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Abstract: Heat stress is one of the most critical factors affecting human life. In Central Europe,
its influence is noticeable, especially in the Polish–Saxon region, which is a very popular tourist
region also inhabited by a high number of elders. The main goal of this paper was to assess multi-
annual changes in heat stress occurring in the region, considering the frequency of heat days, the
UTCI (Universal Thermal Climate Index), and circulation conditions. The research showed that all
the thermal and biothermal indices in this region significantly increased during 1971–2019 in the
lowlands, the mountain foreland, and the lower mountain zone. In terms of the UTCI, a negative
trend for cold stress frequency was noticed in the entire region in favor of an increase in a tendency
toward thermoneutral conditions and heat stress. This concerns especially strong and very strong
heat stress (UTCI > 32 ◦C), in which positive trends were observed for most of the stations located in
the lower hypsometric zones. The results also showed that heat stress mainly occurs on days with
anticyclonic circulation. Analysis of selected cases of heat waves in the 21st century indicated that
the lower hypsometric zones are characterized by a very high UTCI, while the summit zone is free
from heat stress occurrence.

Keywords: heat stress; heat days; UTCI; atmospheric circulation; Lower Silesia; Saxony

1. Introduction

Heat stress is one of the most characteristic weather features affecting human life.
High air temperature, humidity, low wind speed, and the influence of solar conditions

increase the intensity of the heat load on the human organism, which consequently results
in a high risk for health. In terms of thermal conditions, an increase in air temperature
values has been observed over the past decades, especially, in recent years. According to
the WMO (World Meteorological Organization) report [1], the period of 2015–2018 was
the warmest in the history of measurements. Taking into consideration the 2015–2019
five-year period, the mean global air temperature was 1.7 ◦C higher if compared to the
pre-industrial era and 0.3 ◦C higher than for 2011–2015. Before this period, from the last
decades of the 19th century to 2006–2015, the mean air temperature of the world increased
from 1.38 ◦C to 1.68 ◦C [2]. The rising air temperature in moderate latitudes is often related
to intensification of heat stress and its negative impact on the human organism. Studies
concerning problems of temporal variability of heat stress showed that the frequency of
such weather conditions in Europe had significantly increased [3–13]. Such a growing
tendency is contributed by frequent heat waves that have been recorded multiple times
over the past two decades. One of the most extreme heat periods occurred during the
summer of 2003 [14–17], 2006 [18–22], 2015 [23–28], 2018 [29–32], and 2019 [33–35]. All
these heat-related weather types contributed to intensification of mortality during these
summer seasons [4,13,20,25,26,36–40]. More than 70,000 additional deaths were noticed in
Western Europe during the summer of 2003 [39]. In some regions of Germany, the mortality
in August 2003 and July 2015 exceeded the normal rate by 70% and 56%, respectively [25].
In the case of the 2006 heat wave in Poland, the mortality rate growth varied from 33% to
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115%, depending on the region [41]. As a result of extreme heat weather occurrence over
the past decades, 25% of the most significant disasters in the world during 1996–2015 were
considered to be related to heat waves [42].

Heat stress is determined by particular types of atmospheric circulation. During
the mentioned summer seasons, the highest values of air temperature in Central Europe
were usually noticed under anticyclonic types of weather and advection of tropical and
continental polar air masses from the south and the east [43]. Research on the impact of
circulation conditions on heat stress in Central Europe showed that advection of warm air
masses from these directions is generated by high-pressure systems located in the northern,
eastern, or southeastern regions of the continent [43–46]. Such situations contributed to
heat wave development, including the episodes of 2003, 2015, and 2018 [14,15,31].

The high impact of heat-related weather on the human organism is noticeable in
the case of the universal thermal climate index (UTCI), which is currently a widely used
biometeorological tool. The index was used in the assessment of biothermal conditions
of various European states [4,47–50], including Central Europe: Germany, Czechia, and
Poland [46,51–57]. The research showed that in the case of days characterized by very high
air temperature, the UTCI in the lowlands can be higher than 40 ◦C, which significantly
exceeds the critical value (32 ◦C) for mortality related to cardiovascular issues [4,43,55].
During the extreme heat wave in 2006, an increase in the mortality rate in Poland for people
with cardiovascular diseases amounted to 55–220%, while for the elders, it varied from 41%
to 134% [41]. The analysis carried out in Germany indicated that such high UTCI values
(exceeding 32 ◦C) can be mainly recorded during the southern anticyclonic circulation [57].

In this case, the Polish–Saxon border area, including southwest Poland and southeast
Germany, is a specific region that is inhabited by a high number (>50%) of people aged
over 65 years. The region is a very popular destination for tourists and bathers. The Sudety
Mountains and the Zittau Mountains, located in the south of the region, make this area
attractive from the tourism perspective, while health resorts (Jonsdorf, Świeradów-Zdrój,
Cieplice-Zdrój) encourage persons with health problems. Thus, the region is inhabited or
visited by a high number of people who are vulnerable to heat stress impact. The studies
devoted to climate conditions of this region [58–60] indicated a statistically significant
rising trend in the mean annual and maximum air temperature in 1971–2010, reaching
1.0–1.2 ◦C and 0.9–1.4 ◦C, respectively. Simultaneously, analysis of biometeorological
conditions showed that the areas located lower down in the region were characterized by a
high frequency of heat stress during the summertime [60,61].

Therefore, the main goal of this paper was to examine multi-annual changes in heat
stress occurrence in the Polish–Saxon border region in 1971–2019, with a consideration of
atmospheric circulation conditions. An evaluation of changes in the heat stress frequency
was carried out using the index of heat days and the biothermal index of UTCI. Furthermore,
analysis of the course of air temperature and the UTCI for selected several-day periods
of the summer seasons of 2006 and 2015 was conducted in order to present how extreme
biothermal conditions correspond to the synoptic situation. The results of the study can be
used as valuable data for local health resorts. They can also be a source of information for
tourists visiting the region.

2. Materials and Methods

The evaluation of heat stress was carried out for the Polish–Saxon region. In the case
of Poland, this included areas located in the western part of Lower Silesia, west from Bóbr,
Kaczawa, and Odra Rivers. In Germany, the area of east Saxony, limited by Elbe River
from the west, was taken into consideration (Figure 1). The German and Polish parts of
the region are separated from each other by the Lusatian Neisse River, which forms a
border between Poland and Germany. A significant geographical variability characterizes
the region. Lowlands mainly cover the northern part, while the mountain foreland and
mountains are predominant in the south. The highest parts of the region are the Sudety
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Mountains and the Zittau Mountains, located in the very south and forming a border
with Czechia.
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Figure 1. Meteorological stations in the Polish–Saxon border region and its surroundings.

The analysis was based on meteorological data for 1971–2019 collected from both
Polish and German meteorological stations located in the considered region and the sur-
roundings. Meteorological records from three Polish (Legnica, Jelenia Góra, and Śnieżka
Mountain) and three German (Cottbus, Dresden, and Görlitz) stations were taken into
account. The stations represented various geographical regions and altitudes (Table 1). Cot-
tbus and Legnica were located in the lowlands, while Dresden and Görlitz corresponded
to the mountain foreland. The highest-located Polish stations—Jelenia Góra and Śnieżka
Mountain—represented the lower zone and the summits of the Sudety Mountains.

Table 1. German and Polish meteorological stations in the Polish–Saxon border area (with increasing altitude).

Station Location Region Latitude Longitude Altitude (m)

Cottbus Germany Lowlands 51◦78′ 14◦32′ 69
Legnica Poland Lowlands 51◦11′ 16◦12′ 122
Dresden Germany Mountain foreland 51◦13′ 13◦75′ 227
Görlitz Germany Mountain foreland 51◦16′ 14◦95′ 238

Jelenia Góra Poland Lower mountain zone 50◦54′ 15◦47′ 342
Śnieżka Mountain Poland Summit zone 50◦44′ 15◦44′ 1603

The collected meteorological data included both daily and 12:00 UTC records from
the Institute of Meteorology and Water Management—National Research Institute (IMGW-
PIB) and the German Weather Service (DWD). The daily data concerned values of the
maximum air temperature, whereas the records from 12:00 UTC included information on
air temperature, relative humidity, wind speed, and cloudiness. Furthermore, data related
to the sun angle were also used in order to evaluate the radiation factor. In addition, records
from the main synoptic terms (0:00, 3:00, 6:00, 9:00, 12:00, 15:00, 18:00, and 21:00 UTC)
were also considered for the purposes of the daily course of air temperature and the UTCI
during selected heat wave periods.

Based on the daily data, the annual number of heat days (Tmax > 30 ◦C) for 1971–2019
was calculated for each station. Considering the results, the multi-annual course of this
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index was examined in the context of its tendency and intensity of changes. Furthermore,
the trend was evaluated in terms of statistical significance (at the level of 0.05) using
linear regression analysis. The results were also verified using the Mann–Kendall test and
Sen’s method. Correlation between the frequency of heat days and circulation types was
calculated using Pearson’s correlation coefficient.

Evaluation of heat stress was also carried out using the biometeorological universal
thermal climate index (UTCI), which considers a vast range of physiological aspects. The
index is based on multi-node models, mainly on Fiala’s model [62], and has been described
in detail in papers devoted to its principles [63,64]. According to the UTCI, biothermal
conditions are classified into 10 categories, ranging from extreme cold stress to extreme
heat stress (Table 2). The UTCI was calculated using BioKlima software (version 2.6) [65].
Mean annual values of the index were evaluated in terms of their multi-annual changes,
including examination of statistical significance. Furthermore, the frequency of particular
thermal stress categories was also assessed for each year, followed by evaluation of their
changes in 1971–2019.

Table 2. Stress category according to the UTCI (Universal Thermal Climate Index) [64].

Stress Category UTCI (◦C)

Extreme heat stress above 46
Very strong heat stress 38 to 46

Strong heat stress 32 to 38
Moderate heat stress 26 to 32

No thermal stress 9 to 26
Slight cold stress 0 to 9

Moderate cold stress −13 to 0
Strong cold stress −27 to −13

Very strong cold stress −40 to −27
Extreme cold stress below −40

In the case of the selected heat wave episodes, courses of air temperature and the UTCI
were presented. They were aimed to assess changes in heat stress classes during several-day
heat waves. To examine the impact of baric conditions on heat stress occurrence, the analysis
was accompanied by synoptic characteristics, including synoptic charts for sea-level pressure
and higher zones of the troposphere (isobaric levels of 850, 500, and 300 hPa).

In terms of evaluation of the results from the circulation perspective, the classification
of atmospheric circulation developed by H. Ojrzyńska [66–68] was used. This classification
was carried out for the region of the Sudety Mountains and their surroundings, including
southwest Poland, southeast Germany, and east Czechia. According to the principles, the clas-
sification informs about vorticity (C-cyclonic, A-anticyclonic) and the direction of advection:
NE, northeast (1–90◦); SE, southeast (91–180◦); SW, southwest (181–270◦); NW, northwest
(271–360◦); and XX, indeterminate direction. The criteria for the classification were based
on gridded meteorological data (2.5◦ × 2.5◦ spatial resolution, 24 h temporal resolution)
from NCEP/NCAR (National Centers for Environmental Prediction/National Center for
Atmospheric Research) re-analysis. Using the spline function, the data were interpolated to a
spatial resolution of 5 km × 5 km. To determine the circulation type for each day, a prevailing
type was calculated by applying the mode function for all the 5 km × 5 km grid cells [67]. The
direction of advection was evaluated based on the wind direction from the 700 hPa isobaric
level for a wind speed higher than 2 m/s. If it was lower or when no prevailing wind direction
was observed, the XX circulation type was considered. Vorticity types were determined based
on geopotential values from the 850 hPa isobaric level.

Daily data on circulation types were used for the purposes of this paper. Based on
these records, analysis of circulation conditions in the context of the frequency of heat
days and selected UTCI categories was carried out. The data concerning circulation were
obtained directly from the author of the classification and included information for 1971–
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2018 [68]. Therefore, the multi-annual course of thermal and biothermal conditions was
presented for 1971–2019, while analysis of circulation conditions and their impact on the
selected indices concerned the 1971–2018 period.

3. Results
3.1. Heat Days

Changes in the mean air temperature over the past decades were reflected in the
positive trend in the maximum air temperature and consequently caused an increase in
the frequency of weather conditions defined as heat days (Tmax > 30 ◦C). The mean annual
number of such days in 1971–2019 was mainly determined by altitude. In the case of the
considered stations, the frequency varied from more than 4 days in Jelenia Góra to just
above 12 days in Cottbus (Table 3). In the summit zone of the mountains represented by
Śnieżka Mountain, heat days did not occur at all in the entire multi-annual period due
to a low air temperature, high wind speed, and high cloudiness. In this case, a very high
number of days with fog (over 300 days a year) should be emphasized. This significantly
affects the radiation factor, humidity, and thermal conditions. Considering the regions
located in the lowlands or in the mountain foreland, the number of such days considerably
increased in 1971–2019 (Figure 2). The statistical significance of the trend, at the level of
0.05, was noticed for four stations (Cottbus, Legnica, Görlitz, and Jelenia Góra). The most
dynamic changes were observed in Cottbus and Legnica, which are the lowest-located
stations. In this case, the increase exceeded the rate of 2 days per decade. The remaining
stations were characterized by changes ranging from just above 1 day per decade to 1 day
per 6 years. The significantly rising trend for the annual number of heat days was mainly
caused by their high frequency in the 21st century, especially in 2015–2019. In Cottbus,
during the summer seasons of 2018 and 2019, air temperature exceeded 30 ◦C on 32 and
30 days, which was the highest annual frequency in the region for the entire multi-annual
period. In 2015, the number of heat days at the considered stations varied from 23 in
Jelenia Góra to 30 in Legnica. The statistical significance of the trends in heat days was also
confirmed using the Mann–Kendall test.

Table 3. Mean and maximum annual number of heat days (Tmax > 30 ◦C) and the intensity of their changes in 1971–2019 in
the Polish–Saxon border region (statistically significant trends marked in bold).

Criteria Cottbus Legnica Dresden Görlitz Jelenia Góra

Mean annual number of heat days 12.2 9.4 8.2 6.6 4.5

Maximum annual number
of heat days (year)

32
(2019)

30
(2015)

27
(2015)

25
(2015, 2018)

23
(2015)

Change per decade (days) 2.41 2.37 1.10 1.67 1.52
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Polish–Saxon region in 1971–2019.

3.2. Universal Thermal Climate Index (UTCI)

An increase in air temperature and the frequency of weather types related to
heat stress in the discussed period also caused changes in the UTCI. In 1971–2019,
the positive and statistically significant trend in mean annual values of the UTCI (for
12:00 UTC) was recorded for all of the stations except Dresden. The growth rate per
decade was equal to 0.37 ◦C in Legnica, 0.45 ◦C in Jelenia Góra, and 0.52 ◦C in Cottbus.
The most noticeable changes occurred in Görlitz and on Śnieżka Mountain, where the
increase in the UTCI exceeded 0.8 ◦C per decade. As a result, noticeable changes in
UTCI values in the multi-annual period contributed to changes in the frequency of
particular categories of thermal stress.

The mean annual number of the days with categories of thermal stress was deter-
mined by the location of the considered stations (Figure 3). In the lowlands, mountain
foreland, and lower mountain zone, the category of no thermal stress was predominant
and occurred on 124–147 days annually, mainly in the warm half-year. In the case of
heat stress, its frequency decreases with increasing altitude. The annual number of days
with moderate heat stress varied from 22 days in Jelenia Góra to 31 days in Cottbus,
whereas the frequency of strong heat stress amounted to 5–10 days a year. The category
of very strong heat stress usually occurred on 1 day a year in Cottbus, while in Legnica,
Dresden, and Görlitz, it was twice or three times lower. In Jelenia Góra, this class of
heat stress occurred occasionally. The highest intensity of heat stress was observed in
the summer season, especially in August. It should also be emphasized that no extreme
heat stress category was noticed in the region in the discussed period.
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categories for 12:00 UTC in the Polish–Saxon border region in 1971–2019 (UTCI categories: extreme
cold stress (−5), very strong cold stress (−4), strong cold stress (−3), moderate cold stress (−2), slight
cold stress (−1), no thermal stress (0), moderate heat stress (1), strong heat stress (2), and very strong
heat stress (3)).

Considering the most intensive heat stress classes (strong and very strong heat stress),
they occurred only in the warm half-year, mainly in the summer months (Table 4). Strong
heat stress could be observed in the May–September period (in Cottbus, also occasionally
in April), with the highest frequency in July and August. In this case, the mean frequency
of strong heat stress varied from less than 2 days a month in Jelenia Góra to 3–4 days in
Cottbus. In terms of very strong heat stress, it was noticed in the summer months only.

Table 4. Mean number of days with strong and very strong heat stress (SHS and VSHS) according to the UTCI in particular
months of 1971–2019 in the Polish–Saxon border region.

Station Category I II III IV V VI VII VIII IX X XI XII

Cottbus
SHS . . . 0.0 0.5 2.0 3.7 3.2 0.4 . . .

VSHS . . . . . 0.2 0.5 0.4 . . . .

Legnica SHS . . . . 0.2 1.3 2.7 2.5 0.3 . . .
VSHS . . . . . 0.1 0.3 0.2 . . . .

Dresden
SHS . . . . 0.2 1.5 3.0 2.4 0.3 . . .

VSHS . . . . . 0.1 0.3 0.2 . . . .

Görlitz
SHS . . . . 0.1 1.3 2.4 1.9 0.1 . . .

VSHS . . . . . 0.0 0.1 0.1 . . . .

Jelenia
Góra

SHS . . . . 0.0 0.8 1.8 1.9 0.2 . . .
VSHS . . . . . 0.0 0.0 0.1 . . . .

Different conditions characterize the summits represented by Śnieżka Mountain. In
this case, cold stress was predominant throughout the year, including a very high frequency
of extreme cold stress. A noticeably lower occurrence of the no thermal stress category was
noticed if compared to the lower hypsometric zones. In the case of heat stress, the class
of moderate heat stress was only observed in 1971–2019. Days with this type of weather
occurred on Śnieżka Mountain with a frequency of 1 day per 5 years. No strong or very
strong heat stress was recorded during the entire multi-annual period.

The most characteristic issue in terms of multi-annual changes in UTCI categories was
a negative tendency of cold stress and rising trends in heat stress categories. Considering
the stations located lower down, a decreasing and statistically significant trend in very
strong and strong cold stress was observed in Cottbus, Görlitz, and Jelenia Góra (Table 4).
In this case, the rate of decrease in strong cold stress amounted to 2–5 days per decade. It
also reached 1 day per 6 years (Görlitz) for very strong cold stress. The negative trend in
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the most intensive cold stress categories was also noticed on Śnieżka Mountain. The most
noticeable changes in 1971–2019 occurred for the extreme-cold-stress class. The changes
were characterized by a statistically significant decreasing trend and a rate of more than
4 days per decade. In cases of moderate and slight cold stress, an increasing tendency was
noticed. The trend in slight cold stress was characterized by statistical significance and an
increasing rate reaching 2 days per decade.

In cases of no-thermal-stress and heat-stress classes, an increasing tendency was ob-
served for almost the entire region. The trend in the frequency of no thermal stress was
statistically significant for four stations. It was characterized by a growth rate per decade
varying from 2 days on Śnieżka Mountain, 3 days in Legnica and Jelenia Góra, and almost
6 days in Görlitz. In terms of heat stress, statistical significance was found for strong heat
stress for the stations of Legnica, Görlitz, and Jelenia Góra. In 1971–2019, the frequency of
this category increased by about 1 day per 11 years in Görlitz, 1 day per 13 years in Jelenia
Góra, and 1 day per 14 days in Legnica. An increasing and statistically significant trend was
also noticed for the category of very strong heat stress in Cottbus (Table 5 and Figure 4).

Table 5. Changes in frequency (days per decade) of particular categories of thermal stress according to the UTCI (for 12:00
UTC) in the Polish–Saxon border region in 1971–2019 (statistically significant trends marked in green and bold).

Stress Category
According to the UTCI Cottbus Legnica Dresden Görlitz Jelenia

Góra
Śnieżka

Mountain

Extreme cold stress - - - - - −4.5
Very strong cold stress −0.2 −0.4 0.0 −1.6 −0.6 −0.9

Strong cold stress −2.6 −0.8 0.4 −5.3 −2.3 −0.4
Moderate cold stress −0.2 −1.3 1.0 1.0 0.2 1.5

Slight cold stress −1.1 −1.6 −2.9 −1.3 −1.5 2.1
No thermal stress 2.1 3.0 1.4 5.8 2.8 2.2

Moderate heat stress 1.2 0.2 −0.2 0.6 0.5 -
Strong heat stress 0.6 0.7 0.2 0.9 0.8 -

Very strong heat stress 0.3 0.1 0.2 0.1 0.0 -
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The results presented above were in most cases confirmed by the Mann–Kendall
test. Some differences occurred in Legnica, where the test indicated statistical signifi-
cance (at the level of 0.05) for the very strong cold stress category. On the other hand, a
weaker level of significance was noticed for the class of strong heat stress (at the level
of 0.1).

In the context of health issues, the most harmful heat stress occurs when the UTCI
exceeds 32 ◦C, which corresponds to strong, very strong, and extreme heat stress categories.
Taking into consideration the combined frequency of strong and very strong heat stress
(no extreme heat stress was observed in the region), an increasing tendency was noticed
for 1971–2019 for all the stations representing the lower hypsometric zones. Three of them
(Legnica, Görlitz, and Jelenia Góra) were characterized by statistical significance (Figure 5).
The most dynamic changes occurred in the mountain foreland (Görlitz) when the number
of such days increased by almost 1 day per decade. In the case of the lowlands (Legnica)
and the lower mountain zone (Jelenia Góra), the rate was about 1 day per 11 years. In terms
of the Mann–Kendall test, the trend for Legnica was characterized by statistical significance
at the level of 0.1.
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Figure 5. Annual number of and linear trend in days with strong and very strong heat stress (UTCI > 32 ◦C) in Legnica,
Görlitz, and Jelenia Góra in 1971–2019, based on 12:00 UTC data.

Most of the strong and very strong heat cases were noticed during the heat waves of
1992, 1994, 2003, 2006, 2015, 2018, and 2019. During these periods, the frequency of such
stress categories varied from 8–17 days in Jelenia Góra (mountain foreland) to 18–28 days
in Cottbus (lowlands) (Table 6).
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Table 6. Number of days with strong and very strong heat stress (UTCI > 32 ◦C) in selected years of 1971–2019 in the
Polish–Saxon border region.

Station UTCI Category 1992 1994 2003 2006 2015 2018 2019

Cottbus
Strong heat stress 15 21 18 21 17 21 15

Very strong heat stress 3 7 0 1 5 4 3
Total 18 28 18 22 22 25 18

Legnica
Strong heat stress 11 14 7 16 16 16 10

Very strong heat stress 3 5 1 0 4 0 2
Total 14 19 8 16 20 16 12

Dresden
Strong heat stress 11 13 14 13 13 17 11

Very strong heat stress 2 6 0 1 4 1 2
Total 13 19 14 14 17 18 13

Görlitz
Strong heat stress 9 13 12 11 12 14 16

Very strong heat stress 2 4 0 0 2 0 1
Total 11 17 12 11 14 14 17

Jelenia
Góra

Strong heat stress 15 15 10 8 11 8 7
Very strong heat stress 0 2 0 0 2 0 1

Total 15 17 10 8 13 8 8

3.3. Circulation Conditions

Considering circulation conditions in the summer seasons (June–August) of 1971–
2018, anticyclonic types were predominant. According to Ojrzyńska’s classification [68],
anticyclonic southwest circulation (SW-A) occurred on 31% of the days, while the fre-
quency of anticyclonic northeast (NE-A) and anticyclonic northwest (NW-A) circulation
was 23% and 16%, respectively. The frequency of the anticyclonic southeast (SE-A)
circulation reached 3%. Regarding cyclonic circulation, the southwest (SW-C) type was
the most frequent (12%), whereas the northeast (NE-C), southeast (SE-C), and northwest
(NW-C) circulation occurred on 5%, 4%, and 3% of the days, respectively. The remaining
days were characterized by undetermined types of circulation (XX-A and XX-C).

In terms of the relationship between the frequency of particular types of circulation and
the annual number of days with heat stress (heat days and days with UTCI corresponding
to strong or very strong heat stress categories) in the summer seasons of 1971–2018, no
significant correlation was usually noticed (Table 7). The strongest correlation was observed
for the NE-A and SW-C circulation types for some of the stations located in the lowlands
and the mountain foreland. In the case of NE-A, statistical significance was found for
both heat days (Cottbus, Dresden, and Görlitz) and days with UTCI > 32 ◦C (Cottbus and
Dresden). This shows that heat stress conditions can often accompany anticyclonic eastern
circulation connected with advection of warm continental polar air masses. On the other
hand, a negative correlation was observed for SW-C. In this case, all the stations were
characterized by statistical significance for both indices, with the highest correlation in the
mountain foreland (Dresden and Görlitz). The negative correlation results from the fact
that heat stress conditions are often noticed under anticyclonic types of circulation, more
rarely occurring during cyclonic weather. Statistical significance in the discussed region
was also observed for NW-C (heat days) and SE-A (UTCI > 32 ◦C) in Legnica and XX-A
(UTCI > 32 ◦C) in Dresden (Table 7).
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Table 7. Correlation coefficient between the number of heat days and days with very strong heat stress (UTCI > 32 ◦C, for
12:00 UTC) and the frequency of particular circulation types in the summer seasons (June–August) of 1971–2018 in the
Polish–Saxon border region (statistically significant correlation marked in green and bold).

Station Index NE-A NE-C NW-A NW-C SE-A SE-C SW-A SW-C XX-A XX-C

Cottbus Heat days 0.36 −0.01 −0.12 −0.27 0.25 0.16 −0.15 −0.35 0.23 −0.20
UTCI > 32 0.46 −0.10 −0.03 −0.15 0.19 0.05 −0.24 −0.38 0.25 −0.15

Legnica Heat days 0.15 −0.21 −0.01 −0.34 0.21 0.15 0.07 −0.29 0.12 −0.28
UTCI > 32 0.26 −0.13 −0.12 −0.26 0.35 0.22 −0.08 −0.35 0.27 −0.14

Dresden Heat days 0.41 −0.18 0.04 −0.21 0.17 −0.05 −0.15 −0.41 0.24 −0.22
UTCI > 32 0.49 −0.08 0.06 −0.20 0.17 −0.01 −0.27 −0.46 0.31 −0.28

Görlitz Heat days 0.30 −0.19 −0.02 −0.23 0.22 0.07 −0.04 −0.41 0.21 −0.21
UTCI > 32 0.28 −0.15 0.12 −0.06 0.19 0.04 −0.18 −0.40 0.15 −0.16

JeleniaGóra Heat days 0.13 −0.23 0.02 −0.24 0.17 0.10 0.07 −0.31 0.16 −0.24
UTCI > 32 0.16 −0.20 0.13 −0.13 0.15 0.07 −0.08 −0.29 0.14 −0.28

Heat stress in the discussed period was the most frequent during SW-A and NE-A
circulation (Tables 8 and 9). More than 55% of heat days and days with UTCI > 32 ◦C
were noticed under one of these two types of circulation. A relatively high frequency was
also observed for other types of anticyclonic circulation: NW-A, SE-A, and XX-A. Heat
stress occurred less frequently under the presence of cyclonic types of circulations. In this
case, the southern circulation was responsible for most of the heat stress cases in the entire
region. This concerned especially the SW-C type, which was related to 7–11% of heat days
and 6–8% of days with the UTCI exceeding 32 ◦C. A little lower frequency was noticed for
SE-C (4–8% and 4–6%, respectively). The remaining types of cyclonic circulation occurred
more rarely. Heat stress under NE-C circulation was noticed during 1–4% of days, while
NW-C and XX-C types were characterized by the lowest heat stress frequency.

Table 8. Annual frequency of heat days (%) in 1971–2018 under particular types of circulation in the Polish–Saxon
border region.

Station NE-A NE-C NW-A NW-C SE-A SE-C SW-A SW-C XX-A XX-C Total

Cottbus 27.5 3.9 10.1 0.5 8.8 8.3 27.7 6.7 5.3 1.2 100.0
Legnica 19.4 1.6 9.8 0.2 9.3 5.7 38.5 11.2 3.2 1.1 100.0
Dresden 28.2 2.4 14.2 0.8 7.7 4.2 28.8 6.6 5.5 1.6 100.0
Görlitz 29.0 2.3 10.9 0.7 7.9 4.3 32.0 7.3 5.3 0.3 100.0
Jelenia
Góra 21.7 1.0 7.9 0.5 8.4 5.4 39.9 11.3 3.4 0.5 100.0

Table 9. Annual frequency of days with UTCI > 32 ◦C (%) for 12:00 UTC in 1971–2018 under particular types of circulation
in the Polish–Saxon border region.

Station NE-A NE-C NW-A NW-C SE-A SE-C SW-A SW-C XX-A XX-C Total

Cottbus 33.2 2.5 12.3 0.8 8.8 6.1 22.3 6.3 5.9 2.0 100.0
Legnica 24.9 2.8 9.2 0.0 9.2 5.6 33.6 7.8 5.6 1.1 100.0
Dresden 31.0 3.0 13.2 0.0 9.2 3.5 27.2 5.7 5.1 2.2 100.0
Görlitz 30.8 2.4 11.9 0.3 8.7 4.9 25.2 6.6 7.7 1.4 100.0
Jelenia
Góra 24.7 0.9 10.8 0.4 10.3 4.0 36.8 7.2 4.0 0.9 100.0

One of the most characteristic features in terms of circulation conditions and heat stress
occurrence in the region was a high frequency of heat days and days with UTCI > 32 ◦C
in Jelenia Góra and Legnica during SW-A and SW-C circulation. For both considered
indices, the percentage of such days was noticeably higher than for the other stations. This
concerned especially the anticyclonic type. In this case, the frequency of heat days and days
with UTCI > 32 ◦C was even more than 10% higher than for the German stations. Such a
situation might have been caused by fohn winds, which are a significant factor affecting
thermal conditions in the Sudetes Mountains and the regions located north of them. They
are usually noticed during SW circulation when air masses are crossing the main ridge of
the Sudetes Mountains (stretched NW to SE). The effect of fohn winds is mainly observed
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in the lower zones of the Sudetes Mountains but can also be noticeable in the lowlands of
Lower Silesia [69].

The structure of heat stress occurrence is different when considering the percentage
of days with heat stress among the total number of days with a given type of circulation
(Table 10). In the summer seasons (June–August), the SE-A type was characterized by a
very high frequency of days with heat stress, corresponding to 11–27% for heat days and
14–26% for days with UTCI > 32 ◦C. In both cases, the number of such days was the highest
in the lowest hypsometric zones. A very high percentage of heat stress conditions was also
observed for the XX-A type. In Cottbus, about 30% of the days with the XX-A type were
characterized by a heat stress presence. Such weather conditions were usually related to a
high-pressure system with its center located over the discussed area. Nevertheless, these
types of circulation (SE-A and XX-A) occurred rarely in the discussed period. Consequently,
despite a high percentage of days with heat stress, these two types of circulation were
characterized by a relatively low frequency of heat stress in the summer seasons of 1971–
2018 (Tables 8 and 9).

Table 10. Percentage of heat days and days with UTCI > 32 ◦C among the total number of days with particular types of
circulation for the summer seasons (June–August) of 1971–2018.

Station Index NE-A NE-C NW-A NW-C SE-A SE-C SW-A SW-C XX-A XX-C

Cottbus Heat days 21.5 8.6 5.5 2.7 27.1 18.9 10.1 7.2 31.0 15.0
UTCI > 32 23.4 5.6 5.9 3.5 25.8 11.7 7.5 5.6 28.7 17.5

Legnica Heat days 11.9 3.0 4.1 0.9 23.9 12.8 11.7 8.9 14.9 10.0
UTCI > 32 12.2 4.3 3.2 0.0 19.4 8.7 8.1 5.0 18.4 10.0

Dresden Heat days 15.4 3.9 5.1 2.7 17.4 7.1 7.4 4.9 21.8 12.5
UTCI > 32 16.2 4.3 4.8 0.0 20.6 5.6 6.6 3.7 17.2 15.0

Görlitz Heat days 12.6 3.0 3.3 1.8 14.8 6.1 6.8 4.1 16.1 2.5
UTCI > 32 12.5 3.0 3.4 0.9 14.8 6.6 5.1 3.7 20.7 10.0

Jelenia
Góra

Heat days 6.2 0.9 1.6 0.9 11.0 5.6 5.7 4.1 8.0 2.5
UTCI > 32 7.9 0.9 2.4 0.9 14.2 4.1 5.7 2.9 9.2 5.0

Considering temporal variability of the number of heat days under selected types of
circulation, the most significant changes were noticed for the southern circulation, especially
SW-A and SW-C. All the stations were characterized by an increasing trend, while statistical
significance was found for four of them: Cottbus, Legnica, Görlitz, and Jelenia Góra
(Table 11 and Figure 6). The annual number of heat days rose the most intensively in the
lowlands. A rate of increase for SW-A was equal to 1 day per 14 years in Cottbus and 1 day
per decade in Legnica. In the case of the stations located in the mountain foreland (Görlitz)
and lower mountain zone (Jelenia Góra), the heat days frequency increased by about 1 day
per 20 years. A lower rate was noticed for Dresden, where the course of an annual number
of heat days under SW-A circulation was nearly considered as statistically significant (at
the level of 0.051). The trends were also statistically significant with a consideration of the
Mann–Kendall test. In this case, the only exception was Görlitz, where the trend in the
number of heat days under SW-A circulation was characterized by statistical significance
at the level of 0.1.

Table 11. Rate of changes (days per decade) of the annual number of heat days under particular types of circulation in
1971–2018 in the Polish–Saxon border region (statistically significant trend marked in green and bold).

Station NE-A NE-C NW-A NW-C SE-A SE-C SW-A SW-C XX-A XX-C

Cottbus 0.11 0.02 0.34 0.01 0.06 0.40 0.71 0.31 0.11 −0.02
Legnica 0.20 −0.03 0.17 0.01 0.01 0.21 1.00 0.47 0.15 −0.01
Dresden 0.00 −0.01 0.22 −0.02 −0.07 0.07 0.34 0.14 0.12 −0.03
Görlitz 0.18 −0.01 0.29 −0.01 −0.04 0.13 0.51 0.27 0.15 0.01
Jelenia
Góra 0.25 −0.03 0.15 0.01 0.02 0.11 0.49 0.23 0.07 0.01
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The number of days with heat stress under the SW-A type at the stations mentioned
above was characterized by a rising tendency despite the negative correlation (without
statistical significance) between the frequency of days with SW-A and the number of heat
days and days with UTCI > 32 ◦C in the summer seasons of 1971–2018. Such a situation
was contributed by the fact that the frequency of days with SW-A rose much faster than
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for these two indices. The rate of increase in SW-A circulation was equal to 2 days per
7 years and was significantly higher than the rate of changes in the number of heat days
and days with UTCI > 32 ◦C (during SW-A circulation and for the entire June–August
period as well).

Days with SW-C in 1971–2018 occurred more rarely than SW-A. Therefore, less inten-
sive changes were observed for this type of circulation. Similarly to SW-A, the stations
located in the lowlands were characterized by the highest rates, varying from 1 day per
32 years in Cottbus to 1 day per 21 years in Legnica. In Görlitz and Jelenia Góra, the annual
number of heat days in the whole 1971–2018 period under SW-C circulation increased by
about 1 day. It should be emphasized that a high number of heat days during both SW-A
and SW-C circulation types in the recent years was mainly observed in 2015 when it varied
within 7–12 days for SW-A and 3–4 days for SW-C (Figure 7). Besides SW-A and SW-C
types, increasing and statistically significant trends were also noticed for NE-A (Görlitz)
and SE-C (Cottbus, Görlitz).
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In terms of strong and very strong heat stress according to the UTCI, changes in
1971–2018 were less significant than for the index of heat days. The most intensive increase
was observed for SW-A and SW-C circulation. However, statistical significance was noticed
only for the latter type (Table 12). The rates of growth amounted to below/above 1 day
for the entire multi-annual period. Comparable to the heat days, the highest increase was
noticed in the lowlands. Cottbus was characterized by a growth rate almost twice as high
as in Jelenia Góra. In 1971–2018, days with UTCI > 32 ◦C during SW-C circulation were
often noticed in the past 15 years, while in the first two decades they mainly occurred
in individual years (Figure 7). The trends in the frequency of days with strong and very
strong heat stress for the other circulation types were usually not considered as statistically
significant, except for slightly rising trends for SE-C in Cottbus and XX-C in Jelenia Góra.
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Table 12. Rate of changes (days per decade) of the annual number of days with UTCI > 32 ◦C (for 12:00 UTC) under
particular types of circulation in 1971–2018 in the Polish–Saxon border region (statistically significant trend marked in green
and bold).

Station NE-A NE-C NW-A NW-C SE-A SE-C SW-A SW-C XX-A XX-C

Cottbus −0.02 −0.01 0.21 0.01 −0.06 0.17 0.25 0.27 0.05 −0.06
Legnica 0.04 −0.04 0.12 0.00 −0.01 0.04 0.35 0.20 0.11 −0.01
Dresden −0.22 −0.01 0.15 0.00 −0.07 0.03 0.21 0.15 0.05 −0.08
Görlitz 0.02 0.00 0.20 −0.02 −0.05 0.05 0.23 0.18 0.13 0.01
Jelenia
Góra 0.23 −0.01 0.12 0.01 0.06 −0.03 0.22 0.14 0.02 0.02

3.4. Case Study of 18–28 July 2006 and 2–5 July 2015 Heat Waves

Significant cases of heat waves were recorded in the summer seasons of 2006 and 2015.
To show how synoptic conditions affected thermal and biothermal conditions, courses of
air temperature and UTCI were presented for 18–28 July 2006 and 2–5 July 2015.

On 18–20 July 2006, the Polish–Saxon border region was under the influence of a
vast high-pressure area that stretched from the Norwegian Sea to Central Europe and that
was moving eastward (Figure 8). Advection of tropical air masses was observed in the
discussed area. On the following days, the center of the high-pressure area moved east
of Poland. Weather conditions were affected by the low-pressure area, with convergence
zones moving over the region. On 25 July, a high-pressure system started to develop over
Central Europe and subsequently was moving toward the Norwegian Sea. Tropical air
masses were still observed over the region. After the discussed period, low-pressure areas
with atmospheric fronts developed in West Europe. They caused advection of maritime
polar air masses, which consequently ended the heat period.

Atmosphere 2021, 12, x FOR PEER REVIEW 15 of 23 
 

 

In terms of strong and very strong heat stress according to the UTCI, changes in 1971–
2018 were less significant than for the index of heat days. The most intensive increase was 
observed for SW-A and SW-C circulation. However, statistical significance was noticed 
only for the latter type (Table 12). The rates of growth amounted to below/above 1 day for 
the entire multi-annual period. Comparable to the heat days, the highest increase was no-
ticed in the lowlands. Cottbus was characterized by a growth rate almost twice as high as 
in Jelenia Góra. In 1971–2018, days with UTCI > 32 °C during SW-C circulation were often 
noticed in the past 15 years, while in the first two decades they mainly occurred in indi-
vidual years (Figure 7). The trends in the frequency of days with strong and very strong 
heat stress for the other circulation types were usually not considered as statistically sig-
nificant, except for slightly rising trends for SE-C in Cottbus and XX-C in Jelenia Góra. 

Table 12. Rate of changes (days per decade) of the annual number of days with UTCI > 32 °C (for 12:00 UTC) under 
particular types of circulation in 1971–2018 in the Polish–Saxon border region (statistically significant trend marked in 
green and bold). 

Station NE-A NE-C NW-A NW-C SE-A SE-C SW-A SW-C XX-A XX-C 
Cottbus −0.02 −0.01 0.21 0.01 −0.06 0.17 0.25 0.27 0.05 −0.06 
Legnica 0.04 −0.04 0.12 0.00 −0.01 0.04 0.35 0.20 0.11 −0.01 
Dresden −0.22 −0.01 0.15 0.00 −0.07 0.03 0.21 0.15 0.05 −0.08 
Görlitz 0.02 0.00 0.20 −0.02 −0.05 0.05 0.23 0.18 0.13 0.01 

Jelenia Góra 0.23 −0.01 0.12 0.01 0.06 −0.03 0.22 0.14 0.02 0.02 

3.4. Case Study of 18–28 July 2006 and 2–5 July 2015 Heat Waves 
Significant cases of heat waves were recorded in the summer seasons of 2006 and 

2015. To show how synoptic conditions affected thermal and biothermal conditions, 
courses of air temperature and UTCI were presented for 18–28 July 2006 and 2–5 July 2015.  

On 18–20 July 2006, the Polish–Saxon border region was under the influence of a vast 
high-pressure area that stretched from the Norwegian Sea to Central Europe and that was 
moving eastward (Figure 8). Advection of tropical air masses was observed in the dis-
cussed area. On the following days, the center of the high-pressure area moved east of 
Poland. Weather conditions were affected by the low-pressure area, with convergence 
zones moving over the region. On 25 July, a high-pressure system started to develop over 
Central Europe and subsequently was moving toward the Norwegian Sea. Tropical air 
masses were still observed over the region. After the discussed period, low-pressure areas 
with atmospheric fronts developed in West Europe. They caused advection of maritime 
polar air masses, which consequently ended the heat period.  

  

Figure 8. Synoptic situation over Europe on 20 July 2006 (left) and 26 July 2006 (right) (source: www.knmi.nl) 

In the upper zones of the troposphere, at the levels between 300 and 850 hPa, the 
region was within a high-pressure ridge that stretched from northwest Africa to Central 
Europe. Advection of tropical air masses toward West and Central Europe was observed 

Figure 8. Synoptic situation over Europe on 20 July 2006 (left) and 26 July 2006 (right) (source: www.knmi.nl)

In the upper zones of the troposphere, at the levels between 300 and 850 hPa, the
region was within a high-pressure ridge that stretched from northwest Africa to Central
Europe. Advection of tropical air masses toward West and Central Europe was observed at
the western edge of the ridge. From 21 July, minor low-pressure troughs began to move
eastward within the ridge. Subsequently, a stable high-pressure ridge developed on 27 July
over West Europe and started to move eastward. The Polish–Saxon border region was
under the influence of tropical air masses. In the case of isotherms at the 850 hPa isobaric
level, air temperature on the first days of the heat wave episode was equal to 15–17 ◦C,
while on 21 July it reached even 20 ◦C. In the final stage of the period, it dropped to 15 ◦C
due to advection of cooler air masses. According to Ojrzyńska’s classification, SW-A was
predominant on 20–24 July, while the NW-A, NE-A, and XX-A types were noticed on the
other days.

As a result of the synoptic situation on 18–28 July 2006, air temperature at the stations
representing the lower hypsometric zones usually exceeded 30 ◦C, occasionally reaching
beyond 35 ◦C (Figure 9). Significantly lower values, mainly below 20 ◦C during the daytime,
were recorded on Śnieżka Mountain. The course of air temperature in the discussed period
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in the summit zone was typical for a convex terrain form and was characterized by low
daily amplitudes.

Atmosphere 2021, 12, x FOR PEER REVIEW 16 of 23 
 

 

at the western edge of the ridge. From 21 July, minor low-pressure troughs began to move 
eastward within the ridge. Subsequently, a stable high-pressure ridge developed on 27 
July over West Europe and started to move eastward. The Polish–Saxon border region 
was under the influence of tropical air masses. In the case of isotherms at the 850 hPa 
isobaric level, air temperature on the first days of the heat wave episode was equal to 15–
17 °C, while on 21 July it reached even 20 °C. In the final stage of the period, it dropped 
to 15 °C due to advection of cooler air masses. According to Ojrzyńska’s classification, 
SW-A was predominant on 20–24 July, while the NW-A, NE-A, and XX-A types were no-
ticed on the other days. 

As a result of the synoptic situation on 18–28 July 2006, air temperature at the stations 
representing the lower hypsometric zones usually exceeded 30 °C, occasionally reaching 
beyond 35 °C (Figure 9). Significantly lower values, mainly below 20 °C during the day-
time, were recorded on Śnieżka Mountain. The course of air temperature in the discussed 
period in the summit zone was typical for a convex terrain form and was characterized by 
low daily amplitudes.  

 
Figure 9. Course of air temperature (left) and UTCI (right) on 18–28 July 2006 in the Polish–Saxon border region (UTCI 
categories: moderate cold stress (−2), slight cold stress (−1), no thermal stress (0), moderate heat stress (1), strong heat stress 
(2), and very strong heat stress (3)). 

Such thermal conditions contributed to the structure of thermal stress in terms of the 
UTCI. In lower hypsometric zones, the maximum UTCI values usually exceeded 32 °C, 
classifying biothermal conditions as strong heat stress. On 27 July, they even corre-
sponded to very strong heat stress (UTCI > 38 °C) at some of the stations located lower 
down. The minimum UTCI, observed during the nighttime, was adequate for the no ther-
mal stress category. On the summits, biothermal conditions were usually classified as no 
thermal stress during the daytime, while at night, they dropped below 9 °C (slight cold 
stress) or even 0 °C (moderate cold stress). 

In the case of the heat wave of 2–5 July 2015, a high-pressure system developed over 
the south Baltic Sea at the beginning of this period. In the following days (till 4 July), it 
slowly moved toward Lithuania, Belarus, and Ukraine, gradually getting weaker (Figure 
10). Such baric conditions contributed to the occurrence of dry and warm continental polar 
air masses in the Polish–Saxon region. Meanwhile, advection of tropical air masses, con-
nected with a low-pressure trough from the Atlantic Ocean, was observed in West Europe. 
As the trough started to move eastward, the tropical masses advected over the Polish–
Saxon border region on 4 July. Subsequently, a cold front related to the low-pressure sys-
tem from Scandinavia caused advection of cold maritime polar air masses, which resulted 
in a decrease in air temperature values. 

Figure 9. Course of air temperature (left) and UTCI (right) on 18–28 July 2006 in the Polish–Saxon border region (UTCI
categories: moderate cold stress (−2), slight cold stress (−1), no thermal stress (0), moderate heat stress (1), strong heat
stress (2), and very strong heat stress (3)).

Such thermal conditions contributed to the structure of thermal stress in terms of the
UTCI. In lower hypsometric zones, the maximum UTCI values usually exceeded 32 ◦C,
classifying biothermal conditions as strong heat stress. On 27 July, they even corresponded
to very strong heat stress (UTCI > 38 ◦C) at some of the stations located lower down. The
minimum UTCI, observed during the nighttime, was adequate for the no thermal stress
category. On the summits, biothermal conditions were usually classified as no thermal
stress during the daytime, while at night, they dropped below 9 ◦C (slight cold stress) or
even 0 ◦C (moderate cold stress).

In the case of the heat wave of 2–5 July 2015, a high-pressure system developed over the
south Baltic Sea at the beginning of this period. In the following days (till 4 July), it slowly
moved toward Lithuania, Belarus, and Ukraine, gradually getting weaker (Figure 10).
Such baric conditions contributed to the occurrence of dry and warm continental polar air
masses in the Polish–Saxon region. Meanwhile, advection of tropical air masses, connected
with a low-pressure trough from the Atlantic Ocean, was observed in West Europe. As
the trough started to move eastward, the tropical masses advected over the Polish–Saxon
border region on 4 July. Subsequently, a cold front related to the low-pressure system
from Scandinavia caused advection of cold maritime polar air masses, which resulted in a
decrease in air temperature values.
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At the upper levels of the troposphere, including the baric surface of 300 hPa, the
Polish–Saxon region was affected by a high-pressure ridge that covered the area from the
western Mediterranean Sea to the Baltic region. Initially, on 2–3 July, a high-pressure system
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developed in the lower troposphere (up to 700 hPa level) whose range was similar to the
high-pressure system for the sea-level baric field. On the following days, the high-pressure
system at the 700 hPa level moved to the southeast. Because of advection of tropical air
masses, high values of air temperature were observed at the level of 850 hPa—an isotherm
of 20 ◦C was noticed on 4–5 July. In terms of the considered classification of the circulation,
the types for the first days were classified as NE-A, while the final stage of the heat wave
was related to SE-A circulation.

Air temperature in the lowlands and the mountain foreland was characterized by very
high values, which exceeded as much as 35 ◦C on the two final days (Figure 11). Similar
to the previously discussed period, the course of air temperature in Jelenia Góra was
characterized by lower values for both daytime and nocturnal hours in comparison to the
lowlands and the mountain foreland. In the case of Śnieżka Mountain, the air temperature
was significantly lower and reached just beyond 20 ◦C during the daytime.
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Considering biothermal conditions, heat stress in the lower hypsometric zones was
more intensive than for the 2006 heat wave. The UTCI usually corresponded to the class of
strong heat stress. The highest intensity of thermal stress was noticed on the last two days.
At some of the stations, the UTCI exceeded 38 ◦C or even 40 ◦C, which was equivalent to
the very strong heat stress category. Meanwhile, the UTCI on Śnieżka Mountain did not
reach the boundary value for the heat stress class and corresponded to the no thermal stress
class for these two days. Such a situation on the summits was caused by a relatively low air
temperature and a wind speed higher than about 2 m/s compared to the lowland stations.

4. Discussion and Conclusions

The results of the study indicated that changes in the indices related to heat stress are
a severe issue in the discussed area. The rising tendency of the thermal and biothermal
indices shows that this problem can intensify in the following years. The research confirmed
the tendency in the heat stress frequency carried out for the previous periods for the regions
of Poland and Germany [3,5,8,9,12,70–72]. In most cases, the results were confirmed using
the Mann–Kendall test and Sen’s method. Positive and statistically significant trends
for annual heat day frequency in 1971–2019 were noticed for the lowlands, mountain
foreland, and lower mountain zone. The highest increase was observed in the 21st century,
which confirms the previous results carried out for Germany [12] and Poland [5,70,73,74].
The lowlands were characterized by the most dynamic changes, exceeding 2 days per
decade, which was more than twice as high as in the selected regions of Germany [12] and
Poland [73,74]. On the other hand, a rate of increase in the mountain foreland (Jelenia Góra)
was lower than that for 1966–2006 in the foothills of the Tatra Mountains (Zakopane) [71].
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On the summits, heat days did not occur at all, which makes this region similar to the
highest parts of the Tatra Mountains [71].

In terms of the UTCI, a statistically significant rising trend was noticed for all the
hypsometric zones, with the rate of increase reaching 0.4–0.8 ◦C per decade. Similar values
were observed for some areas representing the Baltic Sea region, where the rates varied
at 0.6–0.9 ◦C per decade [75]. In Budapest, Hungary, the mean annual UTCI in 1961–2010
rose at a rate of 0.4 ◦C per decade [47]. Such a tendency contributed to changes in the
structure of UTCI categories. In 1971–2019, a decreasing trend was observed for most of
the cold stress classes in favor of the rising number of days with thermoneutral conditions
and heat stress. Weather situations with a UTCI higher than 32 ◦C, considered as harmful
for people with cardiovascular diseases [4,43,55] and limiting urban tourism [76], occurred
on 1–3% of the days in the lower hypsometric zones. A similar number of days was
noticed in the lowlands of the western Lower Silesia [76], whereas in the Baltic Sea region,
their annual frequency did not reach 1% [44,45]. Similar to the Polish–Saxon region, very
strong heat stress in the Baltic Sea region and in the other provinces of Poland was noticed
sporadically, while extreme heat stress did not occur at all [44,45,77,78]. Nevertheless, the
UTCI can locally exceed the value of 46 ◦C in the urban areas of the region in weather
with very high air temperature, low wind speed, and intensive radiation [79]. In terms
of multi-annual changes in heat stress, the intensity of increase in the frequency of the
strong heat stress category in the lowlands was similar to that observed for Warsaw in
1966–2015 [46]. Simultaneously, the rate was also lower than in the Baltic Sea region and in
southeast Poland, where it reached 2 or more days per decade [44–46]. Increasing trends
for heat stress were also noticed in the southern part of Germany, where the frequency of
days with a UTCI higher than 32 ◦C increased by about 50% [57]. A rising tendency of
heat stress categories was also observed in some regions of Romania [80,81]. In the case
of the mountains of the Polish–Saxon border area, the research confirmed that strong or
very strong heat stress categories appear only in the lower hypsometric zones, while the
summits are free from their occurrence [61,78].

Atmospheric circulation plays a very significant role in the context of heat stress.
Analysis of heat days and days with UTCI > 32 ◦C showed that they occur most frequently
during anticyclonic circulation, in particular under NE-A and SW-A types, according to
Ojrzyńska’s classification. The first type is mainly related to advection of continental
polar air masses from the east. In this case, heat stress occurrence is associated with a
high-pressure system, located over the Norwegian Sea, Scandinavia, or the Baltic Sea, that
generates advection of dry and warm air masses [44–46,82,83]. The second type concerns
advection of tropical air masses from the south and is related to a high-pressure area located
in eastern or southeastern Europe [43–46,82,83]. Predominance of the SW circulation type in
the context of days with the UTCI exceeding 32 ◦C was also confirmed for the entire region
of Germany [57]. The SE-A and XX-A types were characterized by the highest percentage
of days with heat stress in the summer. In the case of SE-A, weather conditions with UTCI
> 32 ◦C can occur on 14–25% of days; however, their percentage in the total number of days
with heat stress conditions is relatively low. A similar situation was observed in Germany,
where the total frequency of days with UTCI > 32 ◦C for SW circulation was higher than for
SE circulation in spite of the very high percentage of such days noticed for the SE type [57].

The heat waves of 2006 and 2015, as presented above, were examples that heat stress
in the discussed area can be influenced by different circulation types. The case of 2006
was partly related to SW-A circulation, while the episode of 2–5 July 2015 was initially
caused by NE-A type. In both cases, high air temperature contributed to the increase in
the UTCI, which in the lowlands and mountain foreland can exceed 32 ◦C (strong heat
stress), 38 ◦C (very strong heat stress), or even 40 ◦C. Such values are typical for the most
extreme thermal periods noticed in the lowlands of Lower Silesia [32,77], the lower zones
of the Sudetes Mountains [56], and the lower regions of Czechia [51]. The heat wave of
2–5 July 2015 also showed that the extremity of thermal and biothermal conditions in the
lower hypsometric zones was comparable to the heat wave in August 2015 [23–28,32,78].
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During both heat waves, none of the heat stress categories was noticed on the summits.
This confirms the results of the previous studies that the highest mountain zones of the
Sudetes Mountains are free from heat stress occurrence, even during the most extreme
heat waves [28,32,78]. In the case of synoptic conditions during the heat wave episodes
of 2006 and 2015, the main factor contributing to their occurrence were high-pressure
systems located north or east from Poland. Such conditions were also confirmed in the
studies concerning heat waves in Central Europe [5,9,12,43–46]. Similar to the heat waves
discussed in the study, a high-pressure system located over the Baltic Sea and Eastern
Europe contributed to extreme thermal conditions during the heat waves in July/August
1994 and August 2015 [9]. Considering baric conditions in the higher atmospheric levels
in July 2006 and 2015, the isolines at the 500 hPa level were bent northward, which was
also noticed during the heat waves of 1994, 2003, and August 2015 in Poland [9] and
Germany [12]. Such a situation was related to the occurrence of warm air masses over
the discussed region. In the case of the 850 hPa isobaric level, the isotherm of 20 ◦C was
observed on some days during the 2006 and 2015 heat waves, while the mean multi-annual
value for the summer seasons of 1966–2015 in this region varied at 8–10 ◦C [12].

Increasing trends in heat stress frequency, especially for SW-A and SW-C circulation,
indicate that the frequency of heat stress during the southern circulation can additionally
arise in the future. The analysis concerning projections of the UTCI simulates a further
increase in the index in the following decades [57,84], including the Polish–Saxon border
area [61]. Such a tendency can contribute to worsening weather conditions in the lower
hypsometric zones in the context of the impact of thermal stress on the inhabitants (es-
pecially the elderly) as well as on tourists and bathers visiting the region. Therefore, it is
necessary to undertake additional actions focused on the evaluation of the relationship
between heat stress and atmospheric circulation aspects. The results presented in the paper
can be taken into consideration in further research on the heat stress problem in the region
of Central Europe.
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