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Abstract—The main objective of this article is to identify the pressure conditions
conducive to the occurrence of heat waves in southeastern Europe. Before this objective
could be achieved, the spatial and temporal variability of the occurrence of heat waves in
the region were determined. This article defines a hot day as a day of maximum
temperature (Tmax) above the 95th annual percentile, and a heat wave is considered to be
a sequence of at least 5 such days. The study is based on the data of 21 stations from the
period 1973-2010. In the discussed period, at all stations, a statistically significant
increase in Tmax and the number of hot days were observed. The total number of heat
waves fluctuated from 25 in Burgas to 48 in Drobeta-Turnu Severin, Skopje, and Split,
while the sum durations of heat waves ranged between 173 days in Botosani and 414 in
Split. Heat waves in southeastern Europe occurred most often when a ridge of high
pressure lay over Europe. This system caused the inflow of continental air masses from
the northeast or east. An alternative source of air masses causing heat waves was
advection from the south.
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1. Introduction

One of the most important factors determining weather and climate conditions is
atmospheric circulation (Chromow, 1952; Niedzwiedz, 1981; Yarnal, 1993). In
particular, high pressure systems and blocking situations, which determine the
meteorological conditions of a particular region by breaking zonal circulation,
are of great importance (Bielec-Bgkowska, 2014). The consequence of such
patterns is the occurrence of heat waves in summer and frost waves in winter
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(Porebska and Zdunek, 2013; Bielec-Bgkowska, 2014). The impact of
atmospheric circulation on thermal conditions and the occurrence of thermal
extremes has been the subject of many studies (Founda and Giannakopoulos,
2009; Avotniece et al., 2010; Ustrnul et al., 2010; Kazys et al., 2011; Porebska
and Zdunek, 2013; Tomczyk and Bednorz, 2014; Unkasevi¢ and Tosi¢, 2015;
Tomczyk and Bednorz, 2016). Further and more detailed research is required into
the importance of circulation, and above all its changes, both global and local, as
well as from both a holistic perspective and a perspective taking its particular
elements into consideration (Bielec-Bgkowska, 2014).

According to the authors of the Fifth IPCC Assessment Report (2013), in
each of the last three decades, at the Earth's surface temperature was higher than
in the preceding decade and, simultaneously, higher than in any previous decade
since 1850; in the Northern Hemisphere, the period of 1983-2012 was probably
the warmest 30-year period in the last 1400 years. One manifestation of the
observed warming is the increasing frequency of extremely hot days and heat
waves (Avotniece et al., 2010; Kysely, 2010; Shevchenko et al., 2014;
Keggenhoff et al., 2015; UnkaSevi¢ and Tosi¢, 2015; Tomczyk and Bednorz,
2016; Tomczyk et al., 2016), with the simultaneous decrease in frost days and
frost waves (Kejna et al., 2009; Avotniece et al., 2010; Bednorz, 2011; Muzikova
et al. 2011; Niedzwiedz et al., 2012; KrzyZzewska, 2014; Migata et al., 2016). The
heat waves from 2003 to 2010, defined as "mega heat waves," caused more than
500-year records for seasonal air temperatures across approximately 50% of the
area of Europe (Barriopedro et al., 2011).

In recent years, there has been an increase in the number of publications
concerning extreme weather phenomena, including heat waves. These
publications have largely focused on determining the influence of heat waves on
the number of deaths caused by biometeorological conditions affecting human
body systems (Johnson et al., 2005; Poumadere et al., 2005; Paldy and Bobvos,
2009; Shaposhnikov et al., 2014; Bobvos et al., 2015; Revich et al., 2015).
Despite these numerous scientific works, there is still a noticeable deficiency of
scientific papers analyzing the occurrence of heat waves on the basis of long and
uniform data series for the different regions of Europe. Therefore, the objective
of this article was to determine the spatial and temporal variability of the
occurrence of heat waves in southeastern Europe. However, the main emphasis
of this article was to identify the atmospheric conditions conducive to the
occurrence of heat waves in this part of Europe. The undertaking of this subject
is especially relevant in light of forecasts which show that heat waves in the 21st
century are going to be not only more frequent, but also longer and more
intensive (Meehl and Tebaldi, 2004; Beniston et al., 2007; Koffi and Koffi, 2008;
Kiirbis et. al., 2009; Kysely, 2010; Pongracz et al., 2013; Zacharias et al.,
2015).
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2. Methods and data

This article used daily values of the maximum (Tmax), minimum (Tmin), and
mean air temperature (T) for 21 stations located in eight countries: Bulgaria,
Croatia, Greece, Macedonia, Romania, Serbia, Slovenia, and Hungary (Fig. 1).
The article defined this area simply as southeastern Europe. The data were
obtained for the period of 1973-2010 from the freely accessible databases of the
National Oceanic and Atmospheric Administration (NOAA).
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Fig. 1. Locations of the meteorological stations.

This article defines a hot day as a day with Tmax above the 95th annual
percentile (Fig. 2a), and a heat wave (HW) is considered to be a sequence of at
least 5 hot days. This assumption is based on the definition of an extreme
weather event included in the IPCC reports (2007), according to which, a
weather phenomenon is defined as an extreme weather event if it is so rare
within a particular area and in a particular season that it lies within the range of
the 10th or 90th percentile of an observed probability density function, or rarer.
This definition of a HW has been used in articles concerning, among others, the
occurrence of HWs in central Europe (Tomczyk and Bednorz, 2016) and
northern Europe (Tomczyk et al., 2016).
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The literature offers equal definitions of HWs which differ in
methodological assumptions. According to Krzyzewska (2010), this results from
the fact that distinguishing HWs is most of all dependent on local climatic
conditions, which change with latitude, height above sea level, and direction of
air mass inflow. HWs are defined as, among others: (1) a several-day period
with the maximum or mean daily temperature above a specific threshold value
(Kysely, 2002; Kosowska-Cezak, 2010; Bobvos et al., 2015); (2) a period with
apparent temperature (AT) above the 95th percentile which starts with a
minimum 2.0°C increase in relation to the preceding day (Kuchcik and
Degorski, 2009); (3) a period >5 consecutive days with Tmax >5 °C above the
1961-1990 daily Tmax norm (Frich et al., 2002; Unkasevi¢ and Tosi¢, 2009).

On the basis of the data, the mean Tmax of the particular months and
summer seasons (June—August) was calculated, and hot days were selected to
distinguish HWs. Additionally, Pearson's correlation coefficient was calculated
between the mean Tmax in summer and the number of hot days. Subsequently,
variability within the multiannual period and statistical significance (p<0.05)
were determined for the distinguished climatological characteristics.

In order to define pressure conditions conducive to the occurrence of HWs,
daily values of atmospheric pressure at sea level (SLP), the height of the isobaric
surface 500 hPa (z500 hPa), and the temperature on the isobaric surface 850 hPa
(T850) were used. The data were obtained from the records of the National
Center for Environmental Prediction/National Center for Atmospheric Research
(NCEP/NCAR) Reanalysis (Kalnay et al., 1996), which are available in Climate
Research Unit resources. In the study, values of SLP and z500 hPa in 120
geographical grid points 2.5°%2.5° for the area of 25°-75°N latitude,
35°W-65°E longitude were used. On the basis of the above-mentioned data, the
SLP, z500 hPa, and T850 maps for the summer season (June—August), as well as
a collective map for hot days forming HWs were drawn up. The description was
supplemented with the drawing up of maps of anomalies. Anomalies were
calculated as differences between the mean SLP, z500 hPa, and T850 values for
HWs and the mean summer values of these characteristics in the analyzed
multiannual period. Only days on which the temperature met the criterion of a
hot day in at least five stations were selected for analysis. The circulation types
which cause the occurrence of HWs were distinguished by clustering days
according to their values of sea-level pressure, using the minimum variance
method known as Ward's method (1963). This method is based on Euclidean
distances, and in essence involves merging the pair of clusters A and B which,
after merging, provide the minimum sum of squares of all objects' deviations
from the newly-created cluster's centre of gravity (Ward, 1963; Wilks, 1995). In
order to achieve that, standardized SLP values were used. The standardization
was made to deseasonalize the observations, while keeping the intensity of
pressure field (Esteban et al., 2005). Clustering methods (among others, Ward's
method) are often applied in climatology, e.g., in distinguishing seasons and
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climatic regions, and identifying weather types (Bednorz, 2008; Tomczyk and
Bednorz, 2016). The maps of SLP, z500 hPa, and T850, as well as maps of
anomalies were drawn up for the identified circulation types. Additionally, for
the selected days in the distinguished circulation types, there were 48-hour back
trajectories of air particles traced by means of the NOAA HYSPLIT model
(http://ready.arl.noaa.gov/HY SPLIT.php). Back trajectory analysis enables one
to determine the area of origin of air masses on selected days, which constitutes
a supplement to the information displayed by weather maps.

3. Results
3.1. Maximum temperature in the summer

In southeastern Europe, between 1973 and 2010, the mean Tmax in summer was
27.8 °C and ranged from 25.0 °C in Ljubljana to 32.4 °C in Larissa (Fig. 2b). In
the analyzed period, at all stations the lowest mean Tmax was recorded for the
years 1973—-1980, and varied then from 23.6 °C in Sibiu to 31.8 °C in Larissa.
Meanwhile, in 90% of the stations the highest mean Tmax was observed for the
years 2001-2010, and ranged from 25.7 °C in Ljubljana to 33.0 °C in Larissa.
Analysing the particular summer seasons, at 67% of the stations, the coldest
summer season occurred in 1976, and at 24% of the stations it was in 1978. On
the other hand, the warmest season at 52% of the stations was recorded in 2007,
and at 43% of them in 2003. Deviation of the mean Tmax in the particular
seasons from the mean for the analyzed multiannual period ranged from —4.1 °C
in 1976 (Sofia, Skopje) to 4.5 °C in 2007 (Galati). The course of the mean Tmax
in the analyzed years shows considerable year-to-year fluctuations. Within the
majority of the area, the variability of the mean Tmax was similar, which is
proven by its barely-diversified standard deviation values, falling within a range
of 0.9-1.5 at 86% of stations. In the analyzed period, at all stations, a
statistically significant increase in Tmax in summer was observed. These
changes ranged from 0.4 °C/10 years in Thessaloniki to 1.2 °C/10 years in Sofia
and Ni$ (Fig. 2¢). The aforementioned changes were considerably influenced by
an increase in Tmax in the first decade of the 21st century, when Tmax
generally exceeded the norm for the 1973-2010 multiannual period. In summer,
the highest increase in Tmax was observed in August and, on average, it was
0.9°C/10 years for the analyzed area. In that month, the highest increase was
recorded in Sofia, and it was 1.5 °C/10 years.
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Fig. 2. The value of the 95th annual percentile of the Tmax (°C) (a); the mean Tmax (°C)
in the summer (June—August) (b); and changes in the mean summer Tmax in °C/10 years
during the period 1973-2010 (c).

3.2. Hotdays

In southeastern Europe, the observed increase in Tmax translated into an
increase in the number of hot days and, consequently, into an increase in the
frequency of occurrence of HWs. At all stations, the coefficient of correlation
between the mean Tmax in summer and the number of hot days fluctuated
around 0.84—-0.93. The average number of hot days in the summer season in the
analyzed area was 18. At 95% of the stations, the lowest number of days of the
aforementioned category was recorded in the 1973—-1980 multiannual period,
and their average number ranged from 4 days in NiS to 14 days in Thessaloniki.
On the other hand, at 90% of the stations the highest number of hot days
occurred in the first decade of the 21st century—then, the average number of hot
days varied from 18 days in Oradea to 30 days in Bucharest and Split. When
analyzing the particular summer seasons, it was found that at 80% of the
stations, the lowest number of hot days—or even zero hot days—were recorded
in 1976 or 1978. On the other hand, the highest number of days of the analyzed
category was specific for 2003 and 2007, at 33% and 29% of the stations,
respectively. In the analyzed period, the maximum number of the days recorded
in one year was 57, and it was observed in 2003 in Zagreb and Methoni (Fig. 3).
In the analyzed period, in southeastern Europe, there was an average increase in
observed hot days, which was 6.2 days per 10 years, and it was statistically
significant. This increase was not uniform across the analyzed area; changes
ranged from 3.5 days/10 years in Miskolc and Larissa, to 8.4 days/10 years in
Bucharest, and were statistically significant in all stations (Fig. 3). Hot days
were recorded from April to November; still, the highest number of those days
occurred in July and August, with 38.6% and 38.2% of all hot days,
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respectively. At 57% of the stations, the highest number of the above-mentioned
days was found in July, while at the rest of the stations it was August. The
earliest occurrence of a hot day was as early as 6 April (1998, Bucharest,
Galati), and the latest one was November 5 (1980, Methoni); therefore, for the
whole analyzed area, the potential period of the occurrence of hot days was 214
days.
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Fig. 3. Multi—year series of the annual number of hot days with the trend line and
regression equation at selected stations.

3.3. Heat waves

In southeastern Europe, in the analyzed multiannual period, the total number of
HWs ranged from 25 in Burgas to 48 in Drobeta-Turnu Severin, Skopje, and
Split. On the other hand, the total duration of HWs ranged from 173 days in
Botosani to 414 in Split. In 90% of stations, the fewest—or even zero—HWs
were recorded between 1973 and 1980. Within this period, there were no HWs
observed in four stations (that is, Botosani, Burgas, Galati, and Methoni),
whereas the most waves were observed in Thessaloniki (seven waves), and their
total duration was 39 days (Fig. 4). On the other hand, at 62% of the stations, the
highest number of HWs was recorded between 2001 and 2010. At that
multiannual period, the number varied between 7 (Oradea) and 23 (Split). In
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14% of stations, the same number of waves was found both in the 1991-2000
period and the 2001-2010 period; still, in the first decade of the 21st century the
waves were longer.
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Fig. 4. The number of HWs (a) and the duration of HWs (b) in 1973-2010 at selected
stations.

In the analyzed multiannual period in southeastern Europe, HWs occurred
from May to September. At 62% of the stations, the highest number of HWs was
recorded in August; in the case of two stations, the same number of waves was
found in July and August. May HWs (four cases) only occurred in the last
decade of the analyzed multiannual period. The earliest HW was recorded in
Sibiu on May 7-13, 2003, while the latest, in Sofia and Skopje, were recorded
on September 7-15, 1994 and September 9—15, 1994, respectively. The above-
mentioned data show that the potential period of the occurrence of HWs within
the particular area was 133 days, from May 7 to September 15. In the particular
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stations, the duration of this period ranged from 64 days in Burgas (from June
22 to August 24) to 125 days in Sibiu (from May 7 to September 8).

At 81% of the stations, the most HWs were 5-day-long, while at 9% of the
stations, there were 6-day waves. 7-day waves were most numerous only in
Botosani. Meanwhile, in Sofia, 5- and 6-day waves had a similar frequency.
Apart from three stations (Botosani, Burgas, Split), 5- and 6-day waves
constituted over 50% of all the recorded waves, and at three stations (Belgrade,
Miskolc, Nis), they even constituted over 70%. The longest HW was observed
in Methoni, and lasted as long as 38 days, from July 28 to September 3, 2003.

The mean Tmax during the analyzed HWs was 34 °C, while Tmin was 18.8
°C. The highest average Tmax was observed during HWs in Larissa (July 3-9,
2000) and was 40.6 °C. Moreover, at that station, there were four HWs found
with a mean Tmax above 40 °C; namely, in 1982, 1987, 1998, and 2007
(Table 1). HWs with a mean Tmax above 40 °C were also observed in Nis§ and
Skopje. On the other hand, the highest mean Tmin was found in Athens (July 5—
10, 1988), and was 27.1 °C, while the lowest was in Ljubljana (13—17 August
1993) with an average of only 10.7 °C. In the analyzed multiannual period, a
statistically significant increase in Tmax during HWs was found at only two
stations, while in the case of Tmin, these changes were recorded at seven stations.

Table 1. Occurrence of heat waves with a mean Tmax above 40 °C (their duration and
average Tmax) in southeastern Europe between 1973 and 2010

Station Date Tmax
July 3-9, 2000 40.6 °C
June 24-28, 1982 40.4 °C
Larissa July 18-27, 1987 40.3 °C
June 30-July 4, 1998 40.1 °C
June 19-28, 2007 40.1 °C
Nis July 15-24, 2007 40.2 °C
Skopje July 18-26, 1987 40.1 °C

3.4. Impact of circulation on the occurrence of heat waves

The occurrence of HWs (424 days) in southeastern Europe in the analyzed
period was connected, on average, with an extensive ridge of high pressure lying
across the continent and reaching as far as eastern Europe. Over the analyzed
area, SLP ranged from approximately 1008 to 1016 hPa (Fig. 5a). Apart from
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the northwestern and southern part of the analyzed area, positive anomalies up
to >1 hPa were recorded in the east (Fig. 5b). The described system caused an
inflow of air masses from the northeast and east. Contour lines of the isobaric
surface 500 hPa over southeastern Europe bent northeastward, creating its
elevation over the analyzed area, which confirms the settling of warm air masses
over this part of the continent. The pattern of z500 hPa contour lines shows
western and southwestern air flow in the middle troposphere layer. The
described conditions were accompanied by T850 positive anomalies, which
fluctuated from 2 to >4 °C over the analyzed area (Fig. 5c).

30 20 10 0 10 20 30 40 50 60

Fig. 5. SLP and z500 hPa (a), SLP and z500 hPa anomalies (b), and anomalies of T850
(c) for the HWs days.
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The above-mentioned maps only display pressure conditions which cause
the occurrence of HWs in southeastern Europe. However, individual HWs might
be caused by different synoptic situations; therefore, the next step consisted in
clustering HWs days by SLP, in order to distinguish circulation types. On this
basis, two circulation types conducive to the occurrence of HWs within the
analyzed area were distinguished. 324 hot days were classified as type 1. On
those days, there was a ridge of high pressure settled over Europe, within which,
there was a local high-pressure area (>1017 hPa) over the eastern part of the
analyzed area (Fig. 6a). SLP positive anomalies occurred over the majority of
the continent. Over the analyzed area, SLP was higher than the summer average,
from approximately 0 to over 2 hPa in the east (Fig. 6b). The centre of
anomalies was located over central Ukraine, and these exceeded 3 hPa. The
described conditions were accompanied by z500 hPa positive anomalies, which
fluctuated from 20 to over 90 gpm over southeastern Europe. The presence of
warm air masses is also confirmed by T850 positive anomalies, which were
from 1 to >4 °C over this part of the continent (Fig. 6¢). The described system
caused an inflow of dry, continental air masses from the northeast and east. This
direction of air inflow was also shown by the traced 48-hour back trajectories of
air particles for the selected days of this type (Fig. 7). All the trajectories
showed settlement of air masses, which is typical of high pressure systems.

There were 100 days classified as type 2. The composite maps drawn up
for these days show two main pressure systems over Europe, that is, a well-
developed Azores High and a low with its centre over southern Scandinavia and
Denmark (Fig. 8a). A weak pressure gradient occurred over the analyzed area.
SLP negative anomalies were recorded over the continent, which ranged
between —5 and —2 hPa over the analyzed area (Fig 8b). The presence of warm
air masses was confirmed by z500 hPa positive anomalies. The settling air
masses were warmer than in type 1, which is shown by T850 anomalies. The
temperature on the isobaric surface 850 hPa was higher than the summer
average by 1 to >6 °C (Fig. 8c). The described system caused an inflow of air
masses from the southwest, from over northern Africa. This direction of air mass
advection was confirmed by the traced back trajectories of air particles (Fig. 9).
Most of the trajectories show rising air masses, which is typical for low-pressure
systems.
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Fig. 6. Mean SLP and z500 hPa (a), SLP and z500 hPa anomalies (b), and anomalies of
T850 (c) for the synoptic type 1 causing HWs.
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Fig. 8. Mean SLP and z500 hPa (a), SLP and z500 hPa anomalies (b), and anomalies of
T850 (c) for the synoptic type 2 causing HWs.
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4. Discussion and summary

According to the research, in southeastern Europe between 1973 and 2010, there
was an increase in Tmax in summer, which, averaged for the whole area, was
0.78 °C/10 years. A similar trend of changes in Tmax was also observed in
central Europe (0.52 °C/10 years; Tomczyk and Bednorz, 2016) and northern
Europe (0.38 °C/10 years; Tomczyk et al, 2016). Within the analyzed area,
similarly to other regions of Europe, the recorded increase was considerably
influenced by changes in Tmax in the first decade of the 21st century, when
Tmax generally exceeded the norm of the 1973-2010 multiannual period. The
obtained results are consistent with previous research concerning air temperature
changes in, among others, Greece (Philandras et al, 2008; Founda and
Giannakopoulos, 2009), Moldova (Corobov et al., 2010), Romania (lonita et al.,
2013), Serbia (Bajat et al., 2015; Unkasevi¢ and Tosi¢, 2009), Slovenia (de Luis
et al., 2014; Tosi¢ et al., 2016), and the Mediterranean (Efthymiadis et al.,
2011).

The consequence of the increase in Tmax was an increasingly frequent
occurrence of hot days and HWs. In the analyzed period, the rate of change in
the number of hot days was 6.2 days/10 years. The observed changes are much
more intensive than in central Europe (2.9 days/10 years; Tomczyk and Bednorz,
2016) and northern Europe (1.7 days/10 years; Tomczyk et al., 2016). In the
analyzed multiannual period, at most of the stations, both hot days and HWs
were most numerous in the first decade of the 21st century. The obtained results
are consistent with trends of changes found in Europe (Gocheva et al., 2006;
Kysely, 2010; Efthymiadis et al, 2011; Papanastasiou et al, 2014; Shevchenko et
al., 2014; Spinoni et al., 2015; Unkasevi¢ and Tosi¢, 2015; Lakatos et al., 2016)
and worldwide (Batima et al., 2005; Ding et al., 2010; Pai et al., 2013; Peterson
et al., 2013; Keggenhoff et al., 2015).

The occurrence of HWs in southeastern Europe was mostly connected with
a well-developed ridge of high pressure settling over Europe, which caused an
inflow of air masses from the northeast and east. Similar results were obtained
by Unkasevi¢ and Tosi¢ (2009) when they were analysing the occurrence of
HWs in Serbia. The authors showed that HWs occurred most frequently during
BM type according to the Grosswetterlagen (GWL) classification; therefore,
with the presence of a ridge of high pressure over central Europe. Summer
advection of continental air masses from the eastern sector also causes the
occurrence of high temperatures and HWs in central Europe (Wibig, 2007,
Ustrnul et al., 2010; Porebska and Zdunek, 2013; Tomczyk and Bednorz, 2016).

The second circulation type conducive to the occurrence of HWs in
southeastern Europe is connected with the occurrence of the Azores High over
the continent and a low with its centre spreading from the North Sea to the
Baltic Sea. Then, there was a weak pressure gradient recorded over the analyzed
area. This situation was conducive to the advection of warm air masses from the
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south and southwest. A similar circulation type was identified by Unkasevi¢ and
Tosi¢ (2011), who investigated the HW of 2007 in Serbia. During HWs, T850
positive anomalies were also observed, which were higher in type 2, and this
confirms that advection of air masses from the southern sector is related to
higher temperatures within the analyzed area than to advection from the
northeast and east. The obtained results are consistent with previous research
studies which have proven that the occurrence of extreme temperatures in
southern Europe is caused by the inflow of air masses from over North Africa
(Domonkos et al., 2003; Gocheva et al., 2006, Unkasevi¢ and Tosi¢, 2009).
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