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Abstract

:

Effects of climate change are perceived in ever larger areas of the planet. Heat waves occur with increasing frequency, constituting a risk to the population, especially for the most sensitive subjects. Preventive information to the population on the characteristics of the phenomenon and on the behavior to be supported is the means to reduce the health risks. To monitor the intensity of heat and the physiological discomfort perceived by humans, there are indices based on the perception of meteorological parameters such as temperature and relative humidity. In this work, by applying the Thom Discomfort Index (TDI), the first bioclimatic characterization of the provinces that make up Sicily, a Mediterranean region defined as a hotspot for climate change, was performed by the authors. The nonparametric Mann–Kendall test was applied to the daily values of the TDI in all provinces in order to verify the presence of significant trends. The test results highlighted the existence of increasing trends, especially in the months of August and September, when the TDI value undergoes a significant increase due not only to high temperatures, as one might expect, but above all to a high humidity rate. When these two meteorological parameters reach certain values, the physiological discomfort from humid heat represents a risk to the population.
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1. Introduction


Nowadays in many areas of the planet, there are significant changes in climatic conditions [1,2,3,4,5,6]. Climate change and global warming are expected to significantly affect vulnerable areas such as the Mediterranean basin, with serious consequences [7,8].



Meehl and Tebaldi [9] have demonstrated that present-day heat waves over Europe and North America coincide with a specific atmospheric circulation pattern that is intensified by ongoing increases in greenhouse gases, indicating that it will produce more severe heat waves in those regions in the future.



One of the effects of these changes is the increase in heat waves, characterized by temperatures above the usual values [10,11,12,13]. Knowing how climatic and environmental factors can affect the health and well-being of the population is a current and important question, as evidenced by various studies conducted in Italy, Europe, the United States, and other parts of the world [14,15,16,17]. There is a common sensitivity to monitoring the effects of climatic and environmental conditions on human health, with the main goal of preventing and reducing risks to the population [18,19].



The heat wave is one of the factors linked to the climate, capable of causing hundreds of victims every year. Despite the widespread usage, intuitive understanding of the term “heat wave” and the associated impacts, there is no unified definition [20]. This is largely due to the multiple factors that will affect the character of a heat-wave event and that need to be clearly articulated. The World Meteorological Organization (WMO) has drafted guidelines on the definition and monitoring of extreme weather and climate events [21]. The recommended definition of a heat wave is: “A period of marked unusual hot weather over a region persisting for at least three consecutive days during the warm period of the year based on local climatological conditions, with thermal conditions recorded above given thresholds.” Ebi et al. [22] proposed an approach for assessing human health vulnerability and public health interventions to adapt to climate change. Heat waves can be very tiring on the body even with a short period of exposure. Alonso and Renard [23] studied the physiological and socioeconomic vulnerabilities to heat waves in Lyon. Everyone can be vulnerable to heat waves, but some groups of individuals are at greater risk [24]. The highest-risk groups are elderly people (>75 years), particularly those with pre-existing diseases, people with cardiovascular and respiratory diseases, children, and infants, as their bodies have a reduced ability to adapt to heat compared to adults [25]. From this, it is clear that it is necessary to provide the population, and in particular the most sensitive subjects, with adequate information on the characteristics of the phenomenon and on the behaviors that make it possible to avoid the aggravation of any pathologies already present.



The development of procedures based on the complex dynamics with which air temperature, relative humidity, and wind are combined make it possible to identify the conditions of well-being or thermal discomfort felt by humans in hot periods. In this work, we used temperature and the relative humidity of the air as key parameters for the study of bioclimatic discomfort, because of their ability to alter the environment and cause bodily stress in the human population [26]. According to Masterton and Richardson [27], people react differently to the same temperature but different humidity levels.



In many European countries, including Italy, the summer of 2003 is particularly remembered, characterized by anomalous temperature values, among the highest in recent centuries, and long heat waves [28,29,30,31]. To protect the population from similar events, it becomes essential to identify when and in the presence of what weather conditions the state of health and well-being may be at risk. To monitor the intensity of heat and the resulting physiological discomfort in humans, there are various indices, all based on the perception of meteorological parameters such as temperature and relative humidity [32,33].



The aim of this work was to characterize from the prospective bioclimate the provinces that make up the island of Sicily, a Mediterranean region defined as a hotspot of climate change [34]. The characterization was conducted through the application of the Thom Discomfort Index (TDI) [35], one of the most reliable and used indices for the assessment of conditions of discomfort [36,37,38,39]. It is a daily index that expresses, through a single value, the effect of temperature and humidity in the form of a sensation of physiological discomfort perceived by the human body. The TDI was applied for a period of 20 years, from 2002 to 2021, considering only the hot months (May to September).



In order to verify the presence of significant trends, the nonparametric Mann–Kendall test (MKT) was applied to the daily values of the TDI in all provinces of Sicily [40,41]. Study of the time series of the TDI made it possible to identify the provinces most subject to bioclimatic discomfort. Analysis of the hot periods, in which public health is most exposed to risks, made it possible to identify the bioclimatic criticalities for each province. These criticalities are not to be underestimated, since in many European countries, including Italy [42], the population is aging. As a consequence, in the coming years, the percentage of the population susceptible to heat waves is expected to increase [43].



Given the impossibility of answering precise questions on the type of climate that will occur on Earth in the coming decades, the only possible solution at the moment is to focus on forecasting models. Knowing in advance that the heat wave is about to arrive makes it possible to optimally manage preventive interventions for the categories of subjects at risk.




2. Materials and Methods


2.1. Study Area


Sicily is the biggest island in the Mediterranean Sea, has a total area of about 25,000 km2, and extends in latitude between about 36° and 38° north and in longitude between about 12° and 15° east. It is a predominantly hilly region—62% of the territory—24% is mountainous and the remaining 14% is flat. Overall, the Sicilian orography shows sharp contrasts between the northern portion, mainly mountainous, the central-southern and southwestern portion, essentially hilly, the typical plateau, present in the southeastern area, and volcanic in the eastern part. From a climatic point of view, Sicily, according to the macroclimatic classification of Köppen, can be defined as a region with a temperate-humid climate of type C (average of the coldest month below 18 °C but above −3 °C). However, this definition has only a macroclimatic value, as on a regional scale the climate is strongly influenced by local factors, such as the conformation of the territory, the proximity to the coast, and the orography. According to [44,45], if we pass to the analysis of what can be found within the temperate climate of type C of Köppen, we can already distinguish several subtypes—temperate subtropical, temperate climate warm, sublittoral temperate, subcontinental temperate, and cool temperate—each of which can be found in the different areas of Sicily. The territorial diversity of Sicily consequently produces a complex climatic variability during the year in terms of temperature distribution and rainfall [46]. The administrative subdivision of Sicily is represented by nine provinces: Agrigento (AG), Caltanissetta (CL), Catania (CT), Enna (EN), Messina (ME), Palermo (PA), Ragusa (RG), Syracuse (SR), and Trapani (TP). Within each province, there are a variable number of municipalities, for a complex total of 390.




2.2. Data Sources


The weather data come from the Sicilian Agrometeorological Information Service (SIAS, http://www.sias.regione.sicilia.it, accessed on 1 December 2018). The detection network is made up of 96 weather stations located throughout the Sicilian territory since 2002, with good spatial coverage and temporal continuity. In this work, the data of average daily temperature and relative humidity acquired from 2002 to 2021 were used. For each year of data, only the hot months (May, June, July, August, September) were taken into account. For estimation of the missing daily values, the method of the mean difference was used, as recommended by the World Meteorological Organization [47]. This permitted us to obtain a continuous time series. Figure 1 shows the administrative subdivision of the island and the location of the weather stations.




2.3. Thom Discomfort Index


The human body uses the evaporation of liquids present on the skin to cool itself. Evaporation occurs more effectively if the air is dry or slightly humid. If the air is very humid, the evaporation of sweat occurs with more difficulty: the heat is not dissipated and accumulates, causing feelings of discomfort and often heatstroke. The Thom Discomfort Index (TDI) describes physiological distress conditions caused by humid heat. The measurement is calculated as the temperature and can be referred to the range 21 °C–47 °C. Beyond this range, the index always attributes “well-being“ for temperature values below 21 °C and “medical emergency” for temperatures above 47 °C, regardless of the relative humidity value. The TDI combines in a single value the effect of temperature and humidity perceived by the human body, and is calculated using Equation (1):


  T D I =  T m  − 0.55    (  1 − 0.01 R H  )     (   T m  − 14.5  )   



(1)




where Tm represents the average daily temperature (°C) and RH represents the daily relative humidity (%). As regards the conditions of physiological discomfort perceived by the population, six levels are identified [48,49], each representing a range of the TDI, as shown in Table 1.



By applying the TDI, it is possible to estimate the daily conditions of potential well-being and physiological discomfort. This provides extremely useful information on any health risks, especially when the persistence of uncomfortable heat conditions for the body occurs. It is generally more correct to speak of potential impact, as each individual responds differently to thermal stimuli. This response depends on a series of subjective factors, such as the thermoregulation system, age, the psychophysical characteristics of the subject, the type of activity carried out, the type of clothing worn, the duration of exposure, and the degree of acclimatization in the environment considered [50,51].



The TDI was applied for 20 years from 2002 to 2021, considering only the hot months (May to September). For each province, an average value of daily temperature and relative humidity was calculated, in order to calculate the daily value of the TDI that characterizes that part of the territory




2.4. Trend Analysis Method


In order to verify the presence of any trends, the Mann–Kendall test (MKT) was applied to the available time series. It is a nonparametric test; therefore, it does not assume any a priori distribution for the data. It allows to quantify the significance of trends in time series, and for this purpose it is often used for analysis of environmental time series [52,53,54,55,56,57].



In MKT, the null hypothesis (H0) is that there is no trend in the observed series. The alternative hypothesis (HA) is instead that the series follows a monotonous, increasing or decreasing, trend over time. The MKT statistic, denoted by S, is calculated using Equation (2):


  S =   ∑   i = 1   n − 1     ∑   j = i + 1  n  s n g  (   x j  −  x i   )   



(2)




where xj and xi are, respectively, the values of the j-th year and i-th year, being j > i, n is the length of the series and the sign function. Equation (3), is defined as follows:


  s n g  (   x j  −  x i   )  =  {              1   i f    x j  −  x i  > 0         0   i f    x j  −  x i  = 0           − 1   i f    x j  −  x i  < 0        



(3)







If the series is sufficiently long (n ≥ 10), the statistic S can be approximated to a normal distribution, Equation (4), with zero as average and variance equal to:


  V a r  ( S )  =  1  18    [  n  (  n − 1  )   (  2 n + 5  )  −   ∑   i = 1  g   t i   (   t i  − 1  )   (  2  t i  + 5  )   ]     



(4)







The second term is introduced to make the necessary correction in the presence of groups of equal observations that generate the so-called nodes, in particular g is the number of nodes and ti is the number of nodes in the i-th group.



The statistics of the Zs test are applied to calculate the significance of the trend. The ZS test allows us to verify the null hypothesis H0. If    |   Z S   |    is bigger than    Z   α 2     , where α represents the chosen level of significance (e.g., with α = 0.05, Z = 1.96), then the null hypothesis is not true. This fact implies that the trend of the series is significant. The statistic Zs is calculated as follows:


   Z s  =  {        S − 1     V a r  ( S )        i f   S > 0         0   i f   S = 0         S + 1     V a r  ( S )        i f   S < 0        



(5)




where ZS denotes the direction of the trend. We have an increasing trend if ZS is positive, and a decreasing trend if ZS is negative [58,59].





3. Results and Discussion


In this study, we characterized bioclimatic distress perceived in Sicily. It was decided to use the administrative subdivision of the territory, rather than considering the entire island, in order to obtain more detailed information. Using the daily data of temperature and relative humidity from the Sicilian Meteorological Service (SIAS), it was possible to calculate the Thom Discomfort Index (TDI) from 2002 to 2021 considering the months of May, June, July, August, and September for a total of 153 days per year.



To analyze the fluctuations in the TDI value, as a function of months and years, a contour plot for each province was created. In the function of the monthly and annual fluctuations of the TDI, it was possible to identify in which provinces exist the major critical issues that could cause physiological discomfort for humans.



As Figure 2 shows, the provinces behaved differently over the past two decades. Especially during the months of July and August, the TDI value undergoes a significant increase due not only to high temperatures, as one might expect, but above all to high humidity. When these two meteorological parameters reach certain values, the physiological discomfort due to humid heat represents a risk to the population.



In detail, in the provinces of EN and AG, the TDI values during the critical months do not reach such levels as causing physiological discomfort for humid heat. In the provinces of CL, ME, and PA, the TDI values from mid-June to the first days of September fluctuate between 21 and 24: “Under 50% population feels discomfort” (Table 1).



In the province of CT, the scenario changes, especially in the months of July and August, where TDI values fluctuate between 24 and 27, a range within which “Over 50% of the population feels discomfort.” Worrying is what happens in the provinces of RG, SR and TP, since from mid-June to mid-September, the prevailing TDI values fluctuate between 24 and 27. Moreover, there are periods between 7 and 20 days in which the limit value of 27 is exceeded. This value corresponds to the IVth class of the TDI, in which “Most of the population suffers discomfort.”



The development of the TDI as a time series has shown that during the warm period of the year in various provinces of Sicily, there are bioclimatic conditions capable of thermal stress on humans.



The statistical analysis conducted using MKT, with a significance level of 95%, made it possible to highlight in which provinces the growing trend of the TDI value occurs. In May, there is no trend in AG, CL, CT, or RG, while it is present in EN (increasing), ME (decreasing), PA (decreasing), SR (increasing), and TP (decreasing). In June, there is no trend in AG, CT, ME, PA, SR, or TP, while there is an increasing trend in RG, EN, and CL. In July, there is an increasing trend in CL, EN, RG, and SR, but no trend in AG, CT, ME, PA, or TP. In August there is no trend in PA, while in all the other provinces there is a growing trend. Finally, in September, a growing trend is identified in all the provinces. Table 2 shows the test results.



The annual distribution of days representing one of the six TDI classes was analyzed. A fact that unites all the provinces is the decreasing trend of the Ist class, which identifies the absence of discomfort. This implies an increase in the number of days representative of the worst classes.



The IInd class shows an increasing trend in six provinces (AG, CL, CT, EN, ME, PA), while it decreases in RG, SR, and TP. The scenario that emerges in these three provinces is not synonymous with an improvement in conditions: observing the IIIrd class, a greater slope of the regression line is noted, highlighting a rapid increase. In the provinces of CL and CT, the increase in class IIIrd is moderate. A different scenario can be observed in the provinces of ME and PA, where the trend of the IIIrd class shows a very slow decrease, while in the AG and EN provinces the IIIrd class is not present.



Class IVth is not present in the provinces of AG, CL, or EN; in ME and PA, the presence is rare, while in CT the presence, even if rare, is more incisive: in some years, it has approached 10 days. In the provinces of RG and SR, there is an increasing trend, while in TP the trend shows a slight decrease.



Regarding class Vth, it is very rarely present in RG, SR, or TP, while it is absent in all the others. Class VIth is not present in any of the provinces analyzed. The values of the analysis are shown in the Appendix A (Table A1 and Table A2). Figure 3 shows the trends of the classes found in each province during the entire observation period.



By analyzing the time series of the TDI, it was possible to verify the presence or absence of trends, obtaining useful information for forecasting purposes.



The years with the highest TDI values were the last of the time period used, in accordance with the forecast of increased extreme heat events in the Mediterranean [60]. The index was also able to capture the fact that in the southern part of the island, the bioclimatic stress perceived by humans is greater than in the northern part.



Currently in Sicily, there are no studies dedicated to bioclimatic discomfort. This first study focused on the Sicily region differs from other works conducted in some Mediterranean regions [61,62]. This study analyzed the fluctuation of TDI over the past 20 years, highlighting the provinces most exposed to the health risk of heat waves.



It could be the starting point for the realization of a forecast model of the physiological distress perceived by the population. The results obtained by this model could be converted into information for the population about the climatic scenarios on the island during hot months.



The goal is to preventively reduce exposure to critical bioclimatic conditions, especially for those most at risk. In fact, in recent years, due to the ongoing climate changes, the number of heat waves during the summer, in temperate climate regions, has significantly increased. This scenario has an increasing impact on public health and health expenditure. Studies like this can help develop alert systems that give public and health authorities sufficient time to take a range of targeted actions to reduce the vulnerability of the population.
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Table A1. Annual distribution of the number of days in each TDI class for the provinces of AG, CL, CT, EN, ME, and PA.






Table A1. Annual distribution of the number of days in each TDI class for the provinces of AG, CL, CT, EN, ME, and PA.





	

	
Number of Days for Each Class




	
Years

	
Ist

	
IInd

	
IIIrd

	
IVth

	
Vth

	
VIth

	
Ist

	
IInd

	
IIIrd

	
IVth

	
Vth

	
VIth

	
Ist

	
IInd

	
IIIrd

	
IVth

	
Vth

	
VIth




	
AG

	
CL

	
CT






	
2002

	
135

	
18

	
0

	
0

	
0

	
0

	
101

	
47

	
5

	
0

	
0

	
0

	
58

	
42

	
47

	
6

	
0

	
0




	
2003

	
93

	
60

	
0

	
0

	
0

	
0

	
71

	
73

	
9

	
0

	
0

	
0

	
58

	
28

	
66

	
1

	
0

	
0




	
2004

	
139

	
14

	
0

	
0

	
0

	
0

	
90

	
61

	
2

	
0

	
0

	
0

	
67

	
56

	
30

	
0

	
0

	
0




	
2005

	
141

	
12

	
0

	
0

	
0

	
0

	
86

	
63

	
4

	
0

	
0

	
0

	
65

	
64

	
23

	
1

	
0

	
0




	
2006

	
132

	
21

	
0

	
0

	
0

	
0

	
80

	
64

	
9

	
0

	
0

	
0

	
61

	
58

	
33

	
1

	
0

	
0




	
2007

	
129

	
24

	
0

	
0

	
0

	
0

	
83

	
56

	
14

	
0

	
0

	
0

	
64

	
56

	
29

	
4

	
0

	
0




	
2008

	
129

	
24

	
0

	
0

	
0

	
0

	
70

	
76

	
7

	
0

	
0

	
0

	
63

	
52

	
36

	
2

	
0

	
0




	
2009

	
115

	
38

	
0

	
0

	
0

	
0

	
68

	
78

	
7

	
0

	
0

	
0

	
54

	
57

	
42

	
0

	
0

	
0




	
2010

	
127

	
26

	
0

	
0

	
0

	
0

	
80

	
59

	
14

	
0

	
0

	
0

	
71

	
48

	
34

	
0

	
0

	
0




	
2011

	
135

	
18

	
0

	
0

	
0

	
0

	
63

	
78

	
12

	
0

	
0

	
0

	
58

	
56

	
39

	
0

	
0

	
0




	
2012

	
111

	
42

	
0

	
0

	
0

	
0

	
59

	
70

	
24

	
0

	
0

	
0

	
48

	
53

	
52

	
0

	
0

	
0




	
2013

	
137

	
16

	
0

	
0

	
0

	
0

	
88

	
61

	
4

	
0

	
0

	
0

	
74

	
45

	
34

	
0

	
0

	
0




	
2014

	
139

	
14

	
0

	
0

	
0

	
0

	
87

	
66

	
0

	
0

	
0

	
0

	
57

	
70

	
26

	
0

	
0

	
0




	
2015

	
110

	
43

	
0

	
0

	
0

	
0

	
75

	
66

	
12

	
0

	
0

	
0

	
61

	
48

	
42

	
2

	
0

	
0




	
2016

	
144

	
9

	
0

	
0

	
0

	
0

	
81

	
71

	
1

	
0

	
0

	
0

	
66

	
55

	
32

	
0

	
0

	
0




	
2017

	
131

	
22

	
0

	
0

	
0

	
0

	
76

	
64

	
13

	
0

	
0

	
0

	
51

	
56

	
41

	
5

	
0

	
0




	
2018

	
144

	
9

	
0

	
0

	
0

	
0

	
79

	
70

	
4

	
0

	
0

	
0

	
56

	
63

	
34

	
0

	
0

	
0




	
2019

	
117

	
36

	
0

	
0

	
0

	
0

	
58

	
84

	
11

	
0

	
0

	
0

	
44

	
48

	
60

	
1

	
0

	
0




	
2020

	
120

	
33

	
0

	
0

	
0

	
0

	
61

	
76

	
16

	
0

	
0

	
0

	
55

	
57

	
41

	
0

	
0

	
0




	
2021

	
111

	
42

	
0

	
0

	
0

	
0

	
64

	
62

	
27

	
0

	
0

	
0

	
56

	
33

	
58

	
6

	
0

	
0




	

	
EN

	
ME

	
PA




	
2002

	
153

	
0

	
0

	
0

	
0

	
0

	
75

	
40

	
34

	
3

	
1

	
0

	
70

	
49

	
30

	
4

	
0

	
0




	
2003

	
153

	
0

	
0

	
0

	
0

	
0

	
65

	
61

	
24

	
3

	
0

	
0

	
63

	
47

	
40

	
3

	
0

	
0




	
2004

	
153

	
0

	
0

	
0

	
0

	
0

	
86

	
56

	
11

	
0

	
0

	
0

	
76

	
66

	
11

	
0

	
0

	
0




	
2005

	
153

	
0

	
0

	
0

	
0

	
0

	
99

	
42

	
12

	
0

	
0

	
0

	
81

	
59

	
12

	
1

	
0

	
0




	
2006

	
153

	
0

	
0

	
0

	
0

	
0

	
84

	
54

	
15

	
0

	
0

	
0

	
72

	
60

	
21

	
0

	
0

	
0




	
2007

	
152

	
1

	
0

	
0

	
0

	
0

	
90

	
40

	
20

	
3

	
0

	
0

	
75

	
54

	
22

	
2

	
0

	
0




	
2008

	
153

	
0

	
0

	
0

	
0

	
0

	
76

	
66

	
10

	
1

	
0

	
0

	
66

	
68

	
19

	
0

	
0

	
0




	
2009

	
153

	
0

	
0

	
0

	
0

	
0

	
83

	
61

	
9

	
0

	
0

	
0

	
71

	
60

	
22

	
0

	
0

	
0




	
2010

	
153

	
0

	
0

	
0

	
0

	
0

	
89

	
54

	
10

	
0

	
0

	
0

	
82

	
54

	
17

	
0

	
0

	
0




	
2011

	
153

	
0

	
0

	
0

	
0

	
0

	
93

	
52

	
8

	
0

	
0

	
0

	
77

	
65

	
11

	
0

	
0

	
0




	
2012

	
153

	
0

	
0

	
0

	
0

	
0

	
68

	
66

	
16

	
3

	
0

	
0

	
63

	
62

	
26

	
2

	
0

	
0




	
2013

	
153

	
0

	
0

	
0

	
0

	
0

	
97

	
49

	
7

	
0

	
0

	
0

	
84

	
65

	
4

	
0

	
0

	
0




	
2014

	
153

	
0

	
0

	
0

	
0

	
0

	
95

	
46

	
12

	
0

	
0

	
0

	
83

	
62

	
8

	
0

	
0

	
0




	
2015

	
153

	
0

	
0

	
0

	
0

	
0

	
77

	
57

	
19

	
0

	
0

	
0

	
72

	
58

	
22

	
1

	
0

	
0




	
2016

	
153

	
0

	
0

	
0

	
0

	
0

	
95

	
54

	
4

	
0

	
0

	
0

	
87

	
62

	
4

	
0

	
0

	
0




	
2017

	
153

	
0

	
0

	
0

	
0

	
0

	
83

	
48

	
20

	
2

	
0

	
0

	
78

	
55

	
19

	
1

	
0

	
0




	
2018

	
153

	
0

	
0

	
0

	
0

	
0

	
94

	
54

	
5

	
0

	
0

	
0

	
74

	
69

	
10

	
0

	
0

	
0




	
2019

	
153

	
0

	
0

	
0

	
0

	
0

	
71

	
64

	
18

	
0

	
0

	
0

	
60

	
67

	
26

	
0

	
0

	
0




	
2020

	
153

	
0

	
0

	
0

	
0

	
0

	
80

	
59

	
14

	
0

	
0

	
0

	
64

	
71

	
18

	
0

	
0

	
0




	
2021

	
121

	
32

	
0

	
0

	
0

	
0

	
79

	
38

	
36

	
0

	
0

	
0

	
61

	
51

	
39

	
2

	
0

	
0
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Table A2. Annual distribution of the number of days in each TDI class for the provinces of RG, SR, and TP.






Table A2. Annual distribution of the number of days in each TDI class for the provinces of RG, SR, and TP.





	

	
Number of Days for Each Class




	
Years

	
Ist

	
IInd

	
IIIrd

	
IVth

	
Vth

	
VIth

	
Ist

	
IInd

	
IIIrd

	
IVth

	
Vth

	
VIth

	
Ist

	
IInd

	
IIIrd

	
IVth

	
Vth

	
VIth




	
RG

	
SR

	
TP






	
2002

	
45

	
58

	
41

	
9

	
0

	
0

	
40

	
43

	
55

	
15

	
0

	
0

	
43

	
53

	
45

	
12

	
0

	
0




	
2003

	
39

	
34

	
65

	
15

	
0

	
0

	
49

	
23

	
70

	
11

	
0

	
0

	
34

	
34

	
57

	
27

	
1

	
0




	
2004

	
54

	
63

	
35

	
1

	
0

	
0

	
49

	
49

	
52

	
3

	
0

	
0

	
53

	
43

	
53

	
4

	
0

	
0




	
2005

	
55

	
70

	
27

	
1

	
0

	
0

	
46

	
60

	
41

	
6

	
0

	
0

	
52

	
64

	
33

	
4

	
0

	
0




	
2006

	
50

	
45

	
57

	
1

	
0

	
0

	
39

	
52

	
56

	
6

	
0

	
0

	
50

	
50

	
51

	
2

	
0

	
0




	
2007

	
48

	
54

	
42

	
9

	
0

	
0

	
39

	
54

	
49

	
11

	
0

	
0

	
46

	
54

	
39

	
13

	
1

	
0




	
2008

	
52

	
30

	
69

	
2

	
0

	
0

	
49

	
22

	
74

	
8

	
0
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Figure 1. Location of weather stations (red dots). 






Figure 1. Location of weather stations (red dots).
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Figure 2. Contour plot of the TDI value as a function of the months and years of each province. 
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Figure 3. Trend of the number of representative days of each class from 2002 to 2021 (solid line) with regression line (dashed line). 






Figure 3. Trend of the number of representative days of each class from 2002 to 2021 (solid line) with regression line (dashed line).
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Table 1. Thom’s discomfort conditions.






Table 1. Thom’s discomfort conditions.





	Range (°C)
	TDI Class
	Description





	<21
	Ist
	No discomfort



	21–23.9
	IInd
	Under 50% of the population feels discomfort



	24–26.9
	IIIrd
	Over 50% of the population feels discomfort



	27–28.9
	IVth
	Most of the population suffers discomfort



	29–31.9
	Vth
	Everyone feels severe stress



	>32
	VIth
	Medical emergency
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Table 2. Results of the Mann–Kendall test for TDI values in each province.






Table 2. Results of the Mann–Kendall test for TDI values in each province.


















	Prov.
	Month
	N° Obs.
	Min
	Max
	Mean
	Std.

Dev.
	ZS
	p-Value
	Test

Interpretation (α = 0.05)
	Trend





	
	May
	620
	10.76
	20.78
	15.64
	1.66
	−1.039
	0.298
	Accept H0
	No Trend



	
	June
	600
	12.87
	23.47
	18.66
	1.81
	0.563
	0.573
	Accept H0
	No Trend



	AG
	July
	620
	17.23
	23.72
	20.52
	1.11
	0.182
	0.855
	Accept H0
	No Trend



	
	August
	620
	17.21
	23.84
	20.59
	1.13
	3.894
	0.001
	Reject H0
	Increasing



	
	September
	600
	13.70
	22.33
	18.46
	1.53
	4.504
	<0.001
	Reject H0
	Increasing



	
	May
	620
	10.96
	23.17
	16.81
	2.02
	0.937
	0.348
	Accept H0
	No Trend



	
	June
	600
	12.95
	25.25
	20.33
	2.15
	1.967
	0.041
	Reject H0
	Increasing



	CL
	July
	620
	18.47
	26.11
	22.64
	1.29
	3.341
	0.008
	Reject H0
	Increasing



	
	August
	620
	18.03
	25.82
	22.67
	1.33
	6.381
	<0.001
	Reject H0
	Increasing



	
	September
	600
	14.16
	24.59
	20.04
	1.93
	6.774
	<0.001
	Reject H0
	Increasing



	
	May
	620
	10.57
	23.77
	17.49
	2.27
	−0.971
	0.331
	Accept H0
	No Trend



	
	June
	600
	14.12
	27.28
	21.52
	2.48
	−0.008
	0.993
	Accept H0
	No Trend



	CT
	July
	620
	19.55
	28.38
	23.96
	1.55
	0.214
	0.830
	Accept H0
	No Trend



	
	August
	620
	19.46
	28.36
	24.08
	1.49
	2.985
	0.002
	Reject H0
	Increasing



	
	September
	600
	15.12
	26.21
	20.95
	2.14
	3.719
	0.002
	Reject H0
	Increasing



	
	May
	620
	8.38
	18.45
	12.84
	1.79
	8.012
	<0.001
	Reject H0
	Increasing



	
	June
	600
	9.64
	22.64
	15.65
	2.11
	10.932
	<0.001
	Reject H0
	Increasing



	EN
	July
	620
	11.68
	22.36
	17.36
	1.64
	15.791
	<0.001
	Reject H0
	Increasing



	
	August
	620
	10.97
	23.11
	17.25
	1.69
	13.762
	<0.001
	Reject H0
	Increasing



	
	September
	600
	10.22
	21.08
	14.99
	1.86
	12.561
	<0.001
	Reject H0
	Increasing



	
	May
	620
	8.55
	24.79
	15.91
	2.62
	−2.672
	0.007
	Reject H0
	Decreasing



	
	June
	600
	11.89
	28.46
	20.02
	2.88
	−1.231
	0.218
	Accept H0
	No Trend



	ME
	July
	620
	17.35
	29.26
	22.48
	1.86
	−1.857
	0.063
	Accept H0
	No Trend



	
	August
	620
	18.35
	28.19
	22.68
	1.79
	0.956
	0.339
	Reject H0
	Increasing



	
	September
	600
	13.63
	26.30
	19.59
	2.24
	2.451
	0.014
	Reject H0
	Increasing



	
	May
	620
	9.62
	24.54
	16.58
	2.41
	−2.131
	0.033
	Reject H0
	Decreasing



	
	June
	600
	12.47
	28.51
	20.58
	2.58
	−0.789
	0.423
	Accept H0
	No Trend



	PA
	July
	620
	17.88
	28.61
	22.97
	1.61
	−1.328
	0.184
	Accept H0
	No Trend



	
	August
	620
	18.97
	27.95
	23.05
	1.62
	1.245
	0.213
	Accept H0
	No Trend



	
	September
	600
	14.13
	25.78
	20.17
	2.07
	2.811
	0.005
	Reject H0
	Increasing



	
	May
	620
	12.73
	25.16
	18.27
	2.21
	0.083
	0.934
	Accept H0
	No Trend



	
	June
	600
	15.43
	29.28
	22.27
	2.46
	2.084
	0.037
	Reject H0
	Increasing



	RG
	July
	620
	20.39
	29.18
	24.78
	1.56
	4.109
	<0.001
	Reject H0
	Increasing



	
	August
	620
	20.55
	29.49
	25.12
	1.55
	6.832
	<0.001
	Reject H0
	Increasing



	
	September
	600
	16.38
	27.66
	22.37
	2.03
	5.221
	<0.001
	Reject H0
	Increasing



	
	May
	620
	12.71
	24.23
	18.45
	2.06
	2.938
	0.003
	Reject H0
	Increasing



	
	June
	600
	16.15
	28.47
	22.69
	2.37
	1.787
	0.074
	Accept H0
	No Trend



	SR
	July
	600
	16.64
	27.81
	22.53
	2.01
	2.649
	0.008
	Reject H0
	Increasing



	
	August
	620
	20.96
	29.41
	25.51
	1.41
	4.929
	<0.001
	Reject H0
	Increasing



	
	September
	600
	16.64
	27.80
	22.53
	2.02
	4.452
	<0.001
	Reject H0
	Increasing



	
	May
	620
	11.32
	25.51
	18.24
	2.24
	−2.633
	0.008
	Reject H0
	Decreasing



	
	June
	600
	14.57
	28.83
	22.34
	2.51
	−0.002
	0.998
	Accept H0
	No Trend



	TP
	July
	620
	20.32
	29.27
	24.99
	1.61
	−0.039
	0.968
	Accept H0
	No Trend



	
	August
	620
	20.79
	30.12
	25.17
	1.65
	3.255
	0.001
	Reject H0
	Increasing



	
	September
	600
	15.88
	27.72
	22.21
	2.11
	3.622
	0.001
	Reject H0
	Increasing
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