
����������
�������

Citation: Graczyk, D.; Pińskwar, I.;

Choryński, A. Heat-Related Mortality

in Two Regions of Poland: Focus on

Urban and Rural Areas during the

Most Severe and Long-Lasting

Heatwaves. Atmosphere 2022, 13, 390.

https://doi.org/10.3390/

atmos13030390

Academic Editors: Agnieszka
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Abstract: The vast majority of studies on heat-related mortality are focused on large cities. The
aim of this study is to fill this research gap and to estimate the impact of high temperatures on the
risk of death in smaller towns and villages. The results show that increased mortality is not only a
problem in large cities. The risk of death, although usually slightly lower than in highly populated
areas, may be higher for the age-related risk group. At temperatures above 35 ◦C, it may exceed
1.3 in smaller towns and even 1.6 in villages. The increase in mortality during five selected heat
waves of high intensity and long duration was also studied for two regions of Poland: Małopolska
and Wielkopolska. Towns with a population of less than 10,000 in Małopolska region, during the
2006 heatwave, experienced an increase in the number of deaths by as much as 18%. At the same
time in the largest city of Małopolska-Kraków, the death toll rose by 4%. This paper also presents
some differences between regions in terms of the impact of heat waves: in the lowland region of
Wielkopolska, the mortality rate is generally higher than in the upland region of Małopolska.

Keywords: heat waves; mortality; Poland

1. Introduction

In many regions of the world, one can observe an increase in the frequency, intensity
and duration of heatwaves and warm spells [1,2]. Moreover, significant changes in these
heatwave parameters in Europe in the last decade are visible. According to Dell-Marta
et al. [3], compared to the end of the 19th century, heat waves in western Europe doubled
in length and their number almost tripled. A large increase in some indices related to
air temperature extremes is presented by HadEX3 data, e.g., a doubling of the number of
hot nights in tropical regions of Asia, South America and Africa [4]. Analyses for Central
Europe and Poland also show an increasing frequency of indices related to heat waves, such
as the number of hot and very hot days in the year and individual summer months [5–8].

Heatwaves have a negative impact on various sectors of the economy. They lead to
an increase in the demand for electricity for cooling purposes and disturbances of energy
supplies from thermal and nuclear power plants [9]. Looking at the heat wave of 2003
in Europe, one can also conclude that, in combination with droughts, intense and long-
lasting heat waves also have a large impact on agriculture, leading to losses in crops, but
also are dangerous for the environment, i.e., through forest fires, and the authors of [10]
estimated the total financial costs of this wave at around USD 13 billion. The worst possible
consequence of heat waves is the increase in the number of deaths recorded during them.
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This is especially true when heat waves are particularly intense and prolonged and occur
over a large area. In 2003, Western Europe was hit by a heat wave that caused up to
70,000 deaths in 12 countries [11]. If these estimates are correct, then this is the most
tragic natural disaster that has occurred in Europe since the 1908 earthquake in Messina.
Another severe heatwave occurred in Eastern Europe in 2010 and, according to Munich
Re’s estimates, caused 56,000 deaths [12]. This heatwave also reached parts of Poland and,
according to [13], could cause over 900 additional deaths in the 10 largest Polish cities.

The history of research on the impact of heat on human health and mortality dates
back to the first half of the 20th century [14,15]. These were the times when the problem
of global warming and the associated increase in the frequency of extreme events was
not yet noticed. From the very beginning, research focused mainly on large cities which,
for example due to the urban heat island effect, are the most vulnerable to this type of
threat. It was similar in the case of studies analyzing this subject in Poland and Central
Europe, e.g., [13,16,17]. One can find very few analyses dealing with extremes, including
heat waves, in small towns in Poland [18]. Few studies have compared heat wave mortality
in large cities and in rural areas [19]. The authors of this study state that rural areas are
affected in a similar way to urban agglomerations. A significant impact on mortality in
rural areas during heat waves is also indicated [20]. Moreover, the fact that the 10 largest
towns in Poland are inhabited by 17% of the whole population of Poland, and villages are
inhabited by 40%, is another strong motivation to focus on smaller towns. In order to have
a bright view of the problem of heat-associated mortality, one has to concentrate also on
these places.

There are several papers devoted to the risk groups that are mostly exposed to the
dangerous effects of heat waves. They show that both old age and cardiovascular diseases
are very serious risk factors, e.g., [21–25].

The aim of this study is to determine whether and to what extent the problem of
increased mortality during heat waves occurs in smaller towns and villages in Poland. An
additional element is to determine what similarities and differences exist between regions
with a similar population but very different in terms of natural conditions. For this purpose,
the number of deaths during the summer periods in which particularly unfavorable thermal
conditions occurred are analyzed. In the years 1990–2015, heat waves were distinguished
by a high length or intensity. These conditions occurred during the summer periods of
1992, 1994, 2006, 2010, 2015.

2. Materials and Methods
2.1. Study Location

The two study regions are inhabited by a comparable number of people, and during
the most intense heat waves, there were similar anomalies of the maximum daily air
temperature. However, these regions differ significantly in the case of size of the area and,
as a consequence, population density. An important difference is also the landform and
elevation above sea level. A large part of the Małopolska region is located higher than
400 m above sea level (m.a.s.l) and its southern frontiers are mountainous areas. The greater
part of the Wielkopolska region is lowlands with an average elevation of 100 m.a.s.l. This
has an impact on meteorological conditions and therefore also affects mortality during heat
waves. Selected information about the researched regions is presented in Table 1 and their
location together with their altitude above sea level is shown in Figure 1.
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Table 1. Comparison of selected parameters for Wielkopolska and Małopolska Regions.

Parameter Wielkopolska Region Małopolska Region

Population (millions) 3.485 3.386
Area 29,826 km2 15,182 km2

Population density 116 people per km2 222 people per km2

Urbanization rate 55.2% 49.4%
The average temperature of July

(1991–2020) 19.6 ◦C Poznań 19.6 ◦C Kraków

The average temperature of August 19.3 ◦C Poznań 19.2 ◦C Kraków
Number of days with Tmax > 30 ◦C in

summer (1991–2020) 9.2 days Poznań 10.8 days Tarnów
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Figure 1. Location and topography of the analyzed regions.

2.2. Meteorological Data

Data from nine meteorological stations for 1961–2020 were provided by the Institute
of Meteorology and Water Management–State Research Institute [26]. The datasets are of
good quality and do not contain any gaps in the daily temperature series. They include
daily values of minimum and maximum air temperatures. Temperature anomalies were
calculated from average values for two periods: 1961–1990 and 1991–2020.

Many different predictors have been used to determine the relationship between
atmospheric conditions and increased mortality. The research by Bartlett et al. [27] did not
confirm that any of the methods and measures of temperature were clearly better than the
others. Hence, the focus on maximum and minimum temperatures in this work should
secure sufficient accuracy of the analyses.

2.3. Mortality Data

Daily mortality data for two Polish regions have been acquired from the General
Statistical Office of Poland. The database contains information on deaths in Poland for
every day in the period of 1989–2016. It includes information on age of the deceased
persons and the cause of death, according to the International Classification of Diseases
(ICD). Data for 1989–2000 were organized according to the ninth revision of the international
classification (ICD9) and data after 2000 were coded according to the tenth revision (ICD10).
All deaths due to natural causes: ICD-9 from 1 to 799; ICD-10 groups from A to D, as well
as deaths of cardiovascular diseases (CVD), ICD-9 from 390 to 459, ICD-10 group I, were
subject to analysis. Age over 65 was also analyzed as a risk factor.
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2.4. Analysis of the Relationship between Temperature and the Risk of Death in Towns with
Different Population Sizes and Villages

In this work we use the package dlnm within the statistical environment R [28].
We apply DLNMs (the Distributed Lag Non-Linear Models) to investigate the effect of
maximum temperature on overall mortality, mortality among people with cardiovascular
diseases and people at the age of 65 years or older. Time series were analyzed for local
communities with different population sizes during two periods 1989–1998 and 2001–2016
for Małopolska and Wielkopolska regions. The separation of these 2 periods from the
available time series of data on deaths resulted from concerns about the homogeneity of the
data for 1999 and 2000 caused by the reform of the administrative division of the country.
Most of the analyses described in the paper used data from the years 2001–2016. The data
from before the administrative reform were used to assess the differences between the
initial period of socio-economic transformation in Poland after the fall of communism and
the present ones. Since the early 1990s, there has been an increase in life expectancy and
better prevention and treatment of heart diseases [29]. This may have an influence on the
results obtained.

Mortality data for local communities were assigned to the nine meteorological stations
(five in Wielkopolska and four in Małopolska) for the warm season from June to the end
of September. The analyses were based on the cross-basis matrix, which then were fitted
through a generalized linear model with quasi-Poisson family, with the following choices
regarding the control of confounders: splines of time with 6 degrees of freedom (df),
indicator variables for day of the week and day of the year and lag period of 2. The internal
knots were placed by default at equally spaced quantiles, while the boundary knots were
located at the range of the observed values. Reference temperature was set to 21 ◦C to
estimate relative risk (RR) of mortality.

2.5. Calculations of the Relative Risk of Death for Selected Heat Waves

A heat wave (sub-wave) is defined as a period of at least 3 consecutive days with a
daily maximum temperature above 30 ◦C. In the case of the longest sub-waves, a 2-day
temperature drop below 30 ◦C does not interrupt the wave if there is increased mortality.

In order to estimate the impact of heat waves during selected summer periods on the
increase in the risk of death from others in which the thermal conditions were neutral for
health, a time series of the daily number of deaths should be created for summer periods in
which there were no heat waves. The best series would be over as many years as possible.
Due to a lack of data or socio-economic or demographic factors, it is not always possible to
use long series. The authors of other papers have used reference series composed of data
covering a different number of years. It may be, for example, the 5 preceding years [30], but
also a much shorter period containing only 1 previous year [31]. It also happens that both
the years preceding and following the analyzed heat wave are used for comparisons [32].

In this work, to create the time series, data from 6 years as close as possible to the
analyzed heat waves were used, which at the same time met the condition of the absence
of an intense and long-lasting heat wave. Where possible, data from the three preceding
and three subsequent years were used. The obtained time series of mortality were then
combined with the temperature course and the periods of increase in the number of deaths
during heat waves were determined.

In order to obtain results that will not be delayed in deaths related to the so-called
harvesting effect is sometimes considered also for a longer period of time after the heat
waves have subsided, e.g., a 60-day period [30]

This study also analyzed the longer period of time between the first heat wave and
30 days after the last heat wave in a given year.

In authors opinion, the second, longer period shows the actual, more uninfluenced
result of mortality increase related to a heat wave, eliminating the effects of shifted mortality,
like lag or harvesting effect.
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The explanation of the process of determining the periods of increased temperature
and the related increase in the number of deaths is presented in Figure 2.
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Figure 2. Illustration of the process of determination of time intervals with elevated mortality, related
to the occurrence of high values of the air temperature.

To determine the statistical significance of the mortality changes, the 90% confidence
interval (CI) was calculated using the Student’s t-test taking into account the standard
deviation and sample size.

3. Results
3.1. Thermal Conditions during Selected Heat Waves

During the summer periods selected for the analysis, only in Wielkopolska in 1992
were absolute records of air temperature broken (Kalisz 38 ◦C and Leszno 37.8 ◦C). However,
in both regions, there were very high 7- and 14-day anomalies of the maximum daily air
temperature (Figure 3). There is also a clearly visible difference between the values of the
7-day and 14-day Tmax anomaly depending on the reference period we take into account.
If these are the years 1961–1990, i.e., the period before the analyzed extremely hot years,
the 7-day Tmax anomaly exceeds 11 ◦C at all weather stations in Wielkopolska, and in Piła
it is even 12 ◦C. In Małopolska, the hottest year for this index was 1992, when the anomaly
was around 11 ◦C at all the analyzed stations. A slightly lower anomaly, although still close
to 11 ◦C, occurred in Małopolska in 2015. Additionally, the 14-day anomaly calculated
in relation to the period 1991–2020 had high values in both regions. In Wielkopolska, the
year 1994 stood out again, when at all stations the maximum temperature during the next
14 days was on average 9 ◦C or higher more than the average for the years 1961–1990.
In Małopolska in the same year, the anomaly for Nowy Sącz also exceeded 9 ◦C. If the
reference period were the years 1991–2020, both the 7- and 14-day anomalies would be
lower by even more than 2 ◦C degrees. This proves how extraordinary this period was in
terms of extreme heat compared to the previous one.
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3.2. Relation between the Relative Risk of Death and the Maximum Daily Air Temperature
3.2.1. Increased Relative Risk of Death in the Regions Depending on the Population Size

Figures 4–9 show how relative risk (RR) changed for different Tmax values in cities of
different sizes in both analyzed regions. The analyses carried out concerned all deaths in
the years 2001–2016 without division into age-related risk groups and the cause of death.

In the largest cities of both regions (Kraków, Poznań), with high Tmax values, one
can observe a clear increase in the risk of death (Figure 4). At the maximum daily air
temperature of about 30 ◦C, it is very similar and does not exceed 1.2. At temperatures
exceeding 35 ◦C, the risk of death is higher in Poznań, closing to 1.6, while in Kraków, it is
slightly lower than 1.5.

In towns with a population between 50 and 150 thousand in Wielkopolska, when the
Tmax close to 30 ◦C, RR is similar to that observed in Poznań and does not exceed 1.2, but
at temperatures well above 35 ◦C reaches almost 1.6. In Małopolska, the risk of death is
only slightly increased at Tmax around 30 ◦C. Nevertheless, at temperatures well above 35
◦C, it is higher than in the largest city of the region (Kraków) and the RR is 1.5 (Figure 5).

In towns with a population between 25 and 50 thousand (Figure 6), the RR at tempera-
tures close to 30 ◦C is similar in both regions (RR ~ 1.1). It is similar also in the case of the
highest recorded temperatures, where the RR for both regions exceeds 1.3.

In towns with a population of between 10 and 25 thousand inhabitants, the increase in
RR is clearly higher in Wielkopolska than in Małopolska. In Wielkopolska, a statistically
significant increase in RR exceeding 1.1 is observed at temperatures close to 30 ◦C. At
temperatures significantly above 35 ◦C, the RR becomes 1.4. In Małopolska, a slight
(RR > 1.1) but statistically significant increase is observed for Tmax exceeding 32 ◦C. For
temperatures exceeding 35 ◦C, the RR rises above the value of 1.2 (Figure 7).
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In towns with less than 10 thousand inhabitants in Wielkopolska (Figure 8a), an
increase in the risk of death exceeding 1.1 is recorded at Tmax > 30 ◦C. At temperatures
exceeding 35 ◦C, the increase in RR is already very noticeable and reaches 1.4. We can
observe slightly lower values of RR in small towns of Małopolska. RR at temperatures
above 35 ◦C does not exceed 1.3 (Figure 8b).

In rural areas of both regions (Figure 9), a slight increase in the risk of death (RR ~ 1.1)
already at temperatures of around 30 ◦C is observed. At temperatures above 35 ◦C, the RR
is already high: 1.4 in Małopolska and 1.5 in Wielkopolska.
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3.2.2. Relative Risk of Death in the Age Group 65+ and Caused by Cardiovascular Diseases

In Wielkopolska, a significant (even exceeding 1.6) increase in the risk of death along
age group 65+ with an increase in Tmax is observed both in the largest city of the region
(Poznań) and in towns below 10 thousand inhabitants (Figure 10). In other analyzed
towns and villages, the increase in RR is slightly lower but still statistically significant (see
Supplementary Materials).
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In Małopolska, the increase in the risk of death with temperature increase for this risk
group is generally lower: 1.5 in Kraków and 1.4 for villages in this region (Figure 11). For
the other town size ranges, the increase in RR is usually much lower and often statistically
insignificant (see Supplementary Materials).
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For the largest cities in both regions, the risk of cardiovascular disease-related death
increases already at a Tmax of around 30 ◦C (RR > 1.1). With Tmax > 35 ◦C in Kraków, the
risk of death exceeds 1.5, and in Poznań is slightly below 1.6. We can also observe similar
results for smaller towns of the Małopolska region (Figure 12). All the results are presented
in the Supplementary Materials (Figures S1–S18).
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3.2.3. Differences between Analyzed Periods: 1989–1998 and 2001–2016

In Wielkopolska, regardless of whether we consider all deaths or a risk group related
to age or cardiovascular disease, a greater or lesser decrease in RR is usually observed
in the period 2001–2016 compared to the previous period 1989–1998. It is particularly
noticeable in the case of towns with a population of 25–50 thousand and deaths caused by
cardiovascular diseases, where in the earlier period, with temperatures significantly above
35 ◦C, it reached 2.0, while in the later period, the RR for the highest temperatures was
around 1.2, and in most cases the results were not statistically significant (Figure 13).
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Figure 13. Relation between daily maximum temperature and relative mortality risk (cardiovascular
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Wielkopolska: (a) 1989–1998; (b) 2001–2016.

For towns with a population of less than 10 thousand and villages, the differences
between the periods are smaller. In the case of deaths related to cardiovascular diseases in
rural areas, even a slight increase in RR is visible in 2001–2016 (Figure 14).
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In Małopolska, the results depend on the analyzed sub-population and the size of
the town. In the largest towns of this region (>50 thousand inhabitants), the later period
(2001–2016) is usually characterized by a greater increase in RR. In towns with a population
of 25–50 thousand inhabitants, the increase in RR for high values of Tmax was greater in
the period 1989–1998, e.g., Figure 15. The above-mentioned cases and other cases that were
not referred to in the text are included in Supplementary Materials.
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3.3. Analysis of Changes in the Risk of Death during Selected Heat Waves
3.3.1. Natural Mortality in the Entire Population

During each of the studied summer periods, the authors observe a clear increase in
the number of deaths in both regions (Table 2). In Małopolska, the highest increase in
the number of deaths occurred in the summer of 2010 in towns with a population below
10 thousand and in villages. In both cases, the number of deaths was 20% higher than
expected. In the largest city of the region, the highest increase in the number of deaths, by
18.5%, occurred in 2015. In Wielkopolska, the greatest increase in the number of deaths
for all town sizes occurred during the summer of 1994. In towns with 25 to 50 thousand
inhabitants, the number of deaths reached 146% of the expected number. In the largest city
of the region, the increase in the number of deaths exceeded 30%, and in the countryside,
it was almost 24%. The 25% increase in the number of deaths also occurred during the
summer of 2010 in towns with a population of between 25 and 50 thousand.

Table 2. Heat-related mortality during the studied five summer periods calculated as percentage
of the expected number of deaths during the time heatwave occurred. All natural causes and age
groups are included. The 90% confidence intervals are in brackets. Statistically insignificant results
are marked with *.

Małopolska Years

Population 1992 1994 2006 2010 2015
>500 k 109.7 (CI ± 3.3) 113.4 (CI ± 4.7) 104.8 (CI ± 2.6) 116.3 (CI ± 3.3) 118.5 (CI ± 1.3)

50 k–150 k 109.5 (CI ± 5.3) * 97.8 (CI ± 2.3) 118.2 (CI ± 3.5) 114.1 (CI ± 6.2) 117.0 (CI ± 5.8)
25 k–50 k 111.3 (CI ± 10.4) 114.0 (CI ± 7.7) 108.4 (CI ± 5.4) * 95.0 (CI ± 6.8) * 101.2 (CI ± 4.5)
10 k–25 k 111.0 (CI ± 4.2) 109.1 (CI ± 4.5) 105.3 (CI ± 4.2) 114.4 (CI ± 4.3) 113.8 (CI ± 3.1)

<10 k * 107.2 (CI ± 7.3) 111.3 (CI ± 7.8) 110.8 (CI ± 4.9) 121.8 (CI ± 13.4) * 98.9 (CI ± 4.9)
Villages * 101.5 (CI ± 2.5) 107.7 (CI ± 2.6) 103.4 (CI ± 0.8) 120.0 (CI ± 1.7) 112.2 (CI ± 1.1)

Wielkopolska Years

Population 1992 1994 2006 2010 2015
>500 k 111.7 (CI ± 6.3) 130.7 (CI ± 10.1) 110.0 (CI ± 1.1) 116.6 (CI ± 3.9) 115.1 (CI ± 2.7)

50 k–150 k 110.3 (CI ± 4.9) 139.9 (CI ± 9.5) 116.0 (CI ± 2.5) 115.9 (CI ± 5.0) 115.7 (CI ± 5.9)
25 k–50 k 110.0 (CI ± 7.6) 146.0 (CI ± 12.3) * 98.5 (CI ± 6.1) 125.7 (CI ± 5.5) 111.4 (CI ± 1.9)
10 k–25 k 112.2 (CI ± 1.9) 112.9 (CI ± 4.7) 110.4 (CI ± 3.5) 103.6 (CI ± 3.2) 109.3 (CI ± 4.0)

<10 k 121.7 (CI ± 7.7) 127.9 (CI ± 10.0) 117.2 (CI ± 4.2) 117.2 (CI ± 6.0) 108.9 (CI ± 5.0)
Villages 108.7 (CI ± 5.3) 123.8 (CI ± 7.5) 110.9 (CI ± 2.1) 114.6 (CI ± 3.0) 108.4 (CI ± 2.0)

A smaller increase in the number of deaths became evident when a longer period was
analyzed, including also 30 days after the heat wave finished (Table 3). In Małopolska, the
number of deaths was higher than expected by over 15% only for locations with a popula-
tion of less than 10 thousand in 1994 and 2006. In the largest city of the region (Kraków),
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the highest increase in the number of deaths (8.4%) occurred in 2015. In Wielkopolska,
as in the case of days during heat waves, the greatest increase in the number of deaths
occurred in 1994. Regardless of the size of the town, the calculated increase in the number
of deaths during this summer was statistically significant, and in towns with a population
of 25–50 thousand, it even exceeded 20%. In 2015, the increase in the number of deaths in
the largest city of the region (Poznań) was lower than in other towns and villages.

Table 3. Heat-related mortality during the five summer periods calculated as percentage of the
expected number of deaths. The period between the first sub-wave and the thirtieth day after the end
of the last sub-wave. All causes of death and age groups are included. The 90% confidence intervals
are in brackets. Statistically insignificant results are marked with *.

Małopolska Years

Population 1992 1994 2006 2010 2015
>500 k 105.1 (CI ± 2.3) 107.8 (CI ± 3.1) 103.9 (CI ± 1.8) 105.6 (CI ± 1.9) 108.4 (CI ± 2.2)

50 k–150 k * 103.0 (CI ± 3.4) * 100.5 (CI ± 2.8) 107.6 (CI ± 2.9) * 95.0 (CI ± 3.9) 106.2 (CI ± 3.0)
25 k–50 k 108.1 (CI ± 7.5) * 105.8 (CI ± 6.2) 104.6 (CI ± 4.5) * 98.4 (CI ± 3.5) 106.3 (CI ± 2.3)
10 k–25 k 106.1 (CI ± 3.6) 107.2 (CI ± 4.5) 106.7 (CI ± 2.3) * 100.3 (CI ± 3.9) * 100.1 (CI ± 2.1)

<10 k * 102.2 (CI ± 4.0) 115.1 (CI ± 6.9) 118.7 (CI ± 4.3) * 98.9 (CI ± 6.3) * 98.7 (CI ± 3.6)
Villages * 101.2 (CI ± 1.5) 104.3 (CI ± 1.6) 102.7 (CI ± 1.0) 102.1 (CI ± 1.6) 103.7 (CI ± 1.2)

Wielkopolska Years

Population 1992 1994 2006 2010 2015
>500 k * 104.0 (CI ± 5.0) 117.4 (CI ± 6.4) 105.6 (CI ± 1.7) 105.8 (CI ± 2.2) 103.0 (CI ± 2.2)

50 k–150 k 104.6 (CI ± 3.5) 119.8 (CI ± 6.0) 111.5 (CI ± 3.1) * 99.7 (CI ± 3.2) 110.5 (CI ± 3.8)
25 k–50 k * 99.6 (CI ± 3.2) 120.4 (CI ± 6.8) * 100.2 (CI ± 4.7) 101.9 (CI ± 3.2) 108.0 (CI ± 3.0)
10 k–25 k 106.3 (CI ± 2.3) 109.1 (CI ± 2.9) 104.9 (CI ± 2.7) * 97.5 (CI ± 3.4) 108.1 (CI ± 4.1)

<10 k 109.5 (CI ± 3.5) 114.6 (CI ± 5.7) 107.4 (CI ± 4.0) 103.5 (CI ± 2.5) 108.2 (CI ± 2.8)
Villages 103.8 (CI ± 3.3) 114.1 (CI ± 4.6) 104.5 (CI ± 1.2) * 101.5 (CI ± 2.1) 106.0 (CI ± 1.0)

3.3.2. Deaths Caused by Cardiovascular Diseases, Increased Number of Deaths in
Analyzed Regions

The increase in the number of deaths caused by cardiovascular diseases (Table 4) was
lower in Małopolska than in the case of all natural causes. Still, most of the recorded
increases in mortality were statistically significant. In the largest city of the region, Kraków,
it increased by 22.5% in 2015 and a high value (17.5%) was also recorded in 1994. Except for
2010 and 2015, statistically significant increases from 12% to 22.5% were recorded in towns
with a population of 25–50 thousand. For villages, a relatively large increase, exceeding
12%, was recorded in 2010 and 2015. The increase in mortality in the Wielkopolska region
was clearly greater. In 1994, in towns with a population of 25–50 thousand, the number of
deaths was 66.3% higher than expected. A large increase in the number of deaths (38.3%)
in towns of this size was also calculated for the heat wave of 2010. A statistically significant
increase, except for 2015, was also observed for towns with a population of less than
10 thousand. For rural areas, a statistically significant increase in the number of deaths
from 6.3% to 15% was recorded for all analyzed summer periods.

The analysis of the longer period, including the days between heat sub-waves and the
period of 30 days after the end of the last sub-wave (Table 5), showed that, in Małopolska,
a significant increase in the number of deaths during heat waves may have been partially
related to the so-called harvesting effect. This means that during the heatwaves, people
were dying who were in poor health, and would most likely have died in the coming
weeks even if the heatwave had not occurred. Only in the case of Kraków (Małopolska),
the increase in the number of deaths was most often clear and statistically significant. A
statistically significant increase in the number of deaths exceeding 20% occurred during
the heat wave of 1992 for towns with a population of 25–50 thousand and in 2006 for
towns with a population below 10 thousand residents. In the Wielkopolska region, only in
1994 was an increase in the number of deaths exceeding 20% recorded for towns with a
population of 25–50 thousand. This year, apart from municipalities with a population of
10–25 thousand, there were statistically significant increases in the number of deaths. The
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largest increase (17%) in mortality caused by cardiovascular diseases during heatwaves for
villages in Wielkopolska occurred in 2006.

Table 4. Mortality from cardiovascular diseases during heatwaves calculated as percentage of the
expected number of deaths during the time heatwave occurred. The 90% confidence intervals are in
brackets. Statistically insignificant results are marked with *.

Małopolska Years

Population 1992 1994 2006 2010 2015
>500 k 109.6 (CI ± 6.5) 117.5 (CI ± 6.6) 107.7 (CI ± 3.8) * 102.7 (CI ± 5.6) 122.5 (CI ± 3.5)

50 k–150 k * 113.1 (CI ± 16.4) * 97.7 (CI ± 7.3) * 98.7 (CI ± 3.9) 107.1 (CI ± 6.2) 105.4 (CI ± 5.3)
25 k–50 k 122.5 (CI ± 16.8) 118.6 (CI ± 11.9) 112.1 (CI ± 5.3) * 93.5 (CI ± 11.0) 102.4 (CI ± 7.2)
10 k–25 k * 96.8 (CI ± 8.8) 109.1 (CI ± 7.3) 101.0 (CI ± 6.4) 116.6 (CI ± 8.3) 106.8 (CI ± 5.2)

<10 k * 99.5 (CI ± 8.3) * 103.5 (CI ± 5.5) 119.6 (CI ± 3.9) 104.5 (CI ± 7.3) * 96.7 (CI ± 7.1)
Villages * 102.3 (CI ± 4.0) 107.5 (CI ± 3.2) 105.0 (CI ± 3.4) 117.9 (CI ± 2.7) 112.9 (CI ± 2.4)

Wielkopolska Years

Population 1992 1994 2006 2010 2015
>500 k 111.2 (CI ± 10.9) 123.1 (CI ± 12.0) 104.1 (CI ± 3.1) 113.5 (CI ± 4.3) 117.4 (CI ± 10.1)

50 k–150 k * 107.6 (CI ± 9.8) 132.0 (CI ± 10.3) 124.6 (CI ± 2.1) 132.4 (CI ± 9.9) 105.5 (CI ± 4.5)
25 k–50 k * 111.7 (CI ± 13.8) 166.3 (CI ± 18.8) * 97.9 (CI ± 9.6) 138.3 (CI ± 7.8) * 100.8 (CI ± 7.6)
10 k–25 k 119.8 (CI ± 4.2) 111.5 (CI ± 7.5) * 102.3 (CI ± 4.3) 104.6 (CI ± 4.2) 107.4 (CI ± 3.2)

<10 k 134.3 (CI ± 18.0) 115.4 (CI ± 10.7) 115.7 (CI ± 6.1) 122.8 (CI ± 7.0) * 104.1 (CI ± 8.1)
Villages * 107.6 (CI ± 10.1) 115.8 (CI ± 8.5) 117.6 (CI ± 2.1) 115.8 (CI ± 4.9) 106.3 (CI ± 4.1)

Table 5. Mortality from cardiovascular diseases during heatwaves calculated as percentage of the
expected number of deaths. The period between the first sub-wave and the thirtieth day after the end
of the last sub-wave. The 90% confidence intervals are in brackets. Statistically insignificant results
are marked with *.

Małopolska Years

Population 1992 1994 2006 2010 2015
>500 k 109.7 (CI ± 4.6) 108.8 (CI ± 4.1) 104.5 (CI ± 3.3) * 102.2 (CI ± 3.5) 114.3 (CI ± 1.7)

50 k–150 k * 107.2 (CI ± 9.0) * 103.7 (CI ± 4.8) * 97.0 (CI ± 9.3) * 91.5 (CI ± 5.5) * 99.8 (CI ± 6.6)
25 k–50 k 122.2 (CI ± 11.8) * 107.9 (CI ± 9.6) 112.3 (CI ± 5.4) * 99.4 (CI ± 3.9) 106.6 (CI ± 4.4)
10 k–25 k * 98.7 (CI ± 6.3) * 101.1 (CI ± 6.0) 104.0 (CI ± 2.7) * 96.8 (CI ± 5.2) * 94.5 (CI ± 3.5)

<10 k * 94.0 (CI ± 4.7) 109.8 (CI ± 4.3) 123.4 (CI ± 3.5) * 97.4 (CI ± 7.0) * 99.0 (CI ± 7.2)
Villages * 101.4 (CI ± 2.0) * 103.3 (CI ± 2.0) * 101.2 (CI ± 3.7) * 101.2 (CI ± 2.5) 105.0 (CI ± 2.1)

Wielkopolska Years

Population 1992 1994 2006 2010 2015
>500 k * 102.1 (CI ± 8.5) 112.4 (CI ± 7.7) * 100.4 (CI ± 3.0) * 104.8 (CI ± 5.8) * 102.1 (CI ± 8.5)

50 k–150 k 107.8 (CI ± 7.2) 119.1 (CI ± 8.5) 112.0 (CI ± 2.1) 107.2 (CI ± 2.5) 107.8 (CI ± 7.2)
25 k–50 k * 97.4 (CI ± 7.7) 126.5 (CI ± 10.6) * 99.8 (CI ± 6.5) * 95.8 (CI ± 5.8) * 97.4 (CI ± 7.7)
10 k–25 k 110.4 (CI ± 3.9) * 102.1 (CI ± 3.1) 104.4 (CI ± 3.5) * 103.1 (CI ± 4.2) 110.4 (CI ± 3.9)

<10 k 115.2 (CI ± 9.9) 108.5 (CI ± 8.9) * 103.4 (CI ± 5.4) * 104.5 (CI ± 4.7) 115.2 (CI ± 9.9)
Villages 107.4 (CI ± 6.1) 105.9 (CI ± 5.5) 110.0 (CI ± 2.0) * 100.5 (CI ± 3.7) 107.4 (CI ± 6.1)

3.3.3. Deaths in the Age Group 65 and Older

Age has proved to be a significant risk factor in both regions and during certain heat
waves (Table 6). In the Małopolska region in 2010, apart from towns with a population
of 25 to 50 thousand and in 2015, except for cities with 50–150 thousand inhabitants, the
increases in the number of deaths were statistically significant and exceeded 10%. In 2015,
in towns with a population of 10–25 thousand, the number of deaths was over 24% higher
than in the reference period. In the villages of Małopolska, apart from the heat wave of
1992, there was also a clear and statistically significant increase in the number of deaths in
2010; it exceeded 17%. A much higher increase in the number of deaths occurred in the
Wielkopolska region in 1994. In municipalities with a population of 25–50 thousand, the
number of deaths was higher than expected by 87%, and the smallest, but still very visible,
increase in the number of deaths was observed in towns with the number of inhabitants
ranging from 10–25 thousand. In the smallest towns, the increase in the number of deaths
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was clear and statistically significant during all analyzed summer periods: from 18.2% in
2010 to almost 40% in 1994. Statistically significant, although slightly lower increases in
mortality (from 6.8% to 27%) were recorded in rural areas.

Table 6. Heat-related mortality during the studied five summer periods calculated as percentage
of the expected number of deaths during the time heatwave occurred. Subpopulation age 65 and
older is analyzed. The 90% confidence intervals are in brackets. Statistically insignificant results are
marked with *.

Małopolska Years

Population 1992 1994 2006 2010 2015
>500 k 108.5 (CI ± 2.5) 113.2 (CI ± 4.4) 104.4 (CI ± 3.2) 113.0 (CI ± 4.1) 119.0 (CI ± 2.4)

50 k–150 k 109.7 (CI ± 7.3) * 98.9 (CI ± 4.3) 114.8 (CI ± 9.3) 110.1 (CI ± 6.3) * 104.9 (CI ± 6.1)
25 k–50 k 117.8 (CI ± 6.4) 120.3 (CI ± 7.8) 107.1 (CI ± 6.2) * 94.9 (CI ± 7.5) 119.2 (CI ± 6.6)
10 k–25 k * 102.7 (CI ± 4.0) 118.7 (CI ± 5.5) * 104.6 (CI ± 4.8) 112.6 (CI ± 6.3) 124.3 (CI ± 4.3)

<10 k * 101.3 (CI ± 5.3) * 105.3 (CI ± 6.3) 108.8 (CI ± 4.9) 127.1 (CI ± 15.2) 118.0 (CI ± 8.9)
Villages * 102.4 (CI ± 2.3) 109.1 (CI ± 2.6) 106.5 (CI ± 1.7) 117.2 (CI ± 1.7) 112.1 (CI ± 1.5)

Wielkopolska Years

Population 1992 1994 2006 2010 2015
>500 k 115.1 (CI ± 3.9) 139.0 (CI ± 12.5) 114.5 (CI ± 2.2) 115.8 (CI ± 4.1) 120.8 (CI ± 3.5)

50 k–150 k 108.2 (CI ± 3.8) 151.7 (CI ± 13.0) 115.1 (CI ± 3.6) 107.6 (CI ± 6.2) 120.6 (CI ± 6.9)
25 k–50 k 110.2 (CI ± 8.1) 187.1 (CI ± 22.2) * 99.1 (CI ± 9.9) 121.5 (CI ± 8.4) 116.9 (CI ± 3.0)
10 k–25 k * 101.9 (CI ± 4.1) 124.1 (CI ± 8.1) 117.5 (CI ± 4.0) * 98.7 (CI ± 3.9) 114.3 (CI ± 4.7)

<10 k 121.3 (CI ± 9.1) 139.9 (CI ± 13.4) 125.3 (CI ± 3.9) 118.2 (CI ± 8.3) 124.2 (CI ± 6.7)
Villages 106.8 (CI ± 5.2) 127.5 (CI ± 8.4) 116.0 (CI ± 2.6) 113.5 (CI ± 5.1) 109.3 (CI ± 2.8)

The increase in the number of deaths in both regions turned out to be only partially
characterized with a shift in the time of deaths of people aged 65 and older. For a longer
period, also including 30 days after the end of heat waves (Table 7), in the largest city of
Małopolska, the increase in the number of deaths in 2010 was higher by 10.1% and in 1994
by 7.5%. For municipalities from 25 to 50 thousand inhabitants, a large and statistically
significant increase occurred in 1992, 1994 and 2015. It was 16.0%, 9.2% and 15.2%, respec-
tively. Even more unambiguous results were obtained for the area of Wielkopolska. Similar
results were obtained as in the previously discussed subpopulations (Tables 3 and 5).

Table 7. Heat-related mortality during the five summer periods calculated as percentage of the
expected number of deaths. The period between the first sub-wave and the thirtieth day after the end
of the last sub-wave. Subpopulation age 65 and older is analyzed. The 90% confidence intervals are
in brackets. Statistically insignificant results are marked with *.

Małopolska Years

Population 1992 1994 2006 2010 2015
>500 k 104.3 (CI ± 1.3) 107.5 (CI ± 2.8) 103.6 (CI ± 1.8) 104.1 (CI ± 2.3) 110.3 (CI ± 2.5)

50 k–150 k 109.4 (CI ± 2.5) 106.8 (CI ± 2.9) * 101.7 (CI ± 3.3) * 96.2 (CI ± 5.7) 106.4 (CI ± 2.5)
25 k–50 k 116.0 (CI ± 4.2) 109.2 (CI ± 4.4) 106.6 (CI ± 5.9) 100.1 (CI ± 6.0) 115.2 (CI ± 4.6)
10 k–25 k * 97.5 (CI ± 4.0) 110.5 (CI ± 6.3) 110.8 (CI ± 3.1) * 98.4 (CI ± 6.1) 105.4 (CI ± 4.5)

<10 k * 94.6 (CI ± 4.3) 110.8 (CI ± 4.8) 121.6 (CI ± 3.9) * 95.5 (CI ± 9.0) 108.7 (CI ± 5.0)
Villages * 100.3 (CI ± 2.0) 104.2 (CI ± 2.0) 103.7 (CI ± 1.5) 101.7 (CI ± 1.7) 104.8 (CI ± 2.1)

Wielkopolska Years

Population 1992 1994 2006 2010 2015
>500 k 105.6 (CI ± 3.2) 123.3 (CI ± 7.2) 111.0 (CI ± 2.4) 105.4 (CI ± 3.2) 106.2 (CI ± 2.8)

50 k–150 k 103.8 (CI ± 3.2) 126.8 (CI ± 7.6) 108.1 (CI ± 3.5) * 95.0 (CI ± 4.1) 116.4 (CI ± 5.7)
25 k–50 k * 96.1 (CI ± 2.9) 141.0 (CI ± 11.5) * 98.4 (CI ± 6.4) * 97.6 (CI ± 4.1) 114.0 (CI ± 5.2)
10 k–25 k 104.2 (CI ± 2.8) 112.7 (CI ± 4.9) 108.9 (CI ± 3.3) * 96.5 (CI ± 3.3) 112.6 (CI ± 5.7)

<10 k 107.7 (CI ± 4.6) 118.1 (CI ± 7.3) 111.1 (CI ± 4.4) 105.1 (CI ± 2.5) 116.7 (CI ± 4.1)
Villages * 102.6 (CI ± 3.0) 115.7 (CI ± 4.8) 108.9 (CI ± 1.9) * 99.9 (CI ± 2.7) 107.8 (CI ± 2.1)
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4. Summary and Discussion

The analysis of the relation between the maximum daily air temperature and the
risk of death showed that for the largest cities, the risk of death is clear and statistically
significant for all analyzed risk groups. In smaller towns, the relationship is also visible,
but especially in Małopolska for the risk group associated with heart disease and age, it
is often statistically insignificant. The lack of statistical significance may be due to the
fact that smaller populations were studied where there are days without any deaths, even
during heat waves. The increase in the risk of death for these risk groups was also observed
and statistically significant for villages in both regions, although the value of the relative
risk of death was generally lower than for large towns. The risk of death related to high
temperature values was different in both analyzed periods. In Wielkopolska, for all risk
groups and town size ranges, the increase in the risk of death was higher in the period
1989–1998. In Małopolska, the opposite was most often the case, i.e., in the later of analyzed
periods, the risk of death was higher with increasing temperature.

The heat waves analyzed in this study were unique in terms of prevailing weather
conditions. They were also the subject of other studies also in neighbouring countries. The
heat waves of 1992, 1994, 2006, 2010 and 2015 were also analyzed in [33] and the most
persistent heat waves were recognised as those of 1994 and 2015. Additionally, in [34], based
on the human–biometeorological index Physiologically Equivalent Temperature (PET),
these two summer periods were distinguished as particularly unfavorable, considering
that the most strenuous conditions occurred in 1994. This is largely due to the obtained
results of increased mortality directly during the heat wave. In both analyzed regions, in
those years, the greatest increase in mortality was observed, almost always statistically
significant, regardless of the size of the town. In 1994, statistically insignificant results were
obtained only for towns with 50 to 150 thousand inhabitants in the Małopolska region. In
2015, no statistically significant increase in the number of deaths occurred in municipalities
with a population of less than 10 thousand and of 10–25 thousand people. Taking into
account the longer period, also including 30 days after the end of the last heat wave, the
results were similar, which proves that most of the so-called additional deaths did not only
result from the time shifted mortality.

Heart and cardiovascular system diseases are a serious factor that increases the risk of
mortality from heat waves. This is confirmed by previous studies and analyses [13,35–37].
In the literature, one can find both studies in which the problem of increased mortality
during heat waves concerns mainly large towns [38] and those that state that populations
living in agricultural areas may be more vulnerable to heat [39]. In the regions analyzed in
the present study, in the largest cities, during almost every heat wave, we note a clear and
statistically significant increase in the number of deaths related to cardiovascular diseases.
The situation is similar in the case of rural areas, except for 1994, when the increase in the
number of deaths in both regions is not statistically significant. In small and medium-sized
towns, the results are less clear-cut, especially in Małopolska, where in many cases there
is no increase in the number of deaths, or this increase is not statistically significant. In
the Wielkopolska region, there is a higher number of statistically significant increases in
the number of deaths in smaller towns, e.g., a 66% increase in cities with 25–50 thousand
inhabitants. In both regions, however, a large part of the recorded increases in heart disease-
related mortality is due to the so-called harvesting effect. Within 30 days after the end of
the last sub-wave, days with the number of deaths below the expected rate are dominating.
This leads to the conclusion that in some years, e.g., 2010, in both regions, except for large
towns, we do not record a statistically significant increase in the number of deaths. During
the hottest summer of 1994 in the Wielkopolska region, apart from cities with a population
of 10–25 thousand, there was a very clear increase in the number of deaths (26.5%) in cities
with a population of 25–50 thousand.

In several studies, e.g., [40–42], advanced age is also considered an important risk
factor. The common finding is that the risk of dying from heat waves rises as age increases
or is higher beyond a certain age. Additionally, the results of analyses carried out in the
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studied regions lead to the conclusion that mortality during heat waves is increasing. In
the case of the largest cities in both regions, for each of the summer periods, the increase
in the number of deaths is clear and statistically significant. In the case of smaller towns
and villages, especially in Małopolska, there are also increases that are not statistically
significant, but they constitute a definite minority. In 1994, in Wielkopolska, the number of
deaths in towns of 25–50 thousand inhabitants was 87% higher than expected. The vast
majority of mortality rates did not fall below the expected value in the next 30 days, which
allows us to state that they do not result from the time-shifted mortality.

There were significant differences in mortality during the analyzed heatwaves be-
tween the studied regions. The increase in the number of deaths was usually greater in
Wielkopolska and it applied not only to the largest cities in both regions, but also to smaller
towns and villages. In a greater number of cases, the observed increase in mortality was sta-
tistically significant. This was especially true in the case of deaths related to cardiovascular
diseases. Regional differences in that matter have also been identified in earlier studies. For
example, it has been observed that in coastal towns it is smaller than in the hinterland [43].
In this case, however, we are dealing with regions located far from the sea. Lower mortality
rates in Małopolska may be resulting from the location of some towns higher above sea
level, where lower temperatures during the hottest days should appear. This is not obvious,
however, because some studies show that populations in cooler regions are more sensitive
to heat waves than those in warmer regions [44,45].

Because of the fact that the problem of increased mortality during heat waves is already
present and concerns large cities and villages, it is necessary to create appropriate regional
strategies to reduce the risk of death in the most vulnerable groups. Moreover, in the future,
due to the further warming of the climate and the aging of the population in Poland, more
people will be at risk. Various strategies for reducing the risk of additional deaths during
heat waves, methods for reducing the nuisance of heat waves, and the possible applications
of the results obtained in creating local plans are presented in [23,46,47].

5. Limitations of the Study

There are few issues that need to be mentioned that are behind some limitations of
the research. In the years 1997–1998, protest action by physicians took place in Poland.
One of the few forms of protest was the refusal to specify the cause of death in official
documents. The scale of the protest was not large, but is not fully known, and may have
contributed to the calculated increase in deaths related to cardiovascular disease. In the
last two decades, there have been significant demographic changes in Poland. Part of the
population of large but also smaller towns and villages settled in satellite towns to the
largest cities in the region. These were usually young families with children who, due to
their age and health condition, are less susceptible to the harmful effects of heat waves.
This may result in the calculated increase in the risk of deaths being lower than it actually
is. During the analyzed period, the population increased in both regions: in Małopolska,
by about 5%, from 3190 million in 1995 to 3380 in 2016 and in Greater Poland, by over 4%,
from 3332 million in 1995 to 3482 in 2016. Obtaining more accurate results would require
further analyses enriched with demographic and socio-economic factors.

6. Conclusions

1. We observed a clear and statistically significant relationship between the risk of death
and temperature in the largest cities of both regions. It is most likely related to the
urban heat island effect, the intensity of which is highest in the largest cities of both
regions. In smaller towns and villages, the risk of death was generally lower, but still
high enough to be considered as an important problem.

2. In the largest towns, the increase in the number of deaths during heat waves is clear
and statistically significant during all summer periods with particularly unfavorable
thermal conditions.
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3. The rise in heatwave mortality is not just a problem of large agglomerations. During
the longest and most intense of heatwaves, a clear and statistically significant increase
in mortality is also observed in smaller towns and in rural areas.

4. There are differences in the increase in mortality between regions, indicating greater vul-
nerability to heat-related mortality in the lowland and plains in the Wielkopolska region.

5. The increase in the number of deaths during heatwaves in some smaller towns,
especially in the case of deaths related to cardiovascular diseases, is the result of
time-shifted mortality (so-called harvesting effect).

6. The presented studies, supplemented with demographic analyses and models show-
ing in more detail the climatic conditions, may in future be used to create local
strategies to reduce health risks associated with heat waves and to identify the areas
that are most at risk.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/atmos13030390/s1, Figure S1: Relation between daily maximum
temperature and relative mortality risk (all non-accidental causes) in warm months (June–September)
for: (a) Poznań 1989–1998; (b) Kraków 1989–1998; (c) Poznań 2001–2016; (d) Kraków 2001–2016;
Figure S2: Relation between daily maximum temperature and relative mortality risk (cardiovascu-
lar diseases) in warm months (June–September) for: (a) Poznań 1989–1998; (b) Kraków 1989–1998;
(c) Poznań 2001–2016; (d) Kraków 2001–2016; Figure S3: Relation between daily maximum tempera-
ture and relative mortality risk (age 65 and older) in warm months (June–September) for: (a) Poznań
1989–1998; (b) Kraków 1989–1998; (c) Poznań 2001–2016; (d) Kraków 2001–2016; Figure S4: Relation
between daily maximum temperature and relative mortality risk (all non-accidental causes) in warm
months (June–September) for towns with population of 50–150 thousand: (a) Wielkopolska 1989–1998;
(b) Małopolska 1989–1998; (c) Wielkopolska 2001–2016; (d) Małopolska 2001–2016; Figure S5: Relation
between daily maximum temperature and relative mortality risk (cardiovascular diseases) in warm
months (June–September) for towns with population of 50–150 thousand: (a) Wielkopolska 1989–1998;
(b) Małopolska 1989–1998; (c) Wielkopolska 2001–2016; (d) Małopolska 2001–2016; Figure S6: Rela-
tion between daily maximum temperature and relative mortality risk (age 65 and older) in warm
months (June–September) for towns with population of 50–150 thousand: (a) Wielkopolska 1989–1998;
(b) Małopolska 1989–1998; (c) Wielkopolska 2001–2016; (d) Małopolska 2001–2016; Figure S7: Relation
between daily maximum temperature and relative mortality risk (all non-accidental causes) in warm
months (June–September) for towns with population of 25–50 thousand: (a) Wielkopolska 1989–1998;
(b) Małopolska 1989–1998; (c) Wielkopolska 2001–2016; (d) Małopolska 2001–2016; Figure S8: Relation
between daily maximum temperature and relative mortality risk (cardiovascular diseases) in warm
months (June–September) for towns with population of 25–50 thousand: (a) Wielkopolska 1989–1998;
(b) Małopolska 1989–1998; (c) Wielkopolska 2001–2016; (d) Małopolska 2001–2016; Figure S9: Rela-
tion between daily maximum temperature and relative mortality risk (age 65 and older) in warm
months (June–September) for towns with population of 25–50 thousand: (a) Wielkopolska 1989–1998;
(b) Małopolska 1989–1998; (c) Wielkopolska 2001–2016; (d) Małopolska 2001–2016; Figure S10: Re-
lation between daily maximum temperature and relative mortality risk (all non-accidental causes)
in warm months (June–September) for towns with population of 10–25 thousand: (a) Wielkopol-
ska 1989–1998; (b) Małopolska 1989–1998; (c) Wielkopolska 2001–2016; (d) Małopolska 2001–2016;
Figure S11: Relation between daily maximum temperature and relative mortality risk (cardiovas-
cular diseases) in warm months (June–September) for towns with population of 10–25 thousand:
(a) Wielkopolska 1989–1998; (b) Małopolska 1989–1998; (c) Wielkopolska 2001–2016; (d) Małopolska
2001–2016; Figure S12: Relation between daily maximum temperature and relative mortality risk
(age 65 and older) in warm months (June–September) for towns with population of 10–25 thousand:
(a) Wielkopolska 1989–1998; (b) Małopolska 1989–1998; (c) Wielkopolska 2001–2016; (d) Małopolska
2001–2016; Figure S13: Relation between daily maximum temperature and relative mortality risk
(all non-accidental causes) in warm months (June–September) for towns with population of below
10 thousand: (a) Wielkopolska 1989–1998; (b) Małopolska 1989–1998; (c) Wielkopolska 2001–2016;
(d) Małopolska 2001–2016; Figure S14: Relation between daily maximum temperature and relative
mortality risk (cardiovascular diseases) in warm months (June–September) for towns with population
of below 10 thousand: (a) Wielkopolska 1989–1998; (b) Małopolska 1989–1998; (c) Wielkopolska
2001–2016; (d) Małopolska 2001–2016; Figure S15: Relation between daily maximum temperature and
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relative mortality risk (age 65 and older) in warm months (June–September) for towns with popula-
tion of below 10 thousand: (a) Wielkopolska 1989–1998; (b) Małopolska 1989–1998; (c) Wielkopolska
2001–2016; (d) Małopolska 2001–2016; Figure S16: Relation between daily maximum temperature
and relative mortality risk (all non-accidental causes) in warm months (June–September) for villages:
(a) Wielkopolska 1989–1998; (b) Małopolska 1989–1998; (c) Wielkopolska 2001–2016; (d) Małopolska
2001–2016; Figure S17: Relation between daily maximum temperature and relative mortality risk
(cardiovascular diseases) in warm months (June–September) for villages: (a) Wielkopolska 1989–
1998; (b) Małopolska 1989–1998; (c) Wielkopolska 2001–2016; (d) Małopolska 2001–2016; Figure S18:
Relation between daily maximum temperature and relative mortality risk (age 65 and older) in
warm months (June–September) for villages: (a) Wielkopolska 1989–1998; (b) Małopolska 1989–1998;
(c) Wielkopolska 2001–2016; (d) Małopolska 2001–2016.
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