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Abstract
The aim of the study was to characterise bioclimatic conditions in Poland in the times of progressing warming. This 
type of research permits the verification whether the progressing climate warming also translates into a change in 
bioclimatic conditions. This study was based on data obtained for the period 1966–2021 from 37 synoptic stations located 
in Poland. All the data series were uniform and obtained from the data base of the Institute of Meteorology and Water 
Management—National Research Institute (IMGW-PIB). The study revealed high variability of bioclimatic conditions 
in Poland both in spatial and in temporal terms. The lowest mean annual PET values were recorded in the north and 
north-east of the country and the highest in the south-west of Poland. The study revealed changes in the frequency of 
occurrence of days with cold and heat stress, as well as days with no thermal stress. The most intensive changes were 
determined for days with cold stress. A decrease in the number of days in this category translated into an increase in the 
number of days with no thermal stress and days with heat stress.
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Introduction

The currently progressing warming (IPCC 2021) translates 
into a transformation of bioclimatic conditions. Research 
on such conditions is recommended to employ indices that 
consider various meteorological parameters, because the 
human organism in the natural environment is affected 
not only by air temperature but also by air humidity, wind 
speed, etc. The literature distinguishes between simple and 
complex indices. The former group of indices includes those 
that describe the effect of several individual meteorological 
parameters on the human organism, namely air temperature, 

wind speed, and air humidity. They do not directly refer to 
the physiological response of the organism, and their impact 
on the human organism is considered based on the analysis 
of thermal perception or heat stress (Błażejczyk 2004; 
Błażejczyk et  al. 2012). This group of indices includes 
among others the Humidex (Masterson and Richardson 
1979), Effective Temperature (ET) (Houghton and Yaglou 
1923), and Apparent Temperature (AT) (Steadman 1984). 
The second group includes indices based on different 
models of human heat balance. According to Błażejczyk 
et al. (2012), the characteristics of the thermal environment 
from the point of view of thermal-physiological conditions 
require the application of the complete model of heat budget 
considering all mechanisms of heat exchange. Unlike in 
the case of such indices, simple indices can never fulfil the 
essential requirement that for each index value there must 
always be a corresponding meaningful thermo-physiological 
state (strain intensity), regardless of the combination of the 
input meteorological values (Błażejczyk et al. 2012). Due to 
this, their applicability is limited, and the results are frequently 
not comparable. The second group of indices include among 
others: Physiological Strain (PhS) and Physiological Subjective 
Temperature (PST) (Błażejczyk 1994, 2005, 2007; Błażejczyk 
and Matzarakis 2007; Błażejczyk et al. 2012), although the 
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Universal Thermal Climate Index (UTCI) (Błażejczyk et al. 
2010) and Physiologically Equivalent Temperature (PET) 
(Mayer and Höppe 1987; Höppe 1999; Matzarakis et al. 1999) 
have been recently applied most frequently.

Currently available studies in the scope of biometeorol-
ogy and bioclimatology in Poland have been primarily con-
ducted based on UTCI. Such studies include those covering 
the entire country (Tomczyk and Owczarek 2020; Wereski 
et al. 2020; Krzyżewska et al. 2021a, b; Kuchcik et al. 2021; 
Owczarek and Tomczyk 2022; Tomczyk and Bednorz 2023; 
Tomczyk et al. 2023), as well as selected regions or cit-
ies (Kolendowicz et al. 2018; Miszuk 2021; Rozbicka and 
Rozbicki 2021). Among numerous publications, the paper 
by Błażejczyk and Twardosz (2023) is particularly interest-
ing. The authors analysed the occurrence of heat and cold 
stress in Kraków in the period 1826–2021. Bioclimatic 
research based on such long data series can be considered 
unique not only at the national but also at the global scale. 
In recent years, researchers have been particularly focus-
ing on the occurrence of extreme situations, i.e. those caus-
ing at least strong heat stress (Owczarek 2019; Tomczyk 
and Owczarek 2020; Krzyżewska et al. 2021a, b; Miszuk 
2021; Tomczyk 2021; Tomczyk et al. 2023) or strong cold 
stress (Wereski et al. 2020; Miszuk 2021; Owczarek 2021; 
Owczarek and Tomczyk 2022; Tomczyk et al. 2023), or the 
assessment of biometeorological conditions during heat 
waves (Krzyżewska et al. 2019; Tomczyk 2019).

The scarce studies from Poland have been so far employ-
ing PET. Among the first such publications, the paper 
regarding the assessment of the bioclimatic diversity of 
Poland by Błażejczyk and Matzarakis (2007) deserves par-
ticular attention. In recent years, the index has been used for 
the assessment of biometeorological conditions during heat 
waves in Poland (Tomczyk et al. 2020). The index has been 
most frequently applied in the assessment of biometeoro-
logical conditions in Germany (Matzarakis and Endler 2010; 
Matzarakis 2013) and in other regions of Europe, e.g. in 
Ukraine (Shevchenko 2021; Shevchenko et al. 2022), Greece 
(Nastos and Matzarakis 2012), Austria (Ferrari et al. 2015), 
and Serbia (Basarin et al. 2018; Pecelj et al. 2021; Milošević 
et al. 2023). Moreover, research based on PET has been con-
ducted in Nigeria (Omonijo 2017), Japan (Matzarakis et al. 
2019), and India (Bal and Matzarakis 2022).

As mentioned above, bioclimatic conditions in Poland 
have been repeatedly analysed. There is, however, still no 
coherent and complex assessment of bioclimatic conditions 
based on a long data series from the entire country that 
would also cover the recent years, characterised by inten-
sively progressing climate warming. It is therefore justified 
to implement this type of research. According to Rozbicka 
and Rozbicki (2021), both daily/inter-day and long-term bio-
climatic conditions have a considerable effect on the quality 
of life in the urban environment.

The paper objective was to characterise bioclimatic con-
ditions in Poland in the times of progressing warming. The 
assumed objective was implemented through the determina-
tion of bioclimatic conditions in the long-term, annual, and 
seasonal scale, as well as through the determination of the 
direction and rate of their changes in the analysed period 
1966–2020. This type of research permits the verification 
whether the progressing climate warming also translates into 
a change in bioclimatic conditions.

Data and methods

The basis for the study was data from 37 synoptic stations 
located in Poland from the period of 1966–2021 (from 2021 
for two winter months: January and February) (Fig. 1). The 
stations are located outside the city centres. It employed 
data series from 12:00 UTC such as air temperature (°C), 
relative humidity (%), wind speed (m∙s−1), and total 
cloudiness (okta). This hour is a standard observation term 
providing data for research in the scope of biometeorology 
and bioclimatology. This time of day corresponds to most 
types of outdoor human activity in Poland. All the data 
series were uniform and obtained from the data base of the 
Institute of Meteorology and Water Management—National 
Research Institute (IMGW-PIB). Wind speed was estimated 
at 1.1 m, which is the gravity centre of the human body. The 
reduction of the wind speed has been performed according 
to previous human-biometeorological studies (Matzarakis 
et al. 2009).

The data provided the basis for the calculation of 
the human thermal index PET. PET is defined as the air 
temperature at which, in a typical indoor setting (without 
wind or solar radiation), the energy balance of the human 
body is balanced with the same core and skin temperature 
as under the complex outdoor conditions to be assessed 
(Mayer and Höppe 1987; Höppe 1999; Matzarakis et al. 
1999; Matzarakis and Amelung 2008). PET is expressed 
in degree Celsius (°C), facilitating its interpretation. 
PET is one of the most used index for the quantification 
of thermal comfort and heat stress (Potchter et al. 2018, 
2022). The settings for thermo-physiological are standard 
for comparison and harmonisations. The calculation was 
conducted by means of the RayMan model (Matzarakis et al. 
2007, 2010, 2021; Matzarakis and Endler 2010; Matzarakis 
and Fröhlich 2018; Fröhlich et al. 2019). It is a micro-scale 
model developed to calculate radiation fluxes in simple and 
complex environments. This allows the calculation of Tmrt, 
which is an important input parameter in the calculation of 
thermal biometeorological indices.

The calculated PET values provided the basis for calculating 
the mean annual and seasonal (spring: March–May; summer: 
June–August; autumn: September–November; winter: 
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December–February) index value. Mean PET values were also 
calculated for shorter subperiods. Because the analysis covered 
55 years, the period was divided into five decades in the years 
1971–2020 and a 5-year period (1966–1970), although it was 
not considered due to the incomplete number of years. Only 
full decades were considered in the analyses. Next, changes 
in the calculated values in the multiannual period were 
investigated. The rate and direction of changes were assessed 
by means of linear regression, and the statistical significance 
of trends was verified by means of a t-Student test.

In the following stage, based on the calculated values, 
the PET category was determined (Table  1) for each 
day, followed by the determination of the frequency 
of occurrence of these categories in the study period in 
particular stations. Moreover, changes in the annual number 
of days with cold stress, days with no thermal stress, and 
days with heat stress in the years 1966–2020 were analysed, 

and the statistical significance was determined by means 
of a non-parametric Mann–Kendall test (Mann 1945) at a 
significance level of 0.05.

The maps were made in the Surfer13 program. The 
kriging method was used for interpolation.

Results

In the years 1966–2020, mean annual PET value in Poland 
was 9.2  °C. The index value showed spatial variability 
and increased from the north and south-east (below 7 °C) 
towards the south-west (more than 10.0 °C, and in the upper 
course of the Oder River even more than 11.0 °C) (Fig. 2). 
In the study period, high PET fluctuations were recorded 
from year to year although the variability was comparable 
throughout the area, as indicated by the standard deviation 
values. In 91% of stations, the values were within a range 
of 1.2–1.5 °C, and the lowest value was observed in Ustka 
(0.9 °C).

In most stations (51%), the lowest mean annual PET 
value was recorded in 1980, with an average for the entire 
area of only 6.7 °C. In that year, the index values evidently 
increased from the north-east towards the south-west of the 
study area (Fig. 2). In particular stations, mean annual PET 
value varied from 3.1 °C in Suwałki to 9.9 °C in Kłodzko 
(Fig. 3). An equally high value was recorded in Raciborz 
(9.1 °C). In those two stations, the lowest PET for the entire 
multiannual period was recorded not in 1980, but in 1996 
(with values of 7.6 °C and 8.5 °C, respectively). The year 
with the second lowest PET value was 1987 (mean for the 
entire area 6.9 °C), when the minimum for the entire period 
was recorded in 30% of stations.

Fig. 1   Location of the synoptic 
stations in Poland

Table 1   PET for different levels of thermal perception and physi-
ological stress on human beings (during standard conditions where 
the heat transfer resistance of clothing is 0.9 clo and the internal heat 
production is 80 W) (Matzarakis et al. 1999)

PET (°C) Thermal perception Grade of physical stress

 < 4.0 Very cold Extreme cold stress
4.1–8.0 Cold Strong cold stress
8.1–13.0 Cool Moderate cold stress
13.1–18.0 Slightly cool Slight cold stress
18.1–23.0 Comfortable No thermal stress
23.1–29.0 Slightly warm Slight heat stress
29.1–35.0 Warm Moderate heat stress
35.1–41.0 Hot Strong heat stress
 > 41.0 Very hot Extreme heat stress
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In 76% of stations, the highest mean annual PET value was 
recorded in the twenty-first century. Considering the highest 
index value calculated for the entire area, the record year 
throughout the multiannual period was 2018, with a mean of 
11.6 °C. An increase in PET values occurred from the north 
towards the south-west of the country (along the Oder River 
valley) (Fig. 2). The range of fluctuations of the analysed index 
was from 8.0 °C in Ustka to 14.4 °C in Opole. In that year, 
the highest PET value throughout the multiannual period was 
recorded in 35% of stations, and in the following year in 30% of 
stations. In 2019, the mean for the entire area was 11.5 °C and 
varied from 8.2 °C in Łeba to 14.1 °C in Opole.

During the research period 1966–2020 (except for 
Raciborz), an increase in PET values was observed in 
the territory of Poland. The most intensive changes were 

recorded in the area stretching from the north-west to the 
north-east through the middle part of the country. An 
increase in PET values ranged from 0.12 °C/10 years in 
Kłodzko to 0.66 °C/10 years in Świnoujście and Warsaw 
(Fig. 3). Moreover, at least 0.60 °C/10 years was recorded 
in Suwałki, Mława, Katowice, Łódź, and Terespol. In 92% 
of the stations, the changes were statistically significant. 
The progressing warming was also evident in mean PET 
in particular decades (Table 2). In all stations, the highest 
mean index value was recorded during the last of the 
analysed decades (2011–2020). Moreover, in two stations, 
the same value was also observed in the years 1991–2000. 
In 84% of stations, the lowest mean value was determined 
for the first decade (1971–1980), and in one station, the 
same value was recorded in the subsequent decade.

Fig. 2   Mean annual PET in Poland for 12:00 UTC: in the years 1966–2020 (A), mean PET in 1980 (B) and 2018 (C)
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In spring in the period 1966–2020, mean PET value was 
9.7 °C. The index value increased from the north towards the 
south-west of the country and varied from 5.5 °C in Łeba 
to 12.4 °C in Opole (Fig. 4). During the research period 
1966–2020, the lowest mean PET value for the entire area 
observed in 1987 was 6 °C. In that year, minimum value 
throughout the multiannual period was recorded in the 
highest number of stations (43%). In particular stations, the 
index value fluctuated from only 1.8 °C in Łeba to 9.4 °C 
in Opole (Fig.  5). Equally low mean PET values were 
recorded in 1970 (minimum in 32% of stations) and 1980 
(minimum in 21% of stations). The highest mean PET value 
was observed in 2000, reaching 12.7 °C for the entire area. 
In that year, the index value varied from 7.1 °C in Ustka 
to 15.3 °C in Opole and 15.2 °C in Słubice. Approximate 
bioclimatic conditions were observed in 2018, when the 
mean for the entire country was 12.5 °C and varied from 
6.0 °C in Ustka to 15.4 °C in Opole (Fig. 5). Maximum 
PET value throughout the multiannual period for spring was 
recorded in 30% of stations in 2000 and in 27% of stations 
in 2018. In the analysed period, an increase in PET values 
was observed in spring (except for Raciborz). The most 
intensive changes (> 0.50 °C/10 years) were recorded in the 
belt stretching from the north-west towards the south-east 
through the central regions of the country, with the exception 
of the eastern part of the coast. An increase in values 
varied from 0.09 °C/10 years in Ustka to 0.82 °C/10 years 
in Świnoujście. Equally considerable changes occurred in 
Gorzów Wielkopolski (0.75 °C/10 years). In 84% of the 
stations, the changes were statistically significant. In 32% of 

stations, changes in PET recorded in spring were the greatest 
among all the seasons. Like in the case of mean annual 
values, the highest mean PET were also recorded in spring 
over the last decade (2010–2020), as observed in 86% of 
stations (Table 3). In 95% of stations, the lowest mean index 
value was determined in the years 1971–1980 (in one station, 
the same value was recorded in the one but last decade).

In summer in the years 1966–2020, mean PET value was 
22.7 °C. The lowest index values were recorded in the north-
ern regions (in Łeba 17.7 °C) of the study area, and the 
highest in the southern ones, and particularly in the south-
western ones (in Opole 25.4 °C) (Fig. 4). The lowest mean 
PET value for the entire area was recorded in 1980, reaching 
19.2 °C. In particular stations, it ranged from 15.9 °C in 
Łeba to 22.1 °C in Kłodzko (Fig. 6). It was the year with 
the highest PET value in the analysed multiannual period 
in 43% of stations. Approximate bioclimatic conditions 
occurred in 1974, 1978, and 1980. The highest PET value 
for the study area was recorded in 2019, reaching 26.4 °C, 
and varied from 20.8 °C in Ustka and Łeba to 30.0 °C in 
Opole. In 43% of stations in the analysed year, the highest 
mean seasonal PET value throughout the analysed period 
was recorded. Approximate conditions were observed in 
1992, 2018, 2015, and 2002. In the analysed multiannual 
period, PET increased in summer throughout the area, with 
the most intensive course in south-east Poland. In particu-
lar stations, the changes varied from 0.03 °C/10 years in 
Ustka to 0.89 °C/10 years in Katowice (Fig. 6). The recorded 
changes were statistically significant in 89% of stations. In 
57% of stations, PET changes in summer were the most 

Fig. 3   Mean annual PET in the years 1966–2020 (for 12:00 UTC) in Kłodzko, Suwałki, Ustka, and Warszawa
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considerable among all seasons. The discussed changes 
were also evident in mean decade index values (Table 4). 
In 92% of stations, the highest mean PET were recorded in 
the period 2010–2020 (in three stations, the same value was 
recorded in earlier decades). The lowest values were deter-
mined in the first or second decade of the analysed period.

In autumn in the years 1966–2020, mean PET value was 
8.7 °C. Although it was lower by 1.0 °C than in spring, 
the spatial distribution of the isolines was approximate to 
the spring conditions (Fig. 4). An evident difference was 
observed in the case of the Baltic Sea coast, where autumn 
values were higher, which is typical of marine climate. 
PET values in the study area increased from the north-
east (5.5 °C in Suwałki) towards the south-west (10.9 °C 

in Opole) (Fig. 7). More than 10.0 °C was also recorded 
in Raciborz, Jelenia Góra, Słubice, Kraków, and Wrocław. 
Based on mean PET calculated for the entire area, the season 
with minimum PET was autumn 1998 (mean 6.0 °C). The 
value in particular stations varied from 3.5 °C in Suwałki 
to 8.2 °C in Jelenia Góra. Considering the year when the 
lowest mean PET value throughout the multiannual period 
was recorded in the highest number of stations, year 1993 
deserves attention (mean 6.3 °C). The mean index value 
varied from 2.6 °C in Suwałki to 11.1 °C in Zakopane. In 
1993, in 43% of stations (primarily in north and north-east 
Poland), the lowest PET value in the multiannual period was 
recorded, and in 1998 in 30% of stations (primarily in central 
and south Poland). Except for the station in Raciborz, PET 

Fig. 4   Mean PET in Poland: in spring (A), summer (B), autumn (C), and winter (D) in the years 1966–2020 (for 12:00 UTC)
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increased in the study area in autumn in the analysed period. 
The increase progressed the fastest in the north-western and 
north-eastern regions of the country. In particular stations, 
the increase varied from 0.03 °C/10 years in Kłodzko to 
0.57 °C/10 years in Koszalin (Fig. 7). In 84% of the stations, 
the changes were statistically significant. In 70% of stations, 
changes in PET in autumn were the lowest among all sea-
sons. In all stations, the highest mean PET was recorded 
in the last decade, and the lowest in 95% of stations in the 
first decade (in two stations, the same value was recorded in 
subsequent decades) (Table 5).

In winter in the years 1966/1967–2020/2021, mean 
PET value was − 4.4 °C. In that season, the course of PET 
isolines was different than in the case of earlier seasons. 
Over a considerable area, they showed an approximately 
longitudinal course (Fig. 4). The lowest index values were 
recorded in north-eastern Poland (− 8.5 °C in Suwałki) 
and the highest in the south-western and western regions 
of the country (− 1.4  °C in Jelenia Góra) (Fig. 8). The 
lowest mean PET value was recorded in winter 1969/1970. 
It reached − 9.0  °C. In particular stations, it ranged 
from − 14.2  °C in Suwałki to − 3.5  °C in Zakopane. 
Below − 10.0  °C was also recorded in Mława, Olsztyn, 
Warsaw, Terespol, Chojnice, Łódź, Toruń, and Włodawa. 
In 57% of stations, it was a season with the lowest mean 
PET in the entire multiannual period. Equally unfavourable 
bioclimatic conditions were recorded in winter 1984/1985, 
when the lowest mean PET was recorded in 24% of stations 
and the mean index value for the entire area reached − 8.7 °C. 
The highest mean PET value was recorded in winter 

2019/2020, reaching − 0.4 °C. In particular stations, mean 
seasonal value of the index ranged from − 3.0 °C in Suwałki 
to 1.8 °C in Wrocław. In 68% of stations, it was a season 
with the highest mean PET in the analysed period. With the 
exception of two stations (Racibórz, Zakopane), an increase 
in PET was recorded in winter. It was the most intensive 
in north-east and north-west Poland. In particular stations, 
the increase ranged from 0.05 °C/10 years in Kłodzko to 
0.71 °C/10 years in Suwałki (Fig. 8). The recorded changes 
were statistically significant in 73% of stations. In 8% of 
stations, changes recorded in winter were the greatest among 
all seasons, and the lowest in 22% of stations. In 84% of 
stations, the highest mean index value was recorded in the 
last decade (Table 6). Unlike in the case of earlier seasons 
of the year, no single dominant decade was identified. The 
values were recorded in decades: 1971–1980 or 1981–1990 
or 2001–2010 (in five stations, the lowest value was observed 
in two decades). The lowest value was not recorded only in 
two decades, namely 1991–2000 and 2010–2020.

In spring in the analysed years, cold stress categories 
were dominant. Their share changed in particular months 
of the season. In March, those categories constituted from 
96.0% of days in Jelenia Góra to 99.9% of days in Ustka and 
Łeba (Fig. 9). Among these days, days with extreme cold 
stress were recorded, and their share varied from 46.2% of 
all days in Opole to 82.5% of all days in Suwałki. In 19% 
of stations in the analysed period, no days from heat stress 
categories were recorded. In April, the share of cold stress 
categories decreased in favour of days with no thermal stress 
and days with heat stress. Cold stress categories constituted 

Fig. 5   Mean PET in spring in the years 1966–2020 (for 12:00 UTC) in Gorzów Wielkopolski, Łeba, Opole, and Ustka
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from 77.3% of days in Opole to 97.2% of days in Łeba. 
Days with no thermal stress constituted from 1.8% of days 
in Łeba to 14.4% of days in Opole. The lowest share of such 
days was observed at the coast, and the greatest in the south 
and west of Poland. Days with heat stress were recorded in 
all stations. Their share varied from 1.0% of days in Łeba 
and Hel to 8.3% of days in Opole. In the last of the spring 
months, in 22% of stations, cold stress categories constituted 
less than half of all days. In particular stations, their share 
varied from 42.9% of days in Opole to 88.2% of days in 
Ustka. Days with slight cold stress and moderate cold stress 
occurred the most frequently. A similar frequency was deter-
mined for the occurrence of days with no thermal stress and 
days with heat stress. The share of the former ranged from 
7.1% of days in Ustka to 27.3% of days in Białystok and 
Włodawa. In the latter group, the share varied from 4.5% of 
days in Łeba to 31.8% of days in Opole. In all the analysed 
stations, days with strong heat stress were recorded, and in 
62% of stations days with extreme heat stress (their highest 
share was observed in Raciborz).

In summer, heat stress or no thermal stress categories 
were dominant. In the first summer month, only in 13% of 
stations, days with cold stress constituted more than half 
of all days. In particular stations, their share varied from 
25.1% of days in Opole to 73.4% of days in Łeba (Fig. 9). An 
approximate share of such days was also recorded in Ustka. 
Among days with cold stress, days with slight cold stress 
were generally dominant. In 73% of stations, days with heat 
stress occurred the most frequently. The share of days in the 
said category varied from 8.8% in Ustka to 51.3% in Opole 

(and only in this station they constituted more than half of all 
days). Except for the coast, the share of days of that category 
was uniform throughout the study area, with an increased 
share in the south. No days with extreme heat stress were 
only recorded in 8% of stations, and the highest number of 
such days was determined in Opole. Days with no thermal 
stress constituted from 17.4% of days in Łeba to 31.8% of 
days in Szczecin. In July, days with heat stress evidently 
dominated. In 73% of stations, they accounted for more than 
half of all days. In particular stations, the share of days of the 
analysed category ranged from 18.8% in Łeba to 64.0% in 
Opole. Days with slight and moderate heat stress occurred 
the most frequently. No days with extreme heat stress were 
recorded only in 5% of stations. Such days were observed the 
most frequently in Opole and Kraków. Days with no thermal 
stress constituted from 20.3% of days in Opole to 36.1% of 
days in Świnoujście. Days with cold stress constituted from 
15.7% of days in Opole to 51.4% of days in Łeba (only in 
this station, days of this category accounted for more than 
half of all days). In this category of thermal stress, days 
with slight cold stress were the most frequent. Days with 
extreme cold stress were recorded in 16% of stations. In 
August, the share of particular categories of thermal stress 
was approximate to that observed in July. The share of days 
with heat stress was dominant, and in 68% of stations, such 
days accounted for more than half of all days. In particular 
stations, their share varied from 20.4% of days in Łeba to 
66.2% of days in Opole. Days with slight and moderate heat 
stress occurred the most frequently. In all stations, days with 
all categories of heat stress were recorded, including extreme 

Fig. 6   Mean PET in summer in the years 1966–2020 (for 12:00 UTC) in Katowice, Kłodzko, Łeba, and Ustka
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heat stress, the most frequently observed in Opole. Days 
with no thermal stress constituted from 19.1% of days in 
Opole to 36.1% of days in Kołobrzeg. Days with cold stress 
constituted from 14.7% of days in Opole to 46.7% of days 
in Łeba. In this category of thermal stress, days with slight 
cold stress were the most numerous. Days with extreme cold 
stress were observed in 35% of stations.

In autumn, cold stress categories were dominant again. 
They were recorded the most frequently at the coast, and 
the most seldom in the southern regions of the country. The 
smallest share of days with cold stress was determined for 
September. In particular stations, the share of such days var-
ied from 47.3% in Opole to 81.3% in Łeba (Fig. 9). Only 
in Opole such days did not exceed half of all days. Days 
with slight and moderate cold stress were recorded the most 
frequently. Days with extreme cold stress occurred in all 
stations and were the most frequent in Zakopane. Days 
with no thermal stress constituted from 13.3% of days in 
Łeba to 25.5% of days in Opole. The share of days with 
heat stress ranged from 5.4% in Łeba to 27.2% in Opole. In 
the scope of the said category, days with slight heat stress 
occurred the most frequently. Days with extreme heat stress 
were recorded in 46% of stations. In October, the share 
of days with cold stress varied from 80.9% in Kraków to 
98.8% in Hel. Days with moderate and strong cold stress 
were recorded the most frequently. Days with extreme cold 
stress were equally frequent, reaching from 12.1% of days 
in Słubice to 43.3% of days in Suwałki. Days with no ther-
mal stress constituted from 1.0% of days in Hel to 12.0% of 
days in Kraków. Days with heat stress were even more rare, 

constituting from 0.1% of days in Suwałki to 7.2% of days in 
Jelenia Góra. In November, in 27% of stations, all days were 
classified as days with cold stress, and the lowest number 
of such days was observed in Kraków, reaching 98.5% of 
days. Days with extreme cold stress were recorded the most 
frequently, from 56.0% of all days in Jelenia Góra to 93.3% 
of all days in Suwałki. In 30% of stations, no days with no 
thermal stress were recorded, and in 62% of stations, no days 
with heat stress.

In all months of the winter season, almost all days were 
characterised by cold stress. One hundred percent of days 
with cold stress was not recorded in December only in 
Opole, and in January only in Opole and Lesko. In the afore-
mentioned stations, 0.1% of days were classified as days with 
no thermal stress. The conditions were somewhat different 
in February. The share of days with cold stress ranged from 
98.2% of days to 100% days. In 57% of stations, days with 
no thermal stress were recorded, and in 13% of stations, days 
with heat stress. Among days with cold stress, days with 
extreme cold stress occurred the most frequently in each 
month. In December, their share varied from 84.6% of days 
to 99.8% of days, in January from 86.5% of days to 99.9% of 
days, and in February from 75.4% of days to 98.4% of days. 
In each of the said months, the minimum share was observed 
in Jelenia Góra, and maximum in Suwałki (Fig. 9).

The study revealed considerable changes in the occurrence 
of conditions causing heat and cold stress, but also conditions 
described as no thermal stress. In 95% of stations, a decrease 
in the frequency of occurrence of conditions causing cold 
stress was determined, and in 89% of stations, the recorded 

Fig. 7   Mean PET in autumn in the years 1966–2020 (for 12:00 UTC) in Koszalin, Opole, Suwałki, and Zakopane
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changes were statistically significant. Over a major area, the 
decreases were at an approximate level (4–6 days/10 years), 
and the greatest decreases were observed in Świnoujście 
(7.5 days/10 years) and Katowice (7.1 days/10 years). In 89% 
of stations, the frequency of occurrence of days with no ther-
mal stress increased, and in 92% of stations, an increase in the 
frequency of occurrence of conditions causing heat stress was 
recorded. In the case of the former category of days, the occur-
ring changes were statistically significant in 57% of stations, 
and in the latter case in 70% of stations. The greatest increase 
in the frequency of occurrence of days with heat stress was 
observed in Terespol (5.6 days/10 years) and Katowice and 
Lesko (5.0 days/10 years).

Summary and discussion

On the basis of the conducted research, it revealed high vari-
ability of bioclimatic conditions in Poland both in spatial 
and in temporal terms. The lowest mean annual PET values 
were recorded in the north and north-east of the country, and 
the highest in the south-west of Poland. The obtained results 

are in line with earlier studies on bioclimatic conditions in 
Poland based on other indices, e.g. UTCI (Kuchcik et al. 
2021; Tomczyk and Bednorz 2023). Mean annual distribu-
tion of PET values was approximate to the distribution of 
mean annual air temperature in Poland (Kejna and Rudzki 
2021; Ustrnul et al. 2021; Tomczyk 2022). Low PET values 
in coastal stations result from the cooling effect of the Bal-
tic Sea and increased wind speed and air humidity (Kejna 
and Rudzki 2021; Wibig 2021, 2022; Wypych 2022). In 
north-east Poland, the main factor affecting the index value 
were low air temperature values—next to the mountains, 
the area is among the coldest areas in the country (Kejna 
and Rudzki 2021; Ustrnul et al. 2021; Tomczyk 2022). On 
the background of the analysed multiannual period, 2 years 
particularly stood out, namely 1980 and 2018, with recorded 
lowest and highest PET values, respectively. In those years, 
the lowest and highest mean annual UTCI values were also 
recorded over a major part of Poland (Tomczyk and Bednorz 
2023). The said years were among the coldest and warmest 
years in the recent decades in Poland (Tomczyk and Bed-
norz 2020; Matuszko et al. 2022). The conducted research 
showed an increase in mean annual PET values, and the 

Fig. 8   Mean PET in winter in the years 1966–2020 (for 12:00 UTC) in Jelenia Góra, Suwałki, Wrocław, and Zakopane
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most intensive changes were recorded in the north-western 
and north-eastern parts of the country. The obtained results 
are in line with earlier studies on bioclimatic conditions in 
Poland, and the differences in the rate of changes result from 
the adopted multiannual periods and indices (Tomczyk and 
Bednorz 2020; Matuszko et al. 2022). Changes in mean 
annual UTCI in the period 1951–2018 over a predominant 
area of Poland were statistically significant, and an increase 
in the index value was determined in each of the analysed 
stations (Kuchcik et al. 2021). The highest increase occurred 
in Suwałki (0.90 °C/10 years), Tarnów (0.89 °C/10 years), 
and Świnoujście (0.80 °C/10 years). According to Marosz 
et al. (2023), 9 warmest years in Poland since 1951 occurred 
after 2000. The above changes caused in changes in biocli-
matic conditions. In a large majority of stations, the highest 
mean annual PET value in the studied multiannual period 
was recorded in the twenty-first century.

The spatial distribution of mean annual PET values was 
approximate to the spatial distribution of mean values for 
particular seasons. The highest values were recorded in 
the south-western regions of the country. The situation 
was somewhat different in the case of the lowest values. 
In spring and summer, they were recorded in the northern 
regions—at the coast of the Baltic Sea, and in autumn and 
winter in the north-eastern regions. Such a distribution of 
PET values was a consequence of the cooling effect of 

the sea in spring and summer, and its warming effect in 
autumn and winter in the coastal zone. A similar spatial 
distribution of the lowest and highest PET values was also 
observed during heat waves in Poland (Tomczyk et al. 
2020). Except for two stations, an increase in PET values 
was recorded in all seasons of the year in the analysed 
multiannual period. The changes showed no uniform 
course in a year. In 57% of stations, the most intensive 
changes were recorded in summer, and in 70% of stations, 
the smallest changes were observed in autumn. The level of 
changes in the index values is evident in the comparison of 
the obtained results with results of research by Błażejczyk 
and Matzarakis (2007) covering the period 1961–1990. In 
all seasons of the year, the highest values were recorded 
in this study, and the differences are at a level of several 
degrees Celsius.

The study revealed changes in the frequency of 
occurrence of days with cold and heat stress, as well as days 
with no thermal stress. The most intensive changes were 
determined for days with cold stress. A decrease in the 
number of days in this category translated into an increase 
in the number of days with no thermal stress and days with 
heat stress. Changes in the frequency of occurrence of days 
characteristic in biometeorological terms were addressed in 
earlier studies regarding summer (Tomczyk and Owczarek 
2020; Krzyżewska et al. 2021a, b; Miszuk 2021; Tomczyk 

Fig. 9   Share of days with particular PET categories during the year in selected stations in Poland in the years 1966–2020 (for 12:00 UTC)
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et al. 2023) and winter (Wereski et al. 2020; Miszuk 2021; 
Owczarek and Tomczyk 2022; Tomczyk et al. 2023). The 
authors of the cited studies directly pointed to an increase 
in the number of days with heat stress and a decrease in 
the number of days with cold stress. According to Kuchcik 
(2021) based on UTCI, an increase in heat stress contributed 
to an increase in death risk. The author evidenced that 
the > 38 °C risk of death increased by 25–30% in central 
Poland.

According to Tomczyk et  al. (2022) and Piniewski 
et al. (2017), the maximum daily air temperature and the 
number of hot days will increase by the end of the twenty-
first century. Due to this, a further increase in conditions 
causing heat stress should be expected, and implication will 
be in lead in the increase of morbidity and mortality. This is 
also confirmed by research by Błażejczyk et al. (2013) that 
predicted an increase in the number of days with heat stress 
(according to UTCI) in Warsaw at a rate of 0.9 days/10 years 
in the period 2000–2100. Similar changes have been found 
in other regions of Europe, e.g. in south-western Germany 
(Matzarakis and Endler 2010). In the following decades of 
the twenty-first century, there will be more and more days 
with strong heat stress and extreme heat stress. During this 
time, there will be less and less days with strong cold stress 
and extreme cold stress.

Conclusions

The conducted research showed that the progressing 
climate changes also translated into a change in bioclimatic 
conditions in Poland. An increase in PET values was 
determined both in the annual scale and in particular 
seasons of the year. During the year, statistically significant 
changes over the largest area were recorded in summer, 
and the smallest in winter. The aforementioned changes 
translated into an increase in the number of days with no 
thermal stress and days with heat stress, as well as a decrease 
in the number of days with cold stress. This suggests that 
in the cool seasons, the strenuous character of bioclimatic 
conditions resulting from cold stress will decrease, and 
an increase in the strenuous character of such conditions 
should be expected in summer due to increasingly frequent 
occurrence of heat stress. Unfortunately, a limitation of 
the study is the lack of determination of the effect of the 
recorded conditions on human health and life. This results 
from high level of inaccessibility of medical data. In the 
opinion of the authors, the development of research in that 
direction should be treated as a priority in the future.
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