data from 
NOAA collections, according to the metadata record (http://www7.ncdc.noaa.gov/
CDO/GSOD_DESC.txt), are subject to the quality assessment procedure (QC). Only 
stations that had a complete set of data for the period under study were used in 
the article. 0is resulted in limiting the number of stations included in the study.

In the climatological literature one can find a number of definitions of heat 
waves that refer to different criteria (Perkins, Alexander 2013). Various wave 
intensity criteria have been adopted, i.e. air temperature thresholds or biomete-
orological indices, but also different criteria of the phenomenon’s stability, i.e. 
different lengths of sequences of days that meet the adopted assumptions. Two 
groups of definitions dominate in the literature. 0e first of these are definitions 

Fig. 1 – Location of synoptic stations with division into regions (R1 – northern, R2 – western, R3 – 
east, R4 – south-western and R5 – south-eastern region)
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based on arbitrary thresholds, that is, specific values of the maximum air tempera-
ture, e.g. 25 °C or 30 °C (Kudzewicz, Huang 2010; Kyselý 2010; Tomczyk 2018). 0e 
second group are the definitions referring to the relative thresholds. Most of the 
definitions in this group is based on the criterion of extreme weather events as 
proposed by the IPCC (2007): a weather event which is so rare within a particular 
area and in a particular season that it lies within the range of 10ᵗh or 90ᵗh percentile 
of an observed probability density function or rarer. For these definitions, the air 
temperature percentile value can be calculated from both the whole year and the 
summer season. 0e most commonly assumed percentile value is 90. (Lhotka, 
Kyselý 2015), 95. (Rey et al. 2009; Tomczyk, Bednorz 2014) or 99. (Hoy et al. 2017). 
0e adoption of an arbitrary threshold is suitable for studies with a small spatial 
extent. 0e definitions based on relative thresholds are more universal, and their 
application makes comparison of results from different climatic regions possible, 
which works well in the implementation of this study. However, their adoption re-
sults in identifying a similar number of heat waves, even in regions with extremely 
different climatic conditions. 0e minimum three-day or five-day duration of a 
wave is the most open used in the climatological research studies (Kyselý 2010; 
Shevchenko et al. 2014; Tomczyk, Bednorz 2014). It is reported that a human body 
starts its negative reaction to the stress of heat aper three days (Hajat et al. 2002; 
Nairn, Fawcett 2015).

Based on the source material, the Tmax 95ᵗh annual percentile values were cal-
culated from the entire multi-year period (for every single station). Subsequently, 
on the basis of these values, the area under study was divided into regions by 
adopting threshold values of 25 °C and 30 °C. On this basis, 3 regions were distin-
guished, however, in 2 of them further subdivision was made due to the extent 
of the area, based on simultaneous occurrence of heat waves in the sub-regions. 
As a result, 5 regions were obtained, such as: R1 – northern (Tmax below 25 °C), 
R2 – western (Tmax between 25 °C and 30 °C), R3 – eastern (Tmax between 25 °C 
and 30 °C), R4 – south-western (Tmax above 30 °C) and R5 – south-eastern (Tmax 
above 30 °C) regions. In the next step, hot days were distinguished, and then heat 
waves in particular regions were determined from the selected days. A sequence of 
at least 5 consecutive hot days was considered a heat wave. A hot day was defined 
as a day on which daily maximum air temperature was higher than 95ᵗh percentile 
of all the values in the analysed period. 0e next step consisted in calculating the 
potential period of the occurrence of heat waves, that is the period between the 
earliest commencement and the latest termination of the heat waves.

In order to define circulation conditions conducive to the occurrence of heat 
waves, daily values of atmospheric pressure at sea level, height of isobaric surface 
500 hPa (z500 hPa) and temperature on isobaric surface 850 hPa (T850) were 
used. 0e data was obtained from the National Center for Environmental Pre-
diction / National Center for Atmospheric Research (NCEP / NCAR) Reanalysis 
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(Kalnay et al. 1996), which are available in the archives of the NOAA ESRL PSD 
(Earth System Research Laboratory Physical Science Division). On the basis of the 
aforementioned data, there were composite maps for heat-wave-days drawn up 
for atmospheric pressure at sea level, together with maps of z500 hPa and T850 
as well as maps of anomalies. Only the days when heat waves occurred in at least 
20% of stations were taken into consideration. 0e composite maps depict mean 
atmospheric pressure at sea level and z500 hPa in the days with heat waves in a 
given region and the mapped anomalies were calculated as the difference between 
average values of particular parameters for selected waves and average values for 
the summer season from the analysed period.

3. Results

3.1. Occurrence of heat waves in Europe between 1976 and 2015

3.1.1. Northern region

In the northern region (R1) in the analysed 1976–2015 period, the total number of 
heat waves varied from 10 in Świnoujście to 56 in Oslo, which lasted 98 days and 
429 days, respectively. In 47% of stations, the fewest heat waves were recorded in 
1986–1995 (Fig. 2). During this period, the number of heat waves ranged from 4 
in Świnoujście (36 days) to 14 in Oslo (108 days). In addition, in two stations the 
smallest number of waves was found in two decades, i.e. 1986–1995 and 2006–2015 
in Alta and 1976–1985 and 1986–1995 in Kvikkjokk. In turn, the highest number of 
heat waves was recorded mainly in 2006–2015, but also between 1996 and 2005. 
In the last 10 years of the analysed period, the number of waves ranged from 4 in 
Świnoujście (34 days) to 19 in Tallinn (161 days).

Fig. 2 – Ee number of heat waves (A) and the duration of heat waves (B) in 1976–2015 at selected 
stations.
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In the analysed period, in the northern region, heat waves occurred from May to 
September. Apart from one station (Schleswig), the highest number of heat waves 
was recorded in July. In the case of 60% of stations, July heat waves constituted 
at least 50% of all heat waves. 0e earliest, and also the latest heat waves were 
recorded in Bergen, from 4ᵗh to 9ᵗh May 2006, and from 8ᵗh to 12ᵗh September 2002, 
respectively. 0e above-mentioned data shows that the longest potential period of 
occurrence of heat waves was recorded in Bergen and lasted 132 days, while the 
shortest one was in Świnoujście – only 59 days.

In 60% of stations, the most numerous were 5-day heat waves, while in 7% of 
stations, waves of 5 and 6 days occurred with the same frequency. In the other 
stations, 6-day waves were most frequently recorded. In 60% of stations, 5- and 
6-day waves constituted over 50% of all recorded waves. 0e longest heat wave was 
recorded in Jyvaskyla, which lasted as many as 26 days, from 17ᵗh July to 11ᵗh August 
2014. 0e heat wave from 2014 lasted over 20 days also in Kvikkjokk, Schleswig 
and Tallinn.

3.1.2. Western region

In the western region (R2), in the analysed period, the total number of heat waves 
varied from 27 in Cologne to 40 in Dijon and Prague. In Cologne, the total dura-
tion of heat waves was 203 days, and in Dijon it was 306 days. In 75% of stations, 
the lowest number of heat waves was recorded in the years 1976–1985, and this 
number changed from 2 in Paris (22 days) to 9 in Magdeburg (64 days; Fig. 3). 
In turn, in 63% of stations the highest number of heat waves was recorded in 
the years 1996–2005, while in two stations a similar number of waves was also 
recorded in the years 1986–1995. 0eir number changed from 6 in Prague (47 days) 
to 14 in Dijon (101 days). In other stations, heat waves most open occurred in the 
years 2006–2015.

Fig. 3 – Ee number of heat waves (A) and the duration of heat waves (B) in 1976–2015 at selected 
stations.
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In the western region, heat waves occurred from May to September. In 50% of 
the stations, the highest number of heat waves was recorded in July, while in the 
case of two stations, the same number of waves was observed in July and August. 
In the remaining 38% of stations, waves were most open recorded in August. 0e 
earliest heat wave was recorded in Amsterdam from 2ⁿᵈ to 6ᵗh May 1990, and the 
latest in Nantes from 27ᵗh September to 2ⁿᵈ October 2011. 0e aforementioned data 
show that the potential period of occurrence of heat waves within the analysed 
area was 154 days, from 2ⁿᵈ May to 2ⁿᵈ October. In individual stations, the length 
of this period ranged from 75 days in Paris (from 14ᵗh June to 27ᵗh August) to 117 
days in Amsterdam (from 2ⁿᵈ May to 26ᵗh August).

In all stations, the number of heat waves lasting 5 days was the highest. Only in 
Nantes, 5- and 6-day waves constituted less than 50% of all recorded waves. 0e 
longest heat wave lasting 18 days was recorded in Augsburg (22ⁿᵈ June – 9ᵗh July 
1976) and Dijon (21sᵗ June – 7ᵗh July 1976 and 10ᵗh–27ᵗh July 2006). In each station, 
the longest heat waves lasted at least 16 days.

3.1.3. Eastern region

In the eastern region (R3) in the analysed 40 years, the total number of heat 
waves ranged from 32 in Olsztyn to 67 in Kharkiv. 0e total duration of heat waves 
ranged from 231 days in Lviv to 519 in Kharkiv. In 81% of stations, the lowest 
number of heat waves was recorded in the years 1976–1985, and their number 
ranged from 1 in Botosani (7 days) and Lviv (7 days) to 10 in Penza (72 days; Fig. 4). 
In one station (Sochi), the same number of heat waves was recorded in 1976–1985 
and 1986–1995.

In turn, in all stations the highest number of heat waves was recorded in 
2006–2015. In the above-mentioned multi-year period their number changed from 
12 in Olsztyn (95 days) to 34 in Kharkiv (296 days).

Fig. 4 – Ee number of heat waves (A) and the duration of heat waves (B) in 1976–2015 at selected 
stations.
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In the analysed period in the eastern region, heat waves occurred from the turn 
of May to September, although in all stations they occurred most frequently in 
July. In five stations, July heat waves constituted over 50% of all waves recorded 
in these stations. 0e earliest heat wave was recorded in Lviv from 28ᵗh April to 
2ⁿᵈ May 2012, and the latest in Penza from 22ⁿᵈ to 26ᵗh September 2015. According 
to the above-mentioned data, the potential period of occurrence of heat waves in 
the analysed area was 152 days, from 28ᵗh April to 26ᵗh September. In individual 
stations, the length of this period ranged from 89 days in Poznań (from 31sᵗ May 
to 27ᵗh August) to 138 days in Penza (12ᵗh May to 26ᵗh September).

In 56% of stations, heat waves lasting 5 days were most frequently recorded. 
With the same frequency, there were 5- and 6-day waves occurring in 3 stations, 
while 5- and 7-day waves in one station. Only in Botosani, the most numerous were 
7-day waves. In 50% of stations, 5- and 6-days waves constituted over 50% of all 
waves recorded, and in Kraków this share exceeded 70%. 0e longest heat wave 
was recorded in Moscow in 2010 and it lasted as many as 45 days, from 5ᵗh July to 
18ᵗh August. 0e longest heat wave that covered the western part of the analysed 
area was the wave from the turn of August 1994. In all stations, the longest heat 
waves lasted at least 15 days.

3.1.4. South-western region

In the south-western region (R4), the total number of heat waves varied from 14 
in Bilbao to 55 in Venice, which in total lasted 98 and 476 days, respectively. In 73% 
of the stations, the lowest number of heat waves was recorded between 1976 and 
1985 (Fig. 5). During this period, their number ranged from 2 in Bari (10 days) and 
Valencia (13 days) to 11 in Sevilla (65 days). In the remaining stations the smallest 
number was recorded for the next 10 year-periods. In turn, in 45% of stations, 
the highest number of heat waves was recorded in 2006–2015, and the number 
changed from 3 in Bilbao (19 days) to 23 in Venice (212 days). Equally numerous 

Fig. 5 – Ee number of heat waves (A) and the duration of heat waves (B) in 1976–2015 at selected 
stations.
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heat waves occurred in the years 1986–1995, in which 36% of stations recorded 
the highest number of them.

In the analysed period in the south-western region, heat waves occurred from 
June to October. In 64% of stations, the highest number of heat waves was recorded 
in July, while in 27% in August. Only in Bilbao the highest number of heat waves 
occurred in September. 0e earliest eat wave was recorded in Bilbao, Florence and 
Venice, which occurred respectively on 7ᵗh–11ᵗh June 2006, 7ᵗh–17ᵗh June 2003 and 
7ᵗh–15ᵗh June 2003, and the latest was found in Bilbao, on 1sᵗ–6ᵗh October 1983. 0e 
above-mentioned data shows that the longest potential period of occurrence of 
heat waves was recorded in Bilbao and it lasted 122 days, while the shortest one 
was in Valencia – only 52 days.

In 91% of stations, the number of heat waves lasting 5 days was the highest. 
Apart from three stations (Florence, Valencia and Venice), 5- and 6-day waves 
constituted at least 50% of all recorded waves. 0eir largest percentage was re-
corded in Seville and Baria (69% and 67%, respectively). In 55% of stations, the 
longest heat wave occurred in August 2003, and its maximum length was 24 days 
in Florence (2ⁿᵈ–25ᵗh August 2003). In individual stations, the longest heat waves 
lasted at least 12 days.

3.1.5. South-eastern region

In the south-eastern (R5) region, in the analysed period, the total number of heat 
waves varied from 33 in Burgas and Larissa to 60 in Split. On the other hand, a 
total duration of heat waves oscillated between 226 days in Larissa and 525 in 
Split. In 90% of the stations, the fewest or no heat waves was recorded between 
1976 and 1985, while in one station (Larissa) a similar number of heat waves oc-
curred also between 1986 and 1995 (Fig. 6). During this period, no heat waves 
were recorded only in one station, i.e. Bucharest, while the highest number was 
found in Bratislava (8 waves), which lasted a total of 53 days. In turn, in 80% of 

Fig. 6 – Ee number of heat waves (A) and the duration of heat waves (B) in 1976–2015 at selected 
stations.
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stations, the highest number of heat waves was recorded in 2006–2015, and the 
number changed from 15 in Bratislava (127 days) and Larissa (110 days) to 28 in 
Split (242 days).

In the analysed period in the south-eastern region, heat waves occurred from 
June to September. In 60% of stations, the highest number of heat waves was 
recorded in August, while in other stations in July. 0e earliest heat wave was 
recorded in Bratislava, from 1sᵗ to 7ᵗh June 1979, and Pecs, from 1sᵗ to 5ᵗh June 
1979, and the latest in Skopje, from 11ᵗh to 15ᵗh September 2011, respectively. 0e 
above-mentioned data shows that the potential period of the occurrence of heat 
waves within the particular area was 107 days, from 1sᵗ June to 15ᵗh September. In 
individual stations, the length of this period ranged from 64 days in Burgas (from 
22ⁿᵈ June to 24ᵗh August) to 96 days in Skopje (from 12ᵗh June to 15ᵗh September).

In 80% of the stations, the most numerous were the shortest, 5 days long, heat 
waves, while in 20% these were 6-day heat waves. Apart from two stations (Brati-
slava, Split), 5- and 6-day waves constituted at least 50% of all recorded waves. In 
the vast majority of stations, the longest duration of heat waves was more than 
15 days. In turn, the longest wave in the surveyed area was recorded in Simferopol 
in 2014, from 21sᵗ July to 17ᵗh August.

3.2. Synoptic conditions of the heat waves occurrence

0e occurrence of heat waves in Europe is generally associated with anticyclonic 
pressure conditions over the continent, which is demonstrated by higher-than-
normal atmospheric pressure at sea level and z500 hPa values during heat events. 
Synoptic conditions of the heat waves that were analysed individually for each 
distinguished region characterised by a ridge of high pressure and an anticyclonic 
centre were associated with positive air temperature anomalies. In each case, a 
local high centre was connected by a ridge of high pressure with the strong sum-
mer Azores High. However, the location, extent and intensity of the anticyclonic 
systems causing hot weather differed substantially depending on the region of the 
heat waves’ occurrence. For each region, the anticyclonic centres with the strong-
est atmospheric pressure at sea level and z500 hPa anomalies appeared in the 
eastern part of the region of heat waves’ occurrence, or northwards of the region.

0e strongest positive atmospheric pressure at sea level anomalies accompanied 
the heat waves striking the northern region. 0e high-pressure area extended over 
northern Europe, with a centre (atmospheric pressure at sea level > 1,018 hPa) 
located over southern Finland and north-western Russia (Fig. 7). Contour lines of 
z500 hPa over the majority of the continent bent northward, creating an omega-
shaped blocking pattern with a clear elevation of geopotential level over Northern 
Europe. 0e atmospheric pressure at sea level anomalies amounted to > 7 hPa, 
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and the z500 hPa was settled higher than on average in the summer (positive 
anomalies in the centre exceeded 125 gpm). 0e occurrence of positive anomalies 
of geopotential heights together with the positive anomalies of air temperature 
complies with the hydrostatic balance in the troposphere. 0e described pressure 
pattern caused an inflow of warm and dry continental air masses from the north-
east in the lower troposphere, and therefore, the positive anomalies of T850 over 
Scandinavia and the Norwegian Sea exceeded 5 °C.

Heat waves in the western region were caused by a local high-pressure area 
formed north-east of the region with its centre over the Baltic Sea, northern Po-
land and Germany (atmospheric pressure at sea level in the centre > 1,018 hPa; 
Fig. 7). Over the majority of Europe, atmospheric pressure at sea level was higher 

Fig. 7 – Mean atmospheric pressure at sea level and z500 hPa (leR column), atmospheric pressure 
at sea level and z500 hPa anomalies (middle column), and anomalies of T850 (right column) for the 
heat waves days in the distinguished regions of the continent (R1 – northern, R2 – western, R3 – east, 
R4 – south-western and R5 – south-eastern region).
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than on average in summer, and in the centre of the high pressure area atmos-
pheric pressure at sea level anomalies exceeded 5 hPa. 0e centre was located over 
southern Scandinavia and it was shiped south- and westwards in comparison to 
the pressure pattern favourable to heat waves in the northern region. Contour 
lines of z500 hPa over Southern and Central Europe bent north-eastwards creating 
its elevation, and anomalies of z500 hPa over the analysed area range from 50 
to > 100 gpm. 0e described pressure pattern caused the advection of warm air 
masses to western Europe, which resulted in positive T850 anomalies, ranging 
from 4 °C to more than 5 °C.

During heat waves in the eastern region the local anticyclonic centre was 
shiped eastwards in comparison to the western region, i.e. it was located at the 
borderline between Belarus, Lithuania and Russia (atmospheric pressure at sea 
level > 1,016 hPa, atmospheric pressure at sea level anomalies > 4 hPa; Fig. 7). Con-
tour lines of the 500 hPa isobaric surface over the eastern part of the continent 
bent northward creating an elevation over the analysed area, and that indicates 
the presence of warm air masses. 0e z500 hPa positive anomalies amounted to 
100 gpm in the centre of the high pressure system. 0e described pressure condi-
tions caused an inflow of warm and dry continental air masses from the eastern 
sector in the lower troposphere. By contrast, warm air masses advection from the 
southern sector occurred in higher troposphere layers. 0e presence of warm air 
masses was confirmed by positive T850 anomalies, exceeding 4 °C over Belarus, 
Lithuania and eastern Poland.

Much weaker atmospheric pressure at sea level anomalies were associated 
with heat waves occurring in Southern Europe. In the south-western region, the 
occurrence of heat waves was related to a ridge of high pressure with its centre 
over the Azores Islands, extending to central Europe (Fig. 7). Atmospheric pressure 
at sea level was higher than average over the majority of the continent, but the 
anomalies were weak and ranged from −0.5 to 2 hPa. 0e centre of the atmospheric 
pressure at sea level anomalies was located north to the south-eastern region, i.e. 
over Denmark, northern Germany and the North Sea (anomalies of atmospheric 
pressure at sea level > 2 hPa in the centre). 0e research area remained within 
z500 hPa positive anomalies, which ranged from 25 to > 80 gpm and the pattern 
of z500 hPa contour lines shows south-western air flow in the middle troposphere 
layer. Over most of Northern, Southern and Eastern Europe, the temperature at 
the 850 hPa isobaric surface was close to average conditions in the summer, while 
over the analysed area it was significantly higher. 0e centre of the positive T850 
anomalies was recorded over southern France (> 4 °C). 0e described pressure 
conditions provided an intense inflow of solar radiation which was caused by the 
cloudlessness or small cloud cover specific to high-pressure weather. Heat waves 
in the south-eastern region were associated with the weakest anomalies of atmos-
pheric pressure at sea level (up to > 1 hPa in the east). Atmospheric pressure at sea 
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level ranged from approximately 1,008 to > 1,016 hPa (Fig. 7) over the analysed 
area. 0e described pattern caused an inflow of air masses from the northeast 
and east. Contour lines of the 500 hPa geopotential level over Southern Europe 
bent north-eastwards, creating its elevation, and therefore, warm air masses set-
tled over this part of the continent. 0e pattern of z500 hPa contour lines shows 
south-western air flow in the middle troposphere layer. 0e described conditions 
were accompanied by positive T850 anomalies that ranged from 2 to > 4 °C over 
the south-eastern region.

4. Discussion and summary

0e conducted research showed an increase in the number of heat waves and their 
total duration in the analysed period. 0e most intense changes were observed in 
the eastern and south-eastern regions. In these regions, the highest number of 
heat waves occurred in 2006–2015, while in the other regions the highest number 
of waves was recorded usually in 2006–2015 or 1996–2005. 0is situation was 
related to the occurrence of hot summer seasons, mainly in 2003, 2006, 2010, 
and also in 2015 (Twardosz, Kossowska-Cezak 2015; Hoy et al. 2017). In turn, the 
rarest were the heat waves occurring mainly in 1976–1985, except for the northern 
region, where the lowest number of waves was recorded in 1986–1995. Similar 
temporal evolution of changes in the number of hot days, as well as heat waves 
is also indicated by other authors who conduct research in much smaller areas 
(Shevchenko et al. 2014; Lhotka, Kyselý 2015; Unkašević, Tošić 2015; Sulikowska, 
Wypych, Woszczek 2016; Tomczyk, Sulikowska 2017). Increasing trends have 
been demonstrated by analysing the occurrence of characteristic days and heat 
waves in stations with over 100-year sequences of data (Kundzewicz, Huang 2010; 
Tomczyk 2018). It was estimated that between 1880 and 2005, the frequency of 
hot days in western Europe increased nearly threefold, and the length of heat 
waves doubled (Della-Marta et al. 2007). Increasing frequency of heat waves is 
congruent with increasing Tmax temperature in Europe (increase by 0.52–1.5 °C 
per 10 years, depending on the region; Founda, Giannakopoulos 2009; Corobov 
et al. 2010; Unkaševic, Tošic 2009; Martínez et al. 2010; Tomczyk, Bednorz 2016).

0e conducted research showed that heat waves in Europe occurred from the 
end of April to the beginning of October. 0e shortest potential period of occur-
rence of heat waves was found in the south-eastern region (107 days), while the 
longest in the western region (154 days). Usually, the most frequent heat waves 
were recorded in July, with the exception of the south-eastern region, where 
August heat waves prevailed. 0e longest heat wave occurred in 2010 in Moscow, 
which lasted as many as 45 days. In individual stations, the longest heat waves 
occurred mainly in the last two decades, i.e. in 1994, 2003, 2006, 2010, 2014 and 
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2015. As has already been shown in previous studies, their occurrence was as-
sociated with much larger anomalies of atmospheric pressure field and air tem-
perature than on average during heat waves (Tomczyk 2016; Tomczyk, Bednorz 
2016; Tomczyk, Piotrowski, Bednorz 2016; Tomczyk, Półrolniczak, Bednorz 2017; 
Tomczyk 2017).

In numerous studies the driving mechanisms of increase in occurrence of heat 
waves in Europe were analysed. Besides the anthropogenic reasons for the air 
temperature increase, natural processes, including mainly air circulation, are 
considered (Kyselý 2007). Based on this study, it was claimed that the occurrence 
of heat waves was associated with the presence of high pressure systems blocking 
zonal circulation. In each analysed region of Europe, the mean pressure field dur-
ing the occurrence of heat waves had common features, i.e. higher-than-normal 
pressure over the continent, but the location of the anticyclonal systems varied 
depending on the analysed area of research. 0e blocking high in case of each 
distinguished region located north or northeast from the area of heat waves 
occurrence. Such pattern caused eastern or south eastern air inflow, dominat-
ing in a particular region during the hottest periods. In addition, anticyclonic 
conditions provide cloud-free weather and a strong solar energy flux. Increased 
solar irradiation enhances the surface energy balance and uprates the surface 
temperature. Besides, in the stable anticyclonic conditions, the downward move-
ment of the air and adiabatic subsidence contribute to increased surface air tem-
perature. 0e positioning and intensity of the high-pressure areas are indicated 
by positive anomalies of sea level pressure and height of 500 hPa isobaric surface. 
For the occurrence of heat waves the strongest positive anomalies of atmospheric 
pressure at sea level and z500 hPa were observed in the northernmost region 
of Europe, while the weakest in the southern regions. Distinct increasing the 
level of 500 hPa and positive air temperature anomalies at the level of 850 hPa, 
indicate the presence of warm air masses over the research area, according to 
the hydrostatic balance in the troposphere. Similar pressure patterns have been 
shown by previous studies of the circulation conditions causing the occurrence 
of heat waves in many regions of Europe (Black et al. 2004; Rebetez, Dupont, 
Giroud 2006; Founda, Giannakopoulos 2009; Porębska, Zdunek 2013; Unkašević, 
Tošić 2015). However, detailed analyses have also shown the possibility of oc-
currence of heat waves in Central Europe with cyclonic circulation (Tomczyk, 
Bednorz 2016).
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