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Abstract: The aim of the study is to analyze the occurrence of hot days and heat waves in Poland,
their intra-annual distribution, and their long-term variability, and to present the circulation factors
favoring the appearance of extensive waves in the country. Hot days were days with Tmax not lower
than the threshold value defined by the 95th percentile of summer Tmax in the period 1961-1990.
Atmospheric circulation was described using sea level pressure, geopotential of 700 and 500 hPa level,
and horizontal and vertical wind on these levels. A statistically significant increase in the number of
hot days in the entire study period and a significant acceleration in growth after 1980 were shown.
In the entire analyzed period, only 11 waves were found covering at least 25% of the country area
and lasting no less than a week. Among them, only one occurred before 1990, and more than half
were observed in the last decade. Four circulation patterns favoring the extensive heat waves were
distinguished differing the location of main baric center location. Spatial and temporal distribution
of vertical velocity anomalies allows distinguishing clear phases of strengthening, stabilization, and
weakening of anticyclone accompanying the occurrence of a heat wave.

Keywords: temperature extremes; spatial extent; long-term variability; atmospheric circulation; sub-
sidence

1. Introduction

Contemporary climate change is manifested by evidence of an intense increase in
surface temperature of the Earth [1]. In recent years, the temperature rise has accelerated.
According to World Meteorological Organization (WMO) [2], the past five years, 2015
2019, were the five warmest on record. The observed warming is accompanied by an
increase in frequency and intensity of extreme air temperature values, including heat
waves. In developed countries, heat waves are regarded as a major cause of weather-
related fatalities [3-6].

After 1990, there have been several heat waves covering extensive areas of Europe. In
Poland and Czech Republic, the heat wave which occurred in 1994 was very intensive and
widespread [7-9]. A lot of attention has been devoted to the 2003 heat wave over Central
European countries [10-12], followed by another exceptional heat wave in July of 2006
in Central Europe [9], the heat wave in July 2010 in Eastern Europe [13-16], and the heat
wave in Central Europe in August 2015 [17,18]. Due to global warming, it is very likely
that the frequency and intensity of such events will increase in the future [19,20].

Heat waves in Poland have been analyzed by several authors. Wibig [8] has shown
that the frequencies of very warm and hot days increased in the period 1951-2006, espe-
cially in the second part of this period (1979-2006). Heat waves were also analyzed at
selected sites in the Wyzyna Kielecka [21] and in Warsaw [22]. Twardosz and Kossowska-
Cezak [23] analyzed thermal extremes in Central Europe on the basis of data from 54
stations. They distinguished extremely hot summers, that is, summers having an average
temperature equal to or greater than the long-term average plus two standard deviations,
and analyzed the frequencies of days with tmax exceeding selected thresholds. Krzyzewska
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and Wereski [24] analyzed waves of both heat and cold in bioclimatic regions over the
short period of 2000-2010.

In numerous European studies, the occurrence of heat waves has been associated with
several factors. Some authors pointed to the presence of high-pressure systems blocking
the zonal circulation as a cause of heat waves [17,25-27]. Some papers indicate that the
blocking patterns should be accompanied by low-pressure systems south of 55° N [28-30].
Others underline the role of persistent anticyclones in generating subsidence [11,15,31].
Participation of the anticyclones associated with quasi-stationary Rossby waves over mid-
high latitudes in Europe and Eurasia in the prolonged heat waves was demonstrated [32,33].
Apart from the atmospheric pressure anomalies, land-atmosphere interactions are often
suggested as a cause of heat wave generation [34,35]. Ref. [34] pointed out deficiency
of soil moisture as a possible factor of heat wave generation. Positive feedback between
deficiency of soil moisture and enhanced air temperature was also described [35].

The objective of the study was the description of the occurrence of heat waves in
Poland in the period 1951-2019 with a particular emphasis on those that occurred simul-
taneously for a long time on the large area of the country. The other goal was to show
the influence of atmospheric circulation on their formation, intensity, and persistence. In
addition, the aim was to analyze the vertical velocity as a factor of heat wave development.

The second section presents the data and the methods used. The third section presents
in turn: heat wave statistics and their long-term variability, types of atmospheric circulation
during which extensive and long-lasting heat waves occur, and the variability of vertical
velocity during various phases of heat wave development. Discussion is presented in
section four and conclusions in section five.

2. Materials and Methods

Heat waves in Poland are described using maximum daily temperature records from
40 meteorological stations in Poland covering the period 1951-2019. The locations of these
stations are presented in Figure 1. Data were obtained from the archive datasets of the
Institute of Meteorology and Water Management—National Research Institute IMWM-
NRI) in Poland. The data published by IMWM-NRI are quality controlled. Breaks in
measurements were supplemented using data from a few neighboring stations. At any of
the selected stations, gaps did not exceed 1%. At one station (Rzeszéw), the data starts
from January 1952, and at another (Lesko), from June 1954. They both are located in the
southeast of the country.
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Figure 1. Locations of stations with Tmax data.
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To describe the atmospheric circulation, the sea level pressure (SLP), geopotential
heights (HGT), horizontal wind, and vertical velocity in pressure coordinates of 700 and 500
hPa levels from the database of the National Centre for Environmental Prediction/National
Centre for Atmospheric Research (NCEP/NCAR) (https://psl.noaa.gov/data/gridded/
data.ncep.reanalysis.html, accessed on 1 December 2020) [36] were obtained. Data from
the area 60° W to 60° E and 30-70° N were extracted for this paper. The data are in 2.5° x
2.5° resolution, and a total of 833 grid-cells were used. Monthly values from the period
1951-2019 were used for calculating long-term average monthly values. Daily values from
selected days were used to analyze conditions during heat waves.

The literature provides three groups of definitions based on relative and absolute thresh-
olds. The first group uses absolute thresholds and a heat wave is defined as a sequence of at
least three days with maximum daily temperature equal to or higher than 30 °C [8,25,37,38].
The second group of definitions is based on the thresholds defined using the statistical distri-
bution of Tmax. Heat wave is a period of at least three or five consecutive days during which
Tmax exceeds the long-term average by one or more standard deviations [39] or established
amount of Celsius degrees (5 °C, [40]). In the last group of definitions, the threshold is based
on the probability of occurrence of a particular Tmax. Often the 95th annual or summer
percentile of Tmax is used and a heat wave is usually defined as a period of three or five
consecutive days with Tmax exceeding this threshold [41-43]. Because the topic of this paper
is heat waves that simultaneously cover a significant part of the country’s surface, this third
definition was adopted. A hot day is defined as a day with Tmax exceeding the 95th summer
percentile of Tmax in the reference period 1961-1990 and a heat wave is defined as a period
of at least three consecutive hot days. First, the 95th percentile of summer day (June, July,
August) Tmax for the reference period 1961-1990 was calculated. This value was taken as
the thermal threshold for hot days. Then days considered as hot days were selected where
Tmax was equal to or greater than this threshold. A hot day in Poland was assumed to be a
hot day at least at one station. In each year, the number of hot days and the number of hot
station-days were counted. The annual number of station-days, ST, is calculated as

N
ST = 2 n;
i=1

where N is the number of hot days in Poland in this year and 7; is the number of stations on
which the day 7 is a hot day (e.g., on a hot day at 5 stations, the number of hot station-days
is 5). In order to assess the long-term variability, the linear trend of the number of hot
days and hot station-days was calculated using the least squared method throughout the
analyzed period (1951-2019) and after 1980 (1980-2019), when a significant increase in
such days was observed. The trends in the number of hot days in individual stations were
also calculated. The statistical significance of these trends was assessed with the Student’s
t-test. In order to assess the spatial extent of heat waves, the frequency of occurrence of hot
days was counted depending on the number of stations where they were simultaneously
observed. The distribution of hot days in individual months of the year was also examined,
broken down into consecutive decades. The second goal was to determine the circulation
conditions during long-lasting heat waves with a large spatial extent. Of all waves, the
ones quoted simultaneously at least at 25% of stations (i.e., 10) and lasting not less than a
week were selected. These waves were further analyzed.

The variables describing the circulation were the pressure at sea level (SLP), the
geopotential of isobaric levels of 500 and 700 hPa, and the wind on both isobaric levels.
The monthly mean values of all these variables in the period 1951-2019 were calculated in
each grid of the studied area. SLP and geopotential anomalies were counted on each day of
selected waves. Then, for each wave, the mean anomalies of these values were calculated
and presented on maps. Average wind speed maps were also created in each wave. The
obtained maps were compared and divided into groups differing in the location of the
main baric centers.
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Vertical velocity was used to describe the downward and upward motion of the air in
the centers of highlands over Poland or in its vicinity. The average anomalies of vertical
velocity in selected heat waves were calculated, as well as anomalies in the consecutive
days of these waves, starting from the second day preceding and ending on the second
day after their ends. On this basis, the dynamic of the development of anticyclonic systems
responsible for the formation of the heat wave was analyzed.

All interpolations were performed in SUFRER using the kriging method.

3. Results
3.1. Hot Days and Heat Waves

The 95th percentile of maximum daily temperature from summer months (JJA) in
the reference period 1961-1990 is presented in Figure 2. The values range from 25.8 °C
in Zakopane to 30.4 °C in Stubice and Poznar. Lower values were observed only in high
mountain stations, 16.5 °C on Kasprowy Wierch (1991 m a.s.l.) and 18.0 °C on Sniezka
(1603 m a.s.l.). These percentiles were used as thermal thresholds for the hot day highlight.
A day is considered as hot in Poland if it is hot in at least one station. The annual frequencies
of hot days in Poland (Figure 3) are increasing. The linear trend throughout the analyzed
period was 3.0 days/decade. After 1980, the trend significantly increased and amounted
to 7 days/decade. The increase in the number of hot days was not even across Poland.
It was much stronger in the south of the country than in the north. Throughout the
analyzed period, the values ranged from 0.5 days/decade in Gorzow in the northwest
to 2.4 days/decade in Rzesz6w in the southeast (Figure 4a). After 1980, when the trend
increased, it ranged from 0.4 days/decade in Kolobrzeg near the coast to 5.2 in Rzeszéw in
the southeast (Figure 4b).
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Figure 2. Spatial distribution of 95th percentile of daily maximum temperature on summer days (JJA)
in the reference period 1961-1990.
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Figure 3. Annual frequencies of hot days in Poland in the period 1951-2019.
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Figure 4. Linear trend coefficient in days/year of frequency of hot days in Poland: (a) in the period 1951-2019; (b) in the
period 1980-2019. Red dots indicate points where trend is not significant at 0.05 level.

Out of all hot days in Poland, in almost 19% of cases, the thermal threshold was
exceeded only at one station (Figure 5). During 50% of hot days, a heat threshold was
exceeded at no more than eight stations. However, during 50% of hot days, the threshold
was exceeded simultaneously on more than half of the stations surveyed.

In order to take into account the spatial extent of heat in Poland, the number of hot station-
days was analyzed (Figure 6). The annual frequencies of heat station-days in Poland were
increasing. The linear trend throughout the analyzed period was 48.8 station-days/decade.
After 1980, the trend significantly increased and amounted to 110.7 station-days/decade.

On an annual basis, hot days may appear in Poland from April to October. In the first
part of the analyzed period, they most often appeared in July, and slightly less frequently in
August. In the past three decades, the proportions have reversed and more hot days were
observed in August (Figure 7). The total number of hot days has also increased significantly,
confirming a strong upward trend.
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Figure 5. Cumulative relative frequencies of hot days in Poland in the period 1951-2019 observed simultaneously at given
number of stations.
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Figure 6. Annual frequencies of hot station-days in Poland in the period 1951-2019.
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Figure 7. Average monthly numbers of hot days from April to October in the following decades.

In order to trace the circulation conditions conducive to the occurrence of heat waves
in Poland, the longest heat waves were selected, during which the temperature exceeded
the thresholds at least at 25% of analyzed stations (in this case, 10). Their list is presented in
Table 1. Only 11 waves observed simultaneously at 10 stations lasted a week or more. Only
one of them occurred in the first half of the analyzed period and six of them (more than
half) occurred in the last decade. The two longest waves, 16 and 13 days long, happened in
the 1990s. In July 2006, two heat waves occurred; they are further referred to as 2006a and
2006b. Four colder days separated them.

Table 1. The longest heat waves observed simultaneously at least at 10 stations in Poland.

Length of Wave in Days Period The Average Number of Stations
16 23.07-7.08 1994 325
13 30.07-11.08 1992 24.2
13 3-15.08 2015 31.5
12 18-29.07 2006 29.1
9 9-17.07 2010 31.2
9 5-13.07 2006 26.6
8 2-9.08 2013 22.8
8 28.07-4.08 2018 28.3
7 26.08-1.09 2019 29.6
7 30.07-5.08 2017 22.3
7 1-7.08 1963 31.1

Because there were two waves in 2006, the first (5-13.07) is further referred to as 2006a, and the other as 2006b.

3.2. Atmospheric Circulation during Selected Heat Waves

Circulation conditions during heat waves were studied on the basis of mean fields
of the SLP, HGT500 and HGT700 anomalies, and wind fields on isobaric levels of 500 and
700 hPa (wind500 and wind700, respectively). As the HGT500 and HGT700 anomaly fields
and wind500 and wind700 fields are very similar, only those for 700 hPa level are shown
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on the maps. The 11 map sets, one for each wave listed in Table 1, can be broken down into
four groups.

3.2.1. Group A

In the most common type of circulation on the 60° W-60° E section of the 50° N
parallel, two systems of high pressure were observed; the main one over Scandinavia and
northwestern Russia and the second, weaker one over the western Atlantic are shown in
Figure 8. Two low-pressure systems were observed also: the main one over the eastern
Atlantic and the second, slightly weaker one over eastern Europe (Figure 8a). The low
pressure was also observed over the Mediterranean Sea. The SLP anomalies ranged from
slightly below —5 to above 5 mb. The geopotential anomalies of the 700 hPa level surface
ranged from —100 to 150 m (Figure 8b). Figure 8c shows that over the Atlantic in latitudes
40-60° N at the level of 700 and 500 hPa, there was a strong zonal circulation with the
southern component both in the western part, off the coast of North America, and the
eastern part, off the coast of Europe. In eastern Europe, the northern or northwestern
wind was observed. In Poland, southwestern winds occurred over the western part and
northeastern over the eastern part. This circulation type prevailed during four heat waves
listed in Table 1, in the years 1994, 2010, 2015, and 2018. Cases from 1994 and 2015 were
described in detail by Tomczyk et al. [44]. Figure 8 shows the SLP and HGT700 anomaly
map and wind700 fields for the 1994 wave. Maps for the remaining cases are included in
the Supplement (Figures S1-53).
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Figure 8. Average fields for the 1994 heat wave: (a) anomalies of SLP; (b) anomalies of HGT700 mb; (c) wind at 700 hPa
level. The red line marks the borders of Poland.
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3.2.2. Group B

In the second group of cases, the high-pressure ridge extended across the Atlantic in
the 30-50° N belt and Europe (Figure 9a). There was a clear maximum in pressure anomaly
slightly to the east of Poland, sometimes exceeding 10 mb. The second, smaller maximum
was located in the area of the climatic location of the Azorian High. A low-pressure system
was observed near Iceland. Figure 9b shows that the maximum of the positive anomalies
of 700 hPa geopotential level was observed close to the eastern boundary of Poland and
exceeded 120 m. The highest negative anomalies were located close to Iceland and exceeded
100 m. Negative anomalies were observed also over the eastern part of the Mediterranean
Sea. Over the Atlantic in latitudes 40-60° N at the level of 700 and 500 hPa, there was a strong
zonal circulation. Figure 9c shows that over Europe, the wind obtained the small southern
component. In Poland, southwestern winds occurred. This circulation type prevailed during
three heat waves listed in Table 1, in the years 1992, 2006 (wave 2006a), and 2017. Figure 9
shows the SLP and HGT700 anomaly map and wind700 fields for the 2006a wave. Maps for
the remaining cases are included in the Supplement (Figures S4 and S5).

R
S

Figure 9. Average fields for the 2006a heat wave: (a) anomalies of SLP; (b) anomalies of HGT700 mb; (c) wind at 700 hPa
level. The red line marks the borders of Poland.

3.2.3. Group C

In the third group of cases, the high-pressure ridge stretched meridionally across
Europe in the 0-40° E belt and went north to the Arctic (Figure 10a). There was a clear
maximum in pressure anomaly slightly to the north of Poland, sometimes exceeding 5 mb.
Two low-pressure systems were observed on the east and west of the high-pressure ridge.
The western low was centered on the Northern Atlantic on the northwest of the British
Isles. The eastern low was centered over the European part of Russia. Figure 10b shows
that the maximum of the positive anomalies of 700 hPa geopotential level was observed
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close to the southern Baltic Sea and exceeded 120 m. The highest negative anomalies were
located close to Iceland and exceeded 100 m. Negative anomalies over Russia were of
similar intensity. Figure 10c shows that over the Atlantic in latitudes 40-60° N at the level
of 700 and 500 hPa, there was a strong zonal circulation. Over the western part of Europe,
the wind obtained the southern component and over eastern Europe, the northern winds
dominated. In Poland, southwestern winds occurred. This circulation type prevailed
during three heat waves listed in Table 1, in the years 2006 (wave 2006b), 2013, and 2019.
Figure 10 shows the SLP and HGT700 anomaly map and wind700 fields for the 2019 wave.
Maps for the remaining cases are included in the Supplement (Figures S6 and S7).
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Figure 10. Average fields for the 2019 heat wave: (a) anomalies of SLP; (b) anomalies of HGT700 mb; (c) wind at 700 hPa
level. The red line marks the borders of Poland.

3.2.4. Group D

The wave of 1963 was clearly different from the others (Figure 11). Figure 11a shows
that the higher than normal pressure occurred in almost all of the North Atlantic, Scandi-
navia, and the part of Europe that lies to the east of Poland. Highest anomalies exceeded 5
mb. Over western, central, and southern Europe, negative SLP anomalies were observed;
the highest anomalies also exceeded 5 mb. Poland was located on the boundary between
these two areas and the izoanomala 0 ran through its northern part. Figure 11b shows that
the maximum of the positive anomalies of 700 hPa geopotential level was observed on the
eastern edges of Europe and in Scandinavia and reached 100 m. The secondary maximum
was over the central part of the Northern Atlantic, slightly south of 50° N, and was about
50 m. The highest negative anomalies were located over northern Spain and the Bay of
Biscay and were about 50 m. The negative anomalies over Asia Minor and the eastern
edges of Europe were of similar intensity. Over the Atlantic, zonal circulation at the level
of 700 and 500 hPa was only in latitudes 50-60° N (Figure 11c). Over the western part of
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Europe, the wind had a strong southern component, and over eastern Europe, the northern
winds dominated. In Poland, southern winds occurred.

Figure 11. Average fields for the 1963 heat wave: (a) anomalies of SLP; (b) anomalies of HGT700 mb; (c) wind at 700 hPa
level. The red line marks the borders of Poland.

3.3. Vertical Velocity

Vertical velocity w (omega) used in this paper is expressed in pressure coordinates and
defined as dp/dt, were p means pressure and t means time. A positive omega means that
the velocity is directed toward the Earth and it occurs in the subsidence zone. A negative
omega is in an upward motion zone. In this section, the anomalies of vertical velocity
during heat waves are analyzed. Positive anomalies are often induced by the anticyclonic
circulation. They can be accompanied by clear sky, drier air, and soil moisture deficiency
causing the air temperature to rise [31]. Here, for each heat wave described in the previous
section, the average vertical velocity anomaly over the duration of the wave will be shown,
as well as daily vertical velocity anomaly values before, during, and after the heat wave.

3.3.1. Group A

During the 1994 heat wave, average vertical velocity anomaly values were positive in
Scandinavia and Central Europe, that is, in the area covered by the high-pressure system
(Figure 12a). Positive values were observed here on a day before the heat wave, when the
anticyclone strengthened, and in the first half of the heat wave duration (Figure 12b,c).
However, this was followed by the stabilization phase, when the vertical velocity anomalies
in this region were close to zero. Then the anomalies became negative, an upward motion
appeared, the anticyclone weakened, and with it the heat wave ended (Figure 12d,e).
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Figure 12. Vertical velocity in 1072 Pa-s~! for 1994 heat wave: (a) average in the period 23.07-7.08; (b) on day before heat
wave (22.07); (c) on 25.07; (d) on 1.08; (e) on 6.08. The red line marks the borders of Poland.

3.3.2. Group B

In the 2006a heat wave, average vertical velocity anomaly values were positive in
Poland, Ukraine, Belarus, and western parts of Russia as previously in the area covered
by the high-pressure system (Figure 13a). Positive values were observed here on a day
before the heat wave, when the anticyclone strengthened, and in the first half of the heat
wave duration (Figure 13b,c). However, this was followed by the stabilization phase,
when the vertical velocity anomalies in this region were close to zero. Then the anomalies
became negative, an upward motion appeared, and the anticyclone on the east of Poland
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disappeared and created a new one on the North Sea and the Danish Straits. The heat wave
ended (Figure 13d,e).
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Figure 13. Vertical velocity in 102 Pa-s~! for 2006a heat wave: (a) average in the period 5-13.07; (b) on day before heat
wave (4.07); (c) on 6.07; (d) on 12.07; (e) on day after heat wave (14.07). The red line marks the borders of Poland.

3.3.3. Group C

Average vertical velocity anomaly values were positive over almost all Europe, and in
the narrow belt over Atlantic a little south of the 50° N parallel (Figure 14a). Before and
during the first days of the wave, unlike in the previous cases, the subsidence zone (the
area of positive omega anomaly values) was located east of the center of the high-pressure
system and not directly in the area of its deposition (Figure 14b,c). Positive values were
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observed here in the second part of the heat wave duration. On a day after the heat wave,
the anomalies became negative, an upward motion appeared, the anticyclone disappeared,
and with it the heat wave ended (Figure 14d,e).
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Figure 14. Vertical velocity in 1072 Pa-s~! for 2019 heat wave: (a) average in the period 26.08-1.09; (b) on day before heat
wave (25.08); (c) on 27.08; (d) on 31.08; (e) on day after heat wave (2.09). The red line marks the borders of Poland.

3.3.4. Group D

Average vertical velocity anomaly values were positive in Scandinavia, Central Europe,
and western Russia, with the highest values in the northern part of the Baltic Sea and in the
south and southeast of Poland (Figure 15a). A similar pattern was observed just before and
in the first part of the heat wave (Figure 15b,c). It was followed by the stabilization phase,
when the vertical velocity anomalies in this region were close to zero. Then the anomalies
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became negative, an upward motion appeared, the anticyclone weakened, and with it the
heat wave ended (Figure 15d,e).

o 0 W s NO
N A A A

70 = | —
XY
60 7,’

=
&

(d) (e)

Figure 15. Vertical velocity in 1072 Pa-s~! for 1963 heat wave: (a) average in the period 1-7.08; (b) on day before heat wave
(31.07); (c) on 2.08; (d) on 6.08; (e) on day after heat wave (8.08). The red line marks the borders of Poland.

4. Discussion

Together with upward trend in temperature, the changes in the number and persis-
tence of hot days and heat waves in Poland were observed by many authors. The first
findings were based on data from a few stations [8] or in a specific region [25,42,45]. In the
others, the trends in hot days or heat waves were analyzed in the area of Central Europe,
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of which Poland is only a part, and therefore a small number of Polish stations were taken
into consideration [26]. In all cases, the trend in frequency and intensity of hot days and
heat waves became more visible as the data series extended into the 21st century. This work
used a dense network of stations and extended series until the end of 2019. A strict criterion
for distinguishing hot days was adopted as days with Tmax exceeding the 95th percentile
of Tmax from summer days (June, July, and August). This is a stronger condition than in
some previous studies, where the 95th percentile of Tmax for the whole was taken [26], but
weaker than in some others, where the 30 °C threshold was used [45]. Nevertheless, the
increase in the number of hot days, both in Poland and at individual stations and in hot
station-days, turned out to be statistically significant everywhere. There has been a very
strong increase in the number of hot days after 1980, especially in the last three decades.
This increase was stronger in the south of Poland than in the north. Such tendencies
(stronger increase in Tmax in summer in the south than in the north) were indicated also
in the results of Wypych et al. [46] and Kejna and Rudzki [47]. However, it should be
emphasized that the increasing frequency of hot days is not necessarily accompanied by an
increase in absolute Tmax maxima. This means that the Tmax distribution has changed,
which may be worth a more detailed analysis. It is also worth emphasizing that despite
the use of a stronger criterion for distinguishing hot days, they were still recorded from
April to October, as was shown by a milder criterion (95th percentile of Tmax for the whole
year [26]). In the last three decades, the maximum occurrence of hot days has shifted from
July to August. Previously, the maximum in August was only documented at stations near
the coast [26]. This change may indicate the oceanization of Poland’s climate, because in
maritime climates, the period of the highest temperature moves from July to August.

Four types were distinguished when examining the atmospheric circulation during
the period of extensive and long-lasting heat waves. During the first of them (Group
A, Figures 8 and 12), the close to normal SLP and below normal HGT700 over southern
Europe indicate that the air temperature in this part of the continent is below normal. Over
Scandinavia and central Europe, a high-pressure pattern dominates with positive values
of w making the sky clear and the air relatively dry. This contributes to high temperature
in this region. This type occurred in 4 out of 11 analyzed heat waves. Therefore, it can be
called dominant.

In the second type (group B, Figures 9 and 13), the center of the main high-pressure
pattern is located over western Russia (Figure 9a) and extends far into the east. The center
of the corresponding anticyclone at 700 hPa level is shifted on the west (Figure 9b) which
means that the system is under development. This is confirmed by a vast area of air mass
subsidence over central, northern, and eastern Europe (Figure 13a). Advection of air from
the southeast and south, clear sky, and relatively dry air because of subsidence contribute
to high temperature in Poland. The close to normal SLP and below normal HGT700 over
southeastern Europe indicate that the air temperature in this part of the continent is below
normal. This type occurred in 3 out of 11 analyzed heat waves.

In the third type (group C, Figures 10 and 14), the center of the main high-pressure
pattern is also located over western Russia (Figure 10a), but its extent to the east is limited by
the intensive low-pressure system. On the 700 hPa level, both patterns are strong and their
centers are shifted on the west of the appropriate patterns on SLP maps (Figure 10b). On
Figure 14a, a distinct belt of air masses subsidence around the parallel 50° N runs through
Europe from France to western Russia. Advection of air from the southeast and south, clear
sky, and relatively dry air because of subsidence contribute to high temperature in Poland.
The close to normal SLP and below normal HGT700 over southwestern Europe indicate that
the air temperature in this part of the continent is below normal. This type occurred in 3 out
of 11 analyzed heat waves.

The fourth type (group D, Figures 11 and 15) occurred in 1963. On the SLP map
(Figure 11a) it can be seen that Poland is located in the transitional area between the low-
pressure system with the center above southern Germany and high-pressure system with
the center above northern Scandinavia. At 700 hPa level, the center of the low is shifted
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over the Biscay Bay and the high-pressure system has the center over central Scandinavia
(Figure 11Db). These systems are accompanied by the vast area of air mass subsidence over
northern, northeastern, and central Europe (Figure 15a). Advection of air from the south,
clear sky, and relatively dry air because of subsidence contribute to high temperature in
Poland. This type occurred only once, at the beginning of the analyzed period, and did not
repeat in the post-1980 warming period.

Tomczyk and Bednorz [26] distinguished only three circulation types accompanying
heat waves. Here their type with the anticyclone over Scandinavia was divided into
two: group A and D. Both types are similar over the European continent but significantly
different over the northern Atlantic. They are also different in southern Europe. In
type A, the air temperature in the Mediterranean region is slightly below normal and
it is not a case of type D. Four synoptic patterns were also distinguished previously by
Wibig [27]. Although many studies point to the relationship between heat waves and
blocking situations [26,27,44,48], over the Atlantic in all cases, a strong zonal flow and a
greater than average pressure gradient is observed. However, the wind turns over the
continent and in central Europe the dominant direction is southwest or south.

The study of vertical velocity in conjunction with the analysis of synoptic situations
conducive to the formation of heat waves is quite new [31]. As the dynamic of the phe-
nomenon is clearly visible, it seems that it can be a useful tool. In the future, it should be
combined with soil moisture, cloudiness, and outgoing longwave radiation measures.

5. Conclusions
The most important results of the paper should be mentioned:

The frequency of hot days increased significantly

After 1980, the rate of increase in the frequency of heat waves significantly accelerated

Heat waves may appear from April to October

During the last decade, more than half of all extensive and long-lasting heat waves

that occurred in Poland after 1950 were observed

e  The circulation patterns favoring the appearance of heat waves differ, but in most
cases, anticyclone is present over Poland or in its vicinity

e  Spatial and temporal distribution of vertical velocity anomalies allows distinguishing

clear phases of strengthening, stabilization, and weakening of anticyclone accompany-

ing the occurrence of a heat wave

Results obtained using the vertical velocity suggest that it would be worth using
outgoing longwave radiation (OLR) data to study the dynamics of heat wave development.
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