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Abstract
The study objective was to determine the spatial and temporal variability of Poland’s bioclimatic conditions and to desig-
nate heat-stress regions with the Universal Thermal Climate Index (UTCI) application. The study was based on daily data 
from the multiannual period 1966–2021 obtained for 37 stations in Poland, provided from the resources of the Institute of 
Meteorology and Water Management–National Research Institute (IMGW-PIB). The aforementioned data provided the 
basis for the calculation of the Universal Thermal Climate Index (UTCI). The study revealed high variability of bioclimatic 
conditions in Poland, both in temporal and spatial terms. Bioclimatic regions characterised by the different occurrence of 
heat stress were distinguished and characterised. Regions in the south-west and west of Poland proved the most favourable 
in bioclimatic terms, with the highest number of days with no thermal stress. In these regions, the highest UTCI values were 
observed, while the lowest were recorded in the northeast of Poland and at the east coast of the Baltic Sea. Among unfavour-
able biometeorological conditions, the ones causing hypothermia have so far occurred more frequently than the ones causing 
overheating of the human organism. However, UTCI has increased during the study period; therefore, under proceeding 
global warming, an increase in the frequency of occurrence of heat stress can be expected. So far, the most intensive increase 
in UTCI values in Poland was recorded in spring and the weakest in winter.

1 Introduction

Contemporary climate warming raises no doubts and has 
been intensifying since the early twenty-first century (IPCC 
2021). The changes are manifested in the increasingly fre-
quent occurrence of thermal extremes in the form of heat 
waves (Shevchenko et al. 2014; Spinoni et al. 2015; Tom-
czyk et al. 2022). A characteristic feature of recent years 
has also been recording high mean annual temperatures 
globally. Since 1880, ten warmest years occurred in the 
twenty-first century, and the eight warmest years have been 
the last 8 years (2014–2021) (NOAA 2022). The occurring 
changes are also related to a change in bioclimatic condi-
tions. Research from recent years was conducted in Poland 
points to increasingly frequent summer occurrence of condi-
tions associated with heat stress, including extremely strenu-
ous conditions (Tomczyk and Owczarek 2020; Krzyżewska 

et al. 2021). In winter, increasingly seldom occurrence of 
conditions related to cold stress has been observed. Such 
changes have particularly been evident in the case of days 
with strong and very strong cold stress (Wereski et al. 2020; 
Kuchcik 2021a, b; Owczarek and Tomczyk 2022).

The most appropriate way to characterise atmospheric 
conditions from the point of view of the functioning of the 
human organism is to consider many meteorological ele-
ments in the form of biometeorological indices. This type of 
research has been conducted in Poland at a local (Nidzgor-
ska-Lencewicz 2015; Rozbicka and Rozbicki 2018; Mąkosza 
2021), regional (Kolendowicz et al. 2018; Miszuk 2021), 
and national scale (Tomczyk and Owczarek 2020; Wereski 
et al. 2020; Krzyżewska et al. 2021; Kuchcik et al. 2021a, b; 
Owczarek and Tomczyk 2022). The cited studies determined 
bioclimatic conditions based on the Universal Thermal Cli-
mate Index. A somewhat different approach was adopted by 
Błażejczyk and Matzarakis (2007), who conducted research 
based on other indices, e.g. physiological subjective tem-
perature and physiological equivalent temperature. Similar 
research, based on different biometeorological indices, has 
been conducted in many regions of Europe (Matzarakis et al. 
2014; di Napoli et al. 2018; Pecelj et al. 2020) and around 
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the globe (Abdel-Ghany et al. 2013; Bal and Matzarakis 
2022).

The cited studies showed considerable variability of bio-
climatic conditions in Poland. The situation encouraged an 
attempt of biometeorological regionalisation of Poland. To 
date, Polish literature has provided two regional divisions 
performed in the second half of the twentieth century. In the 
1980s, a bioclimatic regionalisation of Poland was proposed 
by Kozłowska-Szczęsna (1986, 1991). It was based on the 
frequency of occurrence of selected characteristic days. The 
author designated six regions, and in three of them, subre-
gions were designated additionally. Based on the analysis of 
biothermal conditions, Błażejczyk (2003, 2006) modified 
the proposed regionalisation of Poland. The new division 
covered eight regions with no designation of subregions. 
In the times of progressing climate change, it is justified to 
perform valid characteristics of bioclimatic conditions in 
Poland and verify previous Poland’s division into regions. 
Therefore, the study objective is to determine the spatial and 
temporal variability of bioclimatic conditions in Poland and 
designate regions of heat stress with the application of the 
Universal Thermal Climate Index (UTCI).

2  Data and methods

The study was based on daily data from the multiannual 
period 1966–2021 obtained for 37 stations in Poland, 
provided from the resources of the Institute of Meteor-
ology and Water Management–National Research Insti-
tute (IMGW-PIB) (Fig. 1). The study employed data from 
12:00 UTC such as air temperature (°C), relative humidity 
(%), wind speed (m∙s−1), and total cloudiness (okta).

The aforementioned data provided the basis for the cal-
culation of the Universal Thermal Climate Index (UTCI). 
The index is defined as equivalent air temperature at which 
in reference conditions, the basic physiological parameters 
of the organism would adopt the same values as in real 
conditions. It is a one-dimensional value reflecting the 
response of the organism to multidimensionally described 
meteorological and physiological information (Błażejczyk 
et al. 2012; Bröde et al. 2012). It is assumed that heat 
exchange between man and the surroundings depends only 
on air temperature (Ta) at a constant level of the remaining 
meteorological parameters (Błażejczyk et al. 2012; Bröde 

Fig. 1  Location of the stations
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et al. 2012). The index is based on the multimodal ther-
moregulation model of the human organism by Fiala (Fiala 
et al. 1999, 2001), covering two heat exchange regulation 
subsystems: passive and active. UTCI values are a measure 
of heat stress of the organism and are expressed in °C. The 
calculation of UTCI values employed the BioKlima 2.6 
package (Błażejczyk and Błażejczyk 2006) with imple-
mented computation algorithms with the application of 
the sixth-degree exponential function (Błażejczyk et al. 
2013a).

The obtained data provided the basis for the calculation 
of mean UTCI values for a year, seasons of the year (i.e. 
spring: March–May, summer: June–August, autumn: Sep-
tember–November, winter: December–February), and for 
the multiannual period 1966–2020 (in the case of winter 
1966/1967–2020/2021). Then, changes in the calculated 
values in the multiannual period were analysed. The rate 
and trend of changes were assessed using linear regression, 
and the statistical significance of trends was verified with a 
Student t-test. Moreover, absolute minimum and maximum 
UTCI in particular stations were determined for the entire 
multiannual period.

Next, based on UTCI values, classification of days was 
performed following the scale of assessment of heat stress of 
the organism prepared by the authors of the index (Table 1).

A division of Poland into regions of occurrence of heat 
stress was then performed. The division was based on a 
55-year course of daily UTCI values in the analysed stations. 
The stations were grouped employing the Ward minimum 
variance method, one of the hierarchical grouping of mul-
tivariable objects most frequently applied in atmospheric 
sciences (in this case, the variables were UTCI values at 
12:00 UTC in repetition 55 × 365 = 20,075) (Wilks 2011). 
As a hierarchical method, it begins with single-member 
groups and merges two groups at each step, until all objects 
are in a single group. The criterion for choosing which pair 
of groups to merge at each step is minimising the sum of 
squared distances between the points and the centroids of 
their respective groups, summed over the resulting groups. 
The graphical results of the Ward method is a tree diagram, 

which illustrates every stage of hierarchical clustering. Prob-
lem appears to decide which stage of clustering should be 
chosen as the final solution. Theoretically, the principal goal 
is to find the level of clustering that maximises similarity 
within clusters and minimises similarity between clusters; 
however, in practice, the best number of clusters is usually 
not obvious. Wilks (2011) postulates that determining the 
number of groups requires a subjective choice that depends 
on the goals of the analysis.

The next stage involved the characteristics of the desig-
nated regions. First, the analysis covered the average annual 
course of UTCI in particular regions. Moreover, the regions 
were compared in terms of parameters such as average, max-
imum, and minimum UTCI value in a year and particular 
seasons of the year, as well as the average annual number of 
cases in particular classes of heat stress.

3  Results

3.1  Characteristics of bioclimatic conditions 
in Poland

In the period 1966–2020, mean annual UTCI in Poland was 
6.0 °C (Fig. 2, Table A). The index value, however, was 
spatially variable, i.e. it decreased from the southwest and 
west towards the north and northeast. In particular stations, 
mean UTCI varied from 1.8 °C in Łeba to 9.0 °C in Opole. 
In the analysed multiannual period, high year-to-year fluc-
tuations of UTCI were recorded, although the variability 
was similar over the majority of the area, as suggested by 
the value of the standard deviation (in approximately 81% 
of the stations below 2.0 °C). The range of fluctuations of 
the standard deviation varied from 1.1 °C (Zakopane) to 
2.8 °C (Suwałki).

The lowest mean annual UTCI value in Poland was 
recorded in 1980. It reached 3.0 °C (Fig. 2, Table A). In that 
year, the lowest value in the analysed multiannual period 
was recorded in the highest number of stations. In the said 
year, the lowest mean values were recorded in the northeast 
of Poland (Suwałki − 3.0 °C) and the highest in the south-
west, in the Oder River valley (Racibórz 6.8 °C). Equally 
low UTCI was recorded in 1970, 1978, 1985, and 1987 with 
an average of 3.4 °C, 3.7 °C, 3.8 °C, and 3.5 °C, respectively.

The highest mean annual UTCI values for the entire area 
were recorded in 2018. It reached 8.9 °C (Fig. 2, Table A). 
Like in the case of 1980, high spatial variability of biocli-
matic conditions was also observed. The lowest values were 
recorded on the east coast (Łeba and Ustka 4.7 °C) and in 
the northeast of Poland and the highest in the southwest, 
along the Oder River valley (Opole 11.3 °C). In that year, 
the highest index value in the analysed multiannual period 
was recorded in the highest number of stations. Equally high 

Table 1  UTCI assessment scale of human heat stress (Błażejczyk 
et al. 2013a)

UTCI (°C) Stress category UTCI (°C) Stress category

 >  + 46 Extreme heat 
stress

0 to + 9 Slight cold stress

 + 38 to + 46 Very strong heat 
stress

 − 13 to 0 Moderate cold stress

 + 32 to + 38 Strong heat stress  − 27 to − 13 Strong cold stress
 + 26 to + 32 Moderate heat 

stress
 − 40 to − 27 Very strong cold 

stress
 + 9 to + 26 No thermal stress  <  − 40 Extreme cold stress
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(exceeding 8.0 °C for the entire area) mean UTCI values 
were recorded in 2000, 2014, 2015, 2019, and 2020. It is 
worth emphasising that in 81% of stations, the highest mean 
annual index value occurred in the twenty-first century. The 
last years of the analysed period are usually years in which 
UTCI exceeded the mean value from the multiannual period.

Except for two stations (Ustka, Racibórz), an increase in 
UTCI was recorded (Table A). The most intensive changes 

occurred in the northeast of Poland. The increase in UTCI 
varied from 0.04 °C/10 in Kalisz to 1.41 °C/10 years in 
Suwałki. Changes exceeding 1.0  °C/10 years were also 
recorded in Mława and Świnoujście. In 89% of stations, the 
recorded changes were statistically significant.

In spring in the years 1966–2020, mean UTCI for the 
entire area reached 6.1 °C (Fig. 3, Table A). The calcu-
lated value showed spatial variability and decreased from 

Fig. 2  Mean annual UTCI in the multiannual period 1966–2020 (A), standard deviation (B), and mean UTCI in 1980 (C) and 2018 (D)
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the southwest and west towards the north and northeast of 
the country. In particular stations, mean seasonal UTCI 
value ranged from only 0.7 in Łeba to as much as 9.2 °C in 
Opole. In spring, higher year-to-year variability of UTCI 
was observed than in the case of the mean annual value, 
although the variability was similar over the majority of the 
area, as suggested by the values of the standard deviation, 

the highest in the northeast of Poland (Suwałki 3.3 °C). In 
the analysed period, the lowest mean UTCI for the entire 
area was recorded in 1970, reaching 1.4 °C. In that sea-
son, the lowest value in the analysed period was recorded 
in the highest number of stations. In particular stations, it 
ranged from − 2.6 in Suwałki to 8.1 °C in Racibórz. In the 
said season, values below 0.0 °C covered north and partially 

Fig. 3  Mean UTCI in spring and in the multiannual period 1966–2020 (A), standard deviation (B), and mean UTCI in spring in 1970 (C) and 
2018 (D)
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central Poland. Considerably higher values were recorded in 
the south of the country, particularly along the Oder River 
valley. Equally low values (below 2.0 °C) were recorded in 
1980 and 1987. In only three stations (Kłodzko, Racibórz, 
Ustka), the lowest UTCI value in the multiannual period was 
recorded in the twenty-first century. Like in the case of the 
entire year, the highest mean value was recorded in 2018. 
It reached 9.9 °C. In that year, the highest index value in 
the analysed multiannual period was recorded in the high-
est number of stations. Apart from the Baltic coast, bio-
climatic conditions were approximate and ranged between 
10.0 °C and more than 12.4 °C in Toruń. In the analysed 
period, an increase in UTCI was observed in spring (except 
for Racibórz and Ustka). The most intensive changes  were 
observed in the north of Poland. The maximum increase in 
UTCI was recorded in Suwałki (1.51 °C/10 years). In 86% of 
stations, the observed changes were statistically significant.

In summer in the analysed multiannual period, mean 
UTCI for the entire area was 20.5 °C (Fig. 4, Table A). The 
lowest index values were recorded in the northern regions 
(Łeba 16.1 °C) of the study area and the highest in the south-
ern ones, particularly in the south-western ones (Racibórz 
22.7 °C). It is worth emphasising that except for the north-
ern regions, bioclimatic conditions were approximate. The 
year-to-year variability of conditions was similar throughout 
the area, and the values of the standard deviation in a large 
majority of stations were the lowest among all seasons of 
the year. In most stations, the lowest mean index value for 
summer was recorded in 1980, reaching 16.5 °C. In par-
ticular stations, it varied from 13.5 in Suwałki to 19.1 °C 
in Racibórz. Equally low values were observed in 1974 and 
1978. The highest mean value in the multiannual period for 
the entire area was recorded in 2019. It reached 24.2 °C. The 
year in which the maximum seasonal value in the multian-
nual period was recorded in the highest number of stations 
was 1992, with an average of 24.1 °C. In particular stations, 
the value ranged from 18.0 in Łeba to 27.2 °C in Racibórz. 
In the analysed multiannual period, except for the station in 
Ustka, an increase in UTCI in summer was recorded, with 
the greatest intensity in Suwałki (1.06 °C/10 years). The 
study showed that in 89% of stations, the changes were sta-
tistically significant.

In autumn, bioclimatic conditions were similar to the 
conditions occurring in spring, and mean seasonal UTCI 
for the entire area reached 6.4 °C (Fig. 5, Table A). An 
increase in the values occurred from the northeast and 
north towards the southwest and west of Poland. The low-
est mean seasonal UTCI values were recorded in Suwałki 
(2.1 °C) and the highest in Słubice (9.4 °C). The year-
to-year variability of the index over the major area was 
approximate, particularly in the western regions. The 
highest values of the standard deviation were recorded in 
the east of Poland, with a maximum in the north-eastern 

regions (3.2 °C). In the entire multiannual period, the 
lowest mean value for the study area occurred in 1973. 
It reached 2.7 °C. The lowest values were determined in 
the north-east of Poland (Suwałki − 5.6 °C) and at the east 
coast (Łeba − 0.9 °C) and the highest in the south-western 
regions (Racibórz 7.9 °C). In the aforementioned season, 
the lowest values throughout the multiannual period were 
recorded in the highest number of stations. Similar condi-
tions were also observed in 1971, 1972, 1974, 1980, and 
1998. The highest UTCI was recorded in 2006, with an 
average value for the study area of 10.5 °C. The high-
est index values occurred in the west and south-west of 
Poland. In particular stations, the mean value in the sea-
son varied from 5.8 in Suwałki to 14.2 °C in Świnoujście. 
Equally high index values were observed in 1982, 2000, 
2014, and 2018. In the studied multiannual period (except 
for Racibórz), an increase in UTCI values in autumn 
was determined, the most intensive in the north-east, 
north-west, and south-east of Poland, with a maximum 
in Suwałki (1.45 °C/10 years). In 84% of stations, the 
changes were statistically significant.

During the study period, mean winter UTCI for the 
entire area was − 9.3 °C (Fig. 6, Table A). The lowest 
values were recorded in regions east of the Vistula River 
and at the east coast, and the minimum was observed in 
Suwałki (− 15.0 °C). The southern and western regions 
showed the highest index values with a maximum in Zako-
pane (− 3.3 °C). In the studied multiannual period, the 
lowest mean value for the season in the study area was 
recorded in winter 1969/1970, reaching − 13.9 °C. Par-
ticularly, low values were recorded in the north-east of 
Poland and at the boundary of the Mazurian Lake District 
and Mazowiecka Lowland with a minimum in Suwałki 
(− 21.0 °C). Higher winter values were recorded in the 
southern and western regions with a maximum in Zako-
pane (− 5.8 °C). The highest UTCI value for the entire 
area was observed in winter 2000/2001 (− 5.4 °C). The 
maximum value in the multiannual period in the highest 
number of stations, however, was determined in the season 
2019/2020, with an average for the entire area lower by 
0.1 °C, reaching − 5.5 °C. In the said season, UTCI values 
in particular stations varied from − 11.6 in Łeba to 1.0 °C 
in Świnoujście. Low index values were recorded at the 
east coast and in the south-east of Poland and higher in the 
belt of south and west Poland. In the studied multiannual 
period, except for three stations (Kalisz, Racibórz, Ustka), 
an increase in UTCI in winter was observed. Like in the 
remaining seasons of the year, the most intensive increase 
occurred in the south-east and north-west of Poland, with 
a maximum in Suwałki (1.65 °C/10 years). The study evi-
denced that in 68% of stations, the changes were statisti-
cally significant.
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3.2  Regions of human heat stress

The final result of the study on the spatial and tempo-
ral variability of heat stress is the division of Poland into 
regions of occurrence of heat stress, based on a 55-year 
course of daily UTCI values in 37 stations. The division 
of stations into groups (by Ward method) proved spatially 

uniform, i.e. stations in the groups at all stages of grouping 
were neighbouring. Four basic regions were designated 
in which UTCI values are characterised by similar values 
and temporal course (Figs. 7 and 8): north-western region 
(NW) with the designated coastal subregion (dashed line 
in Fig. 7), north-eastern region (NE) with the coastal sub-
region, south-western region (SW) with the eastern and 

Fig. 4  Mean UTCI in summer in the multiannual period 1966–2020 (A), standard deviation (B), and mean UTCI in summer in 1980 (C) and 
1992 (D)

793Regional and seasonal variability in human thermal stress in Poland



1 3

western subregions, and central-eastern region (CSE) 
where—according to the clustering—the central, eastern, 
and western part can be designated. The grouping did 
not consider mountain stations (Śnieżka and Kasprowy 
Wierch). Therefore, the division does not cover subregions 
of mountain regions. In submontane locations (Zakopane, 

Kłodzko, Jelenia Góra, and Lesko), the course and values 
of UTCI were similar to those in the surrounding areas.

The basic UTCI statistics calculated for particular 
regions point to the SW region as the warmest one, where 
thermal impressions in all seasons usually adopt the high-
est average values for stations included in the region. Mean 

Fig. 5  Mean UTCI in autumn in the multiannual period 1966–2020 (A), standard deviation (B), and mean UTCI in autumn in 1973 (C) and 
2006 (D)
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UTCI value for summer in the SW region exceeds 21 °C, 
reaching approximately 24 °C in early August. The average 
for winter is − 6.7 °C, with values of approximately − 8 °C 
in the coldest January. The NW region proved the coldest. 
There, almost all UTCI characteristics show the lowest 
values, and the average in the coldest month is approxi-
mately − 12.5 °C. The greatest differences between the 

regions occur in the coldest season. Mean winter UTCI 
value for the NE region (− 11.5 °C) is almost twice higher 
than that for the SW region (− 6.7 °C), like the mean win-
ter maximum value (12.9 °C in SW and 6.3 °C in NE). In 
spring and autumn, differences between regions are lower, 
and in summer, the average thermal impressions are simi-
lar in all regions, with differences of approximately 2 °C 

Fig. 6  Mean UTCI in winter in the multiannual period 1966–2020 (A), standard deviation (B), and mean UTCI in winter in 1969/70 (C) and 
2019/20 (D)
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in favour of regions’ warmest in summer, namely SW and 
NW (Fig. 8, Table 2).

 Maximum UTCI values in Poland recorded in the period 
1966–2021 exceeded 40 °C (absolute maximum 43.1 °C on 
09 August in Słubice, NW region), and minimum values fell 
below − 50 °C (absolute minimum − 56.3 °C on 31 Decem-
ber 1978 in Suwałki, NE region). Only in the warmest SW 
region, no UTCI values lower than − 50 °C were recorded 
in the studied 55-year period. The absolute minimum UTCI 
value for the SW region was − 48.7 °C, recorded on 17 Janu-
ary 1972 in Kraków.

The statistics of occurrence of UTCI in classes of heat 
stress (Table 3) show that Poland usually features conditions 
with no thermal stress (from 142.6 days in the SW region 
to 126.2 days in the NE region). Very strong heat stress is 
sporadically recorded (from 38 to 46 °C), or extreme cold 
stress (< − 40 °C). Strong heat stress (32 to 38 °C) occurs 
on average on several days in a year (from approximately 
7 days in the SW region to 3 days in the NE region), and 
extreme cold stress (− 27 to − 40 °C) is observed on average 
on approximately 5 days in a year in the NE region and on 
less than 2 days in the SW and NW regions. Strong or mod-
erate cold stress usually occurs in the NE region (in total on 
approximately 136 days in a year) and most seldom in the 

SW region (approximately 111 days in a year), where mild 
cold stress is relatively frequently experienced. Moderate 
heat stress usually occurs in the SE and CSE region (on 
average on 28–29 days in a year).

4  Summary and discussion

The study revealed high variability of bioclimatic conditions 
in Poland, both in temporal and spatial terms. The lowest 
UTCI was recorded in the north-east of Poland and at the 
east coast of the Baltic Sea. The highest index values were 
observed in south-western and western regions of the coun-
try. Considering particular stations, the lowest values usually 
occurred in Łeba, Ustka, and Suwałki and the highest in 
Racibórz and Opole. The obtained results are in accordance 
with earlier research conducted in Poland (Mąkosza 2013; 
Krzyżewska et al. 2019; Tomczyk et al. 2020; Błażejczyk 
et al. 2021; Kuchcik et al. 2021a, b). Low UTCI in the north-
east of Poland is determined by low air temperature values. 
Except for mountain regions, the said area is the coolest 
in the country (Owczarek and Filipiak 2016; Ustrnul et al. 
2021; Tomczyk 2022). Low index values at the east coast 
are related to higher than average wind speeds (Wibig 2021, 

Fig. 7  Bioclimatic regions in 
Poland based on daily UTCI 
values; solid lines mark the 
division into four main regions, 
and dashed lines indicate bor-
ders of subregions
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2022). Regions with the highest UTCI are areas with high 
air temperature and lower wind speeds (Owczarek and Fili-
piak 2016; Ustrnul et al. 2021; Tomczyk 2022; Wibig 2021, 
2022). Relatively high values in submontane and montane 
areas result from lower than average wind speed in exposed 
areas and those under the effect of foehn wind. The effect 
of wind on the intensification of convection heat losses 
from the organism is particularly manifested at very low 
air temperature (Tikuisis and Osczevski 2003). Even wind 
with low speed (approximately 3 m∙s−1) increases the risk 
of hypothermia while being outdoors for a long time with 
no appropriate protection, and at a temperature below − 20 
℃, the risk of frostbite of exposed body parts within 10 to 
30 min increases (Environment Canada 2020; Owczarek and 
Tomczyk 2022).

High spatial variability of UTCI related to regional 
variability of climatic conditions in Poland permitted the 

designation of bioclimatic regions characterised by the 
different occurrence of heat stress, particularly in the cool 
season of the year. Regions in the south-west and west of 
Poland proved the most favourable in bioclimatic terms, 
with the highest number of days with no thermal stress. The 
division is largely determined by winter thermal conditions, 
in Poland characterised by the longitudinal arrangement of 
isotherms and a decrease in temperature from the west to the 
east (Tomczyk and Bednorz 2022). The least biometeoro-
logically favourable NE region is relatively windy and the 
coldest in winter.

A previous division of Poland into bioclimatic regions 
(Kozłowska-Szczęsna 1991; Błażejczyk 2003) presents an 
image different from that proposed in this study because 
it is based on different criteria, namely the frequency of 
occurrence of selected characteristic days with stress con-
ditions, and supplementarily, the biothermal conditions. 

Fig. 8  Mean annual course (A) 
of UTCI in bioclimatic regions 
indicated in Fig. 7. (B) 30-day 
moving average
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The coldest north-east region has a smaller spatial range, 
and the extensive central region was combined with the 
central-western part of Poland. Kozłowska-Szczęsna 
(1991) and Błażejczyk (2003) designated coastal areas as 
a separate region. In this study, they constitute subregions 
NW and NE. In the analysed years in all regions, high 
year-to-year variability of mean annual and mean seasonal 
values was recorded. In each of the analysed time inter-
vals, the greatest fluctuations, as suggested by the value 
of the standard deviation, occurred in the north-east of 
Poland. In most stations (in 68% of stations), the greatest 

UTCI variability was observed in winter and the lowest in 
summer (in 84% of stations).

Whereas conditions causing hypothermia of the 
human organism have so far occurred more frequently 
among unfavourable biometeorological conditions than 
those causing its overheating, the study period featured 
changes in bioclimatic conditions that in the vast major-
ity of stations showed an increase in UTCI and therefore 
an increase in the frequency of occurrence of heat stress. 
The most intensive increase in UTCI values was recorded 
in spring and the weakest in winter. In the case of mean 

Table 2  UTCI basic statistics (mean and 55-year mean maximum and minimum) in bioclimatic regions indicated in Fig. 7. The highest values 
among the regions are marked red, and the lowest is purple

SW NW CSE NE

Year
Mean 7.7 6.6 5.7 4.1
Max 35.5 35.4 35.4 34.0
Min -29.2 -28.1 -32.8 -32.8

Spring
Mean 7.7 6.3 6.1 4.2
Max 28.6 28.4 28.8 27.2
Min -19.6 -19.2 -22.2 -23.0

Summer
Mean 21.3 20.1 21.0 19.1
Max 35.5 35.3 35.4 33.9
Min 2.9 2.3 1.7 0.4

Autumn
Mean 8.3 7.3 5.9 4.4
Max 29.3 28.1 28.8 27.0
Min -18.0 -17.3 -21.1 -21.5

Winter
Mean -6.7 -7.5 -10.6 -11.5
Max 12.9 9.5 8.8 6.3
Min -28.6 -27.2 -32.2 -32.1

Table 3  Mean number of days with heat stress categories in bioclimatic regions indicated in Fig. 7. The warmest conditions among the regions 
are marked red, and the coldest is purple.

SW NW CSE NE
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ss
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es

Extreme heat stress 0.0 0.0 0.0 0.0
Very strong heat stress 0.3 0.3 0.2 0.1
Strong heat stress 6.6 4.7 6.2 3.1
Moderate heat stress 29.0 22.0 28.2 19.5
No thermal stress 142.6 138.7 128.7 126.2
Slight cold stress 73.5 73.8 63.7 66.7
Moderate cold stress 84.1 98.1 91.0 98.5
Strong cold stress 27.1 25.8 42.8 45.9
Very strong cold stress 1.8 1.6 4.1 4.6
Extreme cold stress 0.1 0.0 0.1 0.2

798 A. M. Tomczyk, E. Bednorz



1 3

annual values and mean values for spring, only Racibórz 
and Ustka showed an inconsiderable decrease in UTCI. In 
summer, a decrease in the index value occurred in Ustka, 
in autumn in Racibórz, and in winter in Kalisz, Racibórz, 
and Ustka. Changes recorded for the mean annual and 
mean summer value in the highest number of stations 
were statistically significant (in 89% of stations). Changes 
in the winter average were statistically significant in the 
lowest number of stations (in 68% of stations). A similar 
trend of changes was observed in earlier studies from the 
territory of Poland (Kuchcik et al. 2021a, b). The cited 
research also showed that the most intensive changes in 
UTCI were recorded in the north-east of Poland, and a 
lower rate of increase may result from the analysed multi-
annual period not covering the recent years. Similar lev-
els of change were also determined in research from west 
Poland (Mąkosza 2013), from the coast of the Baltic Sea 
(Owczarek et al. 2019), and from the Polish-Saxon border 
(Miszuk 2021).

Further changes should be expected in the follow-
ing years. According to Błażejczyk et al. (2013b), in the 
years 2000–2100 in Warsaw, the number of days with 
heat stress will increase (according to UTCI) at a rate 
of 0.9 day/10 years. In other regions, a similar trend of 
changes in the frequency of days with heat stress can be 
expected. As evidenced by Tomczyk et al. (2022), by the 
end of the twenty-first century, an increase in the fre-
quency of hot days should be expected, related to consid-
erable heat stress. The greatest changes are forecasted for 
south and central Poland.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00704- 023- 04421-4.

Author contribution A.M.T. and E.B.: conceptualization. A.M.T. and 
E.B.: formal analysis. A.M.T. and E.B.: investigation. A.M.T. and E.B.: 
methodology. A.M.T.: project administration. A.M.T. and E.B.: visu-
alization. A.M.T. and E.B.: writing—original draft. A.M.T. and E.B.: 
writing—review and editing.

Funding This work was supported by the National Science Centre, 
Poland (grant number UMO-2020/37/B/ST10/00217).

Data availability The obtained data can be made available on request 
of interested parties under the condition of approval of the request by 
the authors of the article.

Code availability Not applicable.

Declarations 

Ethics approval Not applicable.

Consent to participate Not applicable.

Consent for publication Not applicable.

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Abdel-Ghany AM, Al-Helal IM, Shady MR (2013) Human thermal 
comfort and heat stress in an outdoor urban arid environment: a 
case study. Adv Meteorol 2013:693541. https:// doi. org/ 10. 1155/ 
2013/ 693541

Bal S, Matzarakis A (2022) Temporal analysis of thermal bioclimate 
conditions between Kolkata (India) and its three neighbouring 
suburban sites. Theor Appl Climatol 148:1545–1562. https:// doi. 
org/ 10. 1007/ s00704- 022- 04010-x

Błażejczyk K (2003) Biotermiczne Cechy Klimatu Polski Przegląd 
Geograficzny 75(4):525–543

Błażejczyk K, Matzarakis A (2007) Assessment of bioclimatic dif-
ferentiation of Poland based on the human heat balance. Geogr 
Pol 80(1):63–82

Błażejczyk K, Epstein Y, Jendritzky G, Staiger H, Tinz B (2012) Com-
parison of UTCI to selected thermal indices. Int J Biometeorol 
56(3):515–535. https:// doi. org/ 10. 1007/ s00484- 011- 0453-2

Błażejczyk K, Idzikowska D, Błażejczyk A (2013a) Forecast changes 
for heat and cold stress in Warsaw in the 21st century, and their 
possible influence on mortality risk. Pap Glob Chang 20:47–62. 
https:// doi. org/ 10. 2478/ igbp- 2013- 0002

Błażejczyk K, Jendritzky G, Bröde P, Fiala D, Havenith G, Epstein Y, 
Psikuta A, Kampmann B (2013b) An introduction to the Universal 
Thermal Climate Index (UTCI). Geogr Pol 86(1):5–10. https:// doi. 
org/ 10. 7163/ GPol. 2013.1

Błażejczyk K, Błażejczyk M (2006) BioKlima ver.2.6. Polish Acad-
emy of Sciences. www. igipz. pan. pl/ biokl ima. html. (accessed 01 
Dec 2020)

Błażejczyk K (2006) Climate and Bioclimate of Poland. In: Degór-
ski, M. (ed), The Natural and Human Environment of Poland. 
A Geographical Overview, Instytut Geografii i Przestrzennego 
Zagospodarowania, PAN i Polskie Towarzystwo Geograficzne 
(PTG), Warszawa, 31–48.

Bröde P, Fiala D, Blażejczyk K, Holmer I, Jendritzky G, Kampmann B, 
Tinz B, Havenith G (2012) Deriving the operational procedure for 
the Universal Thermal Climate Index (UTCI). Int J Biometeorol 
56(3):481–449. https:// doi. org/ 10. 1007/ s00484- 011- 0454-1

Di Napoli C, Pappenberger F, Cloke HL (2018) Assessing heat-related 
health risk in Europe via the Universal Thermal Climate Index 
(UTCI). Int J Biometeorol 62:1155–1165. https:// doi. org/ 10. 1007/ 
s00484- 018- 1518-2

Environment Canada (2020) Wind chill index. Online: https:// www. 
canada. ca/ en/ envir onment- clima te- change. html (accessed 1 May 
2020).

Fiala D, Lomas KJ, Stohrer M (1999) A computer model of human 
thermoregulation for a wide range of environmental conditions: 
the passive system. J Appl Physiol 87:1957–1972. https:// doi. org/ 
10. 1152/ jappl. 1999. 87.5. 1957

Fiala D, Lomas KJ, Stohrer M (2001) Computer prediction of human 
thermoregulatory and temperature responses to a wide range 

799Regional and seasonal variability in human thermal stress in Poland

https://doi.org/10.1007/s00704-023-04421-4
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2013/693541
https://doi.org/10.1155/2013/693541
https://doi.org/10.1007/s00704-022-04010-x
https://doi.org/10.1007/s00704-022-04010-x
https://doi.org/10.1007/s00484-011-0453-2
https://doi.org/10.2478/igbp-2013-0002
https://doi.org/10.7163/GPol.2013.1
https://doi.org/10.7163/GPol.2013.1
http://www.igipz.pan.pl/bioklima.html
https://doi.org/10.1007/s00484-011-0454-1
https://doi.org/10.1007/s00484-018-1518-2
https://doi.org/10.1007/s00484-018-1518-2
https://www.canada.ca/en/environment-climate-change.html
https://www.canada.ca/en/environment-climate-change.html
https://doi.org/10.1152/jappl.1999.87.5.1957
https://doi.org/10.1152/jappl.1999.87.5.1957


1 3

of environmental conditions. Int J Biometeorol 45(3):143–159. 
https:// doi. org/ 10. 1007/ s0048 40100 099

IPCC (2021) Climate Change 2021: the physical science basis. Con-
tribution of Working Group I to the Sixth Assessment Report 
of the Intergovernmental Panel on Climate Change. In: Masson-
Delmotte V, Zzhai P, Pirani A, Connors SL, Péan C, Berger S, 
Caud N, Chen YY, Goldfarb L, Gomis MI, Huang M, Leitzell K, 
Lonnoy E, Matthews JBR, Maycock TK, Waterfield T, Yyelekçi 
O, Zhou B (eds). Cambridge University Press.

Kolendowicz L, Półrolniczak M, Szyga-Pluta K, Bednorz E (2018) 
Human-biometeorological conditions in the southern Baltic coast 
based on the Universal Thermal Climate Index (UTCI). Theor 
Appl Climatol 134(1–2):363–379. https:// doi. org/ 10. 1007/ 
s00704- 017- 2279-2

Kozłowska-Szczęsna T. (ed.) (1986) Wyniki badań bioklimatu Polski, 
cz. I. Dokum Geogr IGiPZ PAN, 3.

Kozłowska-Szczęsna T (1991) Antropoklimat Polski (próba syntezy), 
Zeszyty IGiPZ PAN, 1, Warszawa.

Krzyżewska A, Wereski S, Demczuk P (2019) Biometeorological con-
ditions during an extreme heatwave event in Poland in August 
2015. Weather 75:183–189

Krzyżewska A, Wereski S, Dobek M (2021) Summer UTCI variability 
in Poland in the twenty-first century. Int J Biometeorol 65:1497–
1513. https:// doi. org/ 10. 1007/ s00484- 020- 01965-2

Kuchcik M (2021) Mortality and thermal environment (UTCI) in 
Poland—long-term, multi-city study. Int J Biometeorol 65:1529–
1541. https:// doi. org/ 10. 1007/ s00484- 020- 01995-w

Kuchcik M, Błażejczyk K, Halaś A (2021a) Long-term changes in 
hazardous heat and cold stress in humans: multi-city study in 
Poland. Int J Biometeorol 65:1567–1578. https:// doi. org/ 10. 1007/ 
s00484- 020- 02069-7

Kuchcik M, Błażejczyk K, Halaś A (2021b) Changes in bioclimatic 
indices. In: Falarz M (ed) Climate Change in Poland - Past, Pre-
sent, Future. Springer Climate, 471–491.

Mąkosza A (2013) Bioclimatic conditions of the Lubuskie Voivode-
ship. Geogr Pol 86:37–46. https:// doi. org/ 10. 7163/ GPol. 2013.5

Mąkosza A (2021) Bioclimatic conditions and thermal seasons of the 
year in Szczecin. Geogr Pol 94(2):283–299. https:// doi. org/ 10. 
7163/ GPol. 0206

Matzarakis A, Muthers S, Rutz F (2014) Application and compari-
son of UTCI and PET in temperate climate conditions. Finisterra 
49(98):21–31. https:// doi. org/ 10. 18055/ Finis 6453

Miszuk B (2021) Multi-annual changes in heat stress occurrence and its 
circulation conditions in the Polish-Saxon border region. Atmos-
phere 12(2):163. https:// doi. org/ 10. 3390/ atmos 12020 163

Nidzgorska-Lencewicz J (2015) Variability of human-biometeoro-
logical conditions in Gdańsk. Pol J Environ Stud 24(1):215–226. 
https:// doi. org/ 10. 15244/ pjoes/ 26116

NOAA. 2022. https:// www. ncdc. noaa. gov/ cag/ global/ times eries/ globe/ 
land_ ocean/ ytd/ 12/ 1880- 2021.

Owczarek M, Marosz M, Kitowski M (2019) The influence of atmos-
pheric circulation on the occurrence of heat stress on human 
beings on polish coast of the Baltic Sea. In: Kolendowicz L, 
Bednorz E, Tomczyk AM (ed), Climate variability in Poland and 
Europe and its circulation conditions. Studia i Prace z Geografii, 
Bogucki Wydawnictwo Naukowe 77:135–156.

Owczarek M, Filipiak J (2016) Contemporary changes of thermal con-
ditions in Poland, 1951–2015. Bulletin Geography Phys Geogr Ser 
10:31–50. https:// doi. org/ 10. 2478/ 8096

Owczarek M, Tomczyk AM (2022) Impact of atmospheric circula-
tion on the occurrence of very strong and extreme cold stress 
in Poland. Quaest Geogr 41(3):109–125. https:// doi. org/ 10. 2478/ 
quageo- 2022- 0028

Pecelj MM, Lukić MZ, Filipović DJ, Protić BM, Bogdanović UM 
(2020) Analysis of the Universal Thermal Climate Index during 
heat waves in Serbia. Nat Hazards Earth Syst Sci 20:2021–2036. 
https:// doi. org/ 10. 5194/ nhess- 20- 2021- 2020

Rozbicka K, Rozbicki T (2018) Variability of UTCI index in South 
Warsaw depending on atmospheric circulation. Theor Appl Cli-
matol 133:511–520. https:// doi. org/ 10. 1007/ s00704- 017- 2201-y

Shevchenko O, Lee H, Snizhko S, Mayer H (2014) Long-term analysis 
of heat waves in Ukraine. Int J Climatol 34:1642–1650. https:// 
doi. org/ 10. 1002/ joc. 3792

Spinoni J, Lakatos M, Szentimrey T, Bihari Z, Szalai S, Vogt J, Antofie 
T (2015) Heat and cold waves trends in the Carpathian Region 
from 1961 to 2010. Int J Climatol 35(14):4197–4209. https:// doi. 
org/ 10. 1002/ joc. 4279

Tikuisis P, Osczevski RJ (2003) Facial cooling during cold air expo-
sure. Bull Am Meteorol Soc 84(7):927–933. https:// doi. org/ 10. 
1175/ BAMS- 84-7- 927

Tomczyk AM (2022) Temperatura powietrza. In: Tomczyk AM, Bed-
norz E (eds) Atlas klimatu Polski. Bogucki Wydawnictwo Nau-
kowe, pp 1991–2020

Tomczyk AM, Owczarek M (2020) Occurrence of strong and very 
strong heat stress in Poland and its circulation conditions. 
Theor Appl Climatol 139:893–905. https:// doi. org/ 10. 1007/ 
s00704- 019- 02998-3

Tomczyk AM, Bednorz E, Matzarakis A (2020) Human-biometeor-
ological conditions during heat waves in Poland. Int J Climatol 
40:5043–5055. https:// doi. org/ 10. 1002/ joc. 6503

Tomczyk AM, Piniewski M, Eini MR, Bednorz E (2022) Projections 
of changes in maximum air temperature and hot days in Poland. 
Int J Climatol 42(10):5242–5254. https:// doi. org/ 10. 1002/ joc. 7530

Tomczyk AM, Bednorz E (ed) Atlas klimatu Polski (1991–2020). 
Bogucki Wydawnictwo Naukowe.

Ustrnul Z, Wypych A, Czekierda D (2021) Air temperature change. In: 
Falarz M (ed) Climate Change in Poland - Past, Present, Future. 
Springer Climate, 275–330.

Wereski S, Krzyżewska A, Dobek M (2020) Winter UTCI variability 
in Poland in the 21st century. Misc Geogr 24(3):128–137

Wibig J (2022) Prędkość wiatru. In: Tomczyk AM, Bednorz E (eds) 
Atlas klimatu Polski. Bogucki Wydawnictwo Naukowe, pp 
1991–2020

Wibig J (2021) Change of wind. In: Falarz M (ed) Climate Change in 
Poland - Past, Present, Future. Springer Climate, 391–420.

Wilks D (2011) Statistical methods in the atmospheric sciences. Else-
vier Academic Press, Amsterdam

Publisher's note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

800 A. M. Tomczyk, E. Bednorz

https://doi.org/10.1007/s004840100099
https://doi.org/10.1007/s00704-017-2279-2
https://doi.org/10.1007/s00704-017-2279-2
https://doi.org/10.1007/s00484-020-01965-2
https://doi.org/10.1007/s00484-020-01995-w
https://doi.org/10.1007/s00484-020-02069-7
https://doi.org/10.1007/s00484-020-02069-7
https://doi.org/10.7163/GPol.2013.5
https://doi.org/10.7163/GPol.0206
https://doi.org/10.7163/GPol.0206
https://doi.org/10.18055/Finis6453
https://doi.org/10.3390/atmos12020163
https://doi.org/10.15244/pjoes/26116
https://www.ncdc.noaa.gov/cag/global/timeseries/globe/land_ocean/ytd/12/1880-2021
https://www.ncdc.noaa.gov/cag/global/timeseries/globe/land_ocean/ytd/12/1880-2021
https://doi.org/10.2478/8096
https://doi.org/10.2478/quageo-2022-0028
https://doi.org/10.2478/quageo-2022-0028
https://doi.org/10.5194/nhess-20-2021-2020
https://doi.org/10.1007/s00704-017-2201-y
https://doi.org/10.1002/joc.3792
https://doi.org/10.1002/joc.3792
https://doi.org/10.1002/joc.4279
https://doi.org/10.1002/joc.4279
https://doi.org/10.1175/BAMS-84-7-927
https://doi.org/10.1175/BAMS-84-7-927
https://doi.org/10.1007/s00704-019-02998-3
https://doi.org/10.1007/s00704-019-02998-3
https://doi.org/10.1002/joc.6503
https://doi.org/10.1002/joc.7530

	Regional and seasonal variability in human thermal stress in Poland
	Abstract
	1 Introduction
	2 Data and methods
	3 Results
	3.1 Characteristics of bioclimatic conditions in Poland
	3.2 Regions of human heat stress

	4 Summary and discussion
	Anchor 9
	References


