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The meteorological imbalances in Brazil have a strong impact on the lives of the

population across the country, especially in the Amazon region. These impacts

extend to meteorological phenomena, such as extreme rainfall, droughts, and

an increase in temperature in several regions, as well as impacts on health, the

economy, and, as the object of this study, the quality of life. This study presents

the impact of meteorological changes on the quality of life in the Amazon

region, based on (i) the thermal discomfort index (TDI), (ii) the temperature

and humidity index (THI), and (iii) the e�ective temperature index as a function

of the wind (TEFW). For this, meteorological data from the years 2003–2021

were used, in which the variables include total precipitation, global radiation,

air-dry bulb temperature, the maximum temperature in the previous hour, the

minimum temperature in the previous hour, relative humidity, and wind speed.

This analysis indicates that for this tropical region, the sensation ofmild discomfort

was predominant in about 70% of the measurements, indicating a certain level of

impact on the population’s quality of life, in addition to the fluctuation of levels

of discomfort during periods of winter in that there are high rates of precipitation.

The data control was performed with the removal of null data and calculation

of monthly and annual averages, by using the compression (average) empty data

frames in order to receive the values without losing the indexing of dates. At first,

it was considered to use the kriging process to fill in the missing data; however,

due to the existence of microclimates in the regions, the data could characterize

remote regions in a generalized way, which would make it di�cult to understand

these data in comparison with the data from the National Institute of Meteorology

(INMET, in Portuguese).
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1. Introduction

The climate influences the daily actions of humans, just as
humans also play an important role in climate dynamics through
their activities. The relationship between anthropogenic actions
and climate on a global scale is still the subject of much discussion
among many scientists; however, it seems to be unanimous that
humans can alter the climate on a local scale by changing, for
example, the soil surface. The Amazon has essential ecosystem
services that contribute to human wellbeing across the planet, such
as climate regulation and the maintenance of carbon stocks by
forests (Edwards et al., 2019).

High demand from the international market for Brazilian
agriculture and livestock products has led to an increase in this
sector, which is commonly accompanied by the expansion of the
agricultural frontier and the simultaneous clearing of forest along
with burning for pasture clearing in areas of the Cerrado and the
Brazilian Amazon (Morton et al., 2006, 2016; Nepstad et al., 2014;
Silveira et al., 2022).

The Amazon region is seen as being at great risk due to
climate variability and change. The risk is not only due to projected
climate change but also through synergistic interactions with other
threats, such as deforestation, forest fragmentation, and detected
fires (Marengo et al., 2018).

These land cover changes, as well as urban development
and forest devastation, have their percentage of importance in
microclimatic changes in the Amazon due to the reduction of
green areas, changing vegetation land cover, and heat produced by
numerous human activities in the urban environment (Silva et al.,
2018; Marçal et al., 2019; de Souza e Silva et al., 2022). The risk of
forest fires in the northern region of Brazil is high during certain
periods of the year; based on the seasonality of climatic aspects,
factors such as low precipitation and dry periods can influence the
incidence of fires (Lima et al., 2021).

Nóbrega and Lemos (2011), da Costa1 João et al. (2013),
Silva Júnior et al. (2013), and Coutinho et al. (2014) highlighted
the “microclimatic” variations as the main consequence of
urbanization and classified the thermal sensation in tropical cities,
from comfort indices through meteorological variables such as
temperature and relative humidity.

In regions with a predominance of high temperatures most
of the year, shading can be favorable, making the place more
comfortable and providing the feeling of lower temperatures (Souza
and Nery, 2012). Therefore, among the most important climatic
information for the characterization of the environment, it can
be highlighted that the synergism between temperature, relative
humidity, andwind speed can impact both negatively and positively
on thermal comfort (Da Silva et al., 2013).

Earth and climate interact in complex ways through changes in
the frequency of events in multiple biophysical and biogeochemical
processes at different spatial and temporal scales. The constant
changes in land handling and land use within the Amazon alter
noticeable aspects in the quality of life of the region’s population
with regard to the Fundamentals of Wellbeing by addressing the
sustainability of ecosystems and the health and wellbeing of the
population. The climate and its changes impact the daily life
of humans since changes resulting from anthropic actions can

influence the climate change of a local region, accelerating climate
change. The misfit in variables that define the climate such as
precipitation and temperature negatively impacts the comfort and
convenience conditions of a society affecting aspects of health
and nutrition.

Therefore, knowing the classification of biometeorological
indices for humans is paramount because thermal sensation is
strongly correlated with respiratory and cardiovascular problems.
It is worth highlighting that the human being is homeothermic
and has a body temperature between 36 and 37◦C. Climatic
conditions that contribute to values below this temperature also
contribute to hypothermia, and control mechanisms are triggered,
such as vasoconstriction, shivering, chills, and increased metabolic
rate, in an attempt to raise body temperature and in the reverse
process, when it influences values above 37◦C, both sweating and
vasodilation are triggered (Sette and Ribeiro, 2011).

The importance of knowing the classification of bioclimatic
indices is, among other factors, to assist with preventive measures
to minimize the influence of climatic conditions on human health.
Thus, studies of this nature, such as the one proposed in this work,
are of fundamental importance.

According to the Institute of Man and Environment of the
Amazon (IMAZON, 2022), the total deforested area reached
about 4,915 km2 within federal territories, i.e., areas set aside for
environmental reserve and protection by the Union, and in the
year 2021, the accumulated devastation from January to December
reached the worst level in a decade reaching the value of 10,362
km2, equivalent to almost half the territorial area of the state
of Sergipe.

According to BBC Brazil (Rossi, 2017), a large part of the
deaths from land conflicts converge in the deforested areas of the
Amazon rainforest. In large part, areas of the Amazon region are
devastated by the acquisition of land for the expansion of the
agricultural frontier and agribusiness, in addition to the practice
of illegal logging in the region and the creation of illegal mines.
These practices make environmental preservation arduous due to
the difficult access to the region and insufficient contingent for
inspection due to the vast territorial area, resulting in numerous
conflicts between indigenous peoples from the region, miners,
and loggers.

Thermal comfort is the term used to describe a satisfactory,
stress-free thermal environment in buildings and, therefore, is a
socially determined notion defined by norms and expectations
(Nicol and Roaf, 2017). The Amazon has a hot and humid
climate, situated in a mostly tropical area, the region has a high
temperature, and this variable is an important factor for the
development of daily activities. Mazzone (2020) evaluated fuel
poverty in tropical environments highlighting that the increase in
ambient cooling is an important factor for the execution of daily
and work activities in tropical regions because the excessive heat
and the lack of electricity in remote regions make the daily lives
of the residents of these regions difficult. Heat storage and the
consequent elevation of core body temperature to critical levels
lead to the incidence of thermal diseases, especially heat exhaustion
and Exercise Heat Stroke (EHS), two forms of heat stroke that
affect both athletes and workers exposed to heat stress situations
(Gambrell, 2002).
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According to part 2 of the 6th report from TheWorking Group
II of the Intergovernmental Panel on Climate Change (IPCC),
created by the United Nations (UN) in 1998, climate change in
the Amazon predicts a reduction in rainfall and an increase in
heat waves and extreme droughts, due to the impact of human and
natural actions such as deforestation and fires (IPCC, 2022).

Humans and the climate often interact in natural ways, such
as the human body’s process of seeking thermal equilibrium which
expends energy and is a way of adapting to the environment, or
in preset ways, such as the interference of water cycles to regulate
rainfall in dry regions with low rainfall.

Because humans interact with the climate in several ways, the
aspects related to thermal comfort are essential to establish metrics
to measure how human activities under the intervention of climate
and environmental changes are affected and how this impacts the
wellbeing of the population.

Considering that the psychological and physiological aspects
are different for each person due to the way and environment
they live, their height, weight, and age, meteorological variables are
essential for the calculation of thermal comfort indexes because
they quantify the climatic factors, such as precipitation, relative
humidity, and temperature, that act directly on the environment.

Understanding the relationship between land use changes and
their impacts on the climate is essential to establish sustainable
public policies with a social purpose based on the measurement of
thermal comfort indexes and quality of life (de Aguiar, 2003). It
can estimate which regions have undergone more drastic changes
and generate prediction models for possible climate changes, such
as rainfall frequencies, floods, and drought cycles, in order to
provide a better direction for resources and investments, which is
the central focus of this research. In this way, this work presents an
analysis of thermal comfort in the Amazon region based on a time
series that ranges between the years 2003 and 2021 of the thermal
comfort indexes directed to cities where there are meteorological
stations in the states of Pará and Tocantins.

Understanding the relationship between thermal comfort
indexes and how aspects arising from temperature have their degree
of importance in the daily functioning of society makes it possible
to measure to what extent environmental impacts and climate
change affect individual or collective performance in various fields
and areas of study.

Thermal comfort indices show how uncomfortable the
environment is for human beings and how the body responds in
specific ways to thermally different environments, the wellbeing of
the population, and productivity can suffer impacts that affect the
quality of life in the region.

Evaluating thermal comfort indices and wellbeing demands a
certain complexity, since, besides environmental aspects, there are
physical and personal aspects that add a subjective character to
the analysis of thermal comfort. Lamberts et al. (2011) described
how the human body and its thermoregulation mechanisms act
in different ways for hot and cold environments and obtained
the relationship through the analysis of personal variables such
as clothing and activity performed, along with meteorological
variables such as air temperature and average radiant temperature.

On January 22, 1998, the World Health Organization (WHO)
defined health as a dynamic state of complete physical, mental,
spiritual, and social wellbeing and not merely the absence of disease

or infirmity. Wellbeing is also related to the environment and
thermal sensation. Studies on productivity and performance at
work considering thermal comfort present results with a tendency
to classify that discomfort provided by heat or cold impacts the
productivity of intellectual, manual, and visual activities due to the
activation of thermoregulatory mechanisms of the human body to
establish thermal balance with the environment.

ACL da Costa1 João et al. (2013) conducted a study on the heat
index to measure thermal discomfort and its seasonal variation in
4 cities of different sizes in the Brazilian Amazon. The data used
were obtained indirectly through Campbell Scientific automatic
weather stations equipped with a CR1000 data logger, and the
collection stations were installed in intensely urbanized areas for
a better representation of the urban environment. In this analysis,
it was found that the heat index (CI) showed greater variation
during the dry period due to the loss of strength of meteorological
systems, such as the intertropical convergence zone, and a slight
variation during the winter, where larger precipitation volumes
occur, causing a reduction in air temperature in the region.

Fialho and de Alvarez (2017) conducted a study on the thermal
comfort indices for the city of Vitória, the capital of the State
of Espírito Santo, Brazil, and evaluated the thermal comfort
in the urban perimeter using the Thermal Discomfort Index
(TDI), Temperature and Humidity Index (THI), and Effective
Temperature in Function of Wind (TEFW).

The authors carried out an analysis using comfort indexes
applied to the urban context, data collection was done from
the website of the National Institute of Meteorology (INMET, in
Portuguese), and the results indicated that climatic factors can
influence the thermal sensation beyond the finding of partial
discomfort in summer and little incidence of discomfort during
winter in Vitória. Furthermore, the TEFW index was the one that
best suited the characteristics of the city, while TDI and THI
presented many ranges of discomfort and extreme discomfort.

Bracarense et al. (2018) addressed the variations and limitations
of the thermal comfort indices for a total of 11 indices, aiming to
quantify the difference in the classification of the indices and choose
indices that best suited the period and environment of analysis.

The indices adopted in this analysis were chosen in pairs
for comparison, TDI and THI, with respect to air temperature
and relative humidity, TEFW and the Equivalent Perceived
Temperature (EPT), which use the same temperature and humidity
data cited above only as a function of wind speed. The results
found similar measurements between THI and TDI and a greater
dispersion between TEFW and EPT, with the analysis done
considering shade and vegetation, during a period of about 6 h
with measurements every 5min, at the end of the dry season and
beginning of the rainy season.

The objective of this study was to analyze the feeling of thermal
discomfort associated with climatic conditions of tropical regions
and how this impacts the quality of life in this region, by using
analysis factors such as TDI, THI, and TEFW, along with data on
precipitation, fires, and urban infrastructure.

Thus, the analysis of possible climate changes in the study
region was carried out by comparing the seasonal behavior
of meteorological variables and thermal comfort indexes with
urbanization and deforestation factors. The contribution of this
work that differs from other studies is the analysis of the thermal
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comfort indices seasonally during the period of meteorological data
collection from conventional automatic stations and comparing the
result of the indices monthly over the years with precipitation data,
fires, and urban infrastructure in order to quantify climate changes
in these cities analyzed.

1.1. Comparative study

During the bibliographical survey to establish the metrics and
indexes for this study, the indexes were chosen due to their
applications for coastal cities, being easier to implement, and being
most widely used in the literature. Most of the studies on this
subject permeate daily or annual analyses for single cities, i.e., only
one city is analyzed, given the complexity when addressing hourly
data and the climatic behavior of a region.

One of the main problems faced lies in the disparity of regions
where the existence of microclimates requires attention during
the analysis and the high volume of data. Previously analyzed to
cover the entire northern region of Brazil, during data collection,
given the dispersion of stations across the northern region of the
country, a better spatial distribution of meteorological stations was
found in the territories of Pará and Tocantins, this area was thus
selected for avoid generalizing data to geographically distant and
dispersed regions.

By analyzing a seasonal time series, it was possible to detect
slight changes in the climatic behavior, its alternation, and
maximum and minimum measurements for several cities.

There is also the possibility of applying prediction models to
help and improve this type of analysis, making it more robust
and concrete, in addition to assisting in mapping changes in each
city and can perform a data crossing comparing meteorological
variables, i.e., comfort indices with deforestation and fires in the
Amazon. Monteiro and Alucci (2010) verified the differences in
laboratory analysis and field surveys by comparing the results based
on predictive models, thus obtaining good correlation rates, i.e.,
calibration factors for the indices.

2. Methodology

The methodology applied in this work is based on the
comparative method. Figure 1 shows the scope of the formulation
of this research, from the definition of the problem to the results
found. This method consists of the following 6 stages:

A. identification of the problem or event
B. bibliographic review of the theme
C. delimitation of the study area
D. data acquisition
E. data treatment
F. method application.

2.1. Study area

The initial approach of this work was executed on the
premise of thermal discomfort in the northern region of Brazil;

subsequently, it was necessary to understand how meteorological
factors impact the climate of a region and the quality of life of
the population.

The geographical object of study comprises the expansion
of research on thermal comfort indices from Western Pará to
the territories of Brazil’s Northern Region, specifically Pará and
Tocantins represented in Figure 2. This is through ascertaining
the TDI, THI, and TEFW by evaluating the behavior of
climatic factors and the most recent urbanization process in the
region from meteorological data regarding relative air humidity,
air temperature (dry bulb), total precipitation, average radiant
temperature, and wind speed.

Furthermore, these regions were selected for the study due
to the better spatial distribution of their meteorological stations.
The state of Pará, according to Instituto Brasileiro de Geografia e
Estatística (IBGE, 2021a), has a population of 8,777.124 inhabitants,
with a territorial area of 1,245,870.700 km2 distributed in 144
municipalities, located in a region with a predominantly tropical
climate. The characteristic climate of the northern region of the
state is the humid equatorial, given mainly by the fact that it is
located near the northwest coast of Brazil, having high rates of
temperature, precipitation, and humidity during the year, while the
southernmost region of the state has the tropical climate defined by
the alternation between dry and rainy seasons during the year.

Regarding the climatic factors of this region, the average annual
compensated temperature oscillates between 26 and 27.6◦C, the
maximum annual temperature is between 31.2 and 33.8◦C, and the
minimum temperature is between 21.9 and 24.8◦C (INMET, 2022).
The state of Pará has 34 automatic weather stations, of which 20 are
operational, 13 are in a state of breakdown, and 1 is deactivated;
thus, this work used the data from these stations to create the
database (INMET, 2022).

The state of Tocantins, the second region selected for this study,
has a population of 1,607,363 inhabitants, with a territorial area
of 277,423.627 km2 distributed in 134 municipalities, located in
a region with a predominantly tropical climate (IBGE, 2021b),
with two well-defined seasons, a dry and a rainy one. As for
the climatic factors of the Tocantins region, the average annual
compensated temperature ranges between 25.4 and 27◦C, the
maximum annual temperature between 32.4 and 33.8◦C, and
the minimum temperature between 20.4 and 22◦C (INMET,
2022). There are 20 automatic weather stations in the state, 4 of
which are in a state of disrepair and 16 in an Operating state
(INMET, 2022).

2.1.1. Climatic aspects of the study area
The climate classification aims to identify, in a large area

or region, zones with relatively homogeneous climatic and
biogeographical characteristics providing valuable indications
about the ecological conditions, agricultural potential, and the
environment of the region (Junior et al., 2012).

The Köppen-Geiger classification (Köppen and Geiger, 1928)
uses seasonal data of temperature and precipitation, commonly
using the averages of these values, for the analysis of long periods
of time. The classification is given by a code that characterizes the
region according to the predominant climate: the first letter defines
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FIGURE 1

Logical model for structuring research.

the climatic type, the second the type of seasonal precipitation, and
the third the temperature or heat index.

According to Barros et al. (2012), the Köppen-Geiger
classification is the most widely used system in geography,
climatology, and ecology. However, the Köppen-Geiger
classification in some cases does not distinguish climate types
between regions with very distinct biomes (Köppen and Geiger,
1928). In this classification, the state of Pará, which has high
relative humidity and large volumes of rainfall during the year,
is classified mostly as tropical monsoon. It has three different
climates, such as tropical monsoon, tropical savannah, and
rainforest represented, respectively, by the acronyms Am, Aw,
and Af. The state of Tocantins, which has a relative humidity
in the range of 60% during the year, has two different climates,
such as tropical monsoon and the predominant in Tocantins such
as tropical savannah represented by the acronyms Am and Aw,
respectively (Clima Pará, 2023; Clima Tocantins, 2023).

2.2. Data treatment

The data used for the development of this article were
taken from the Meteorological Database (INMET, 2022), for the
data series between the years 2000 and 2021, for the northern
region, from automatic stations, with hourly data. However, when
delimiting the study area with the best distribution of stations,
part of the available stations was not yet operational in the
year 2000, so the representations display data from the 2003
to 2021 series, taking into account the start of operation of

the stations since the beginning of the analysis. The data come
from 33 meteorological stations of Para and 20 of Tocantins.
In addition, wildfire and urban infrastructure data taken from
the data collections of Mapbiomas, were used to analyze the
indices. The data used are from the Mapbiomas collection; for
fires, the fires collection (Mapbiomas, 2022a) was used with the
field areas level 1 (forest, non-forest natural formation, farming,
non-vegetated area, and water); for urban areas, data from
the collection 7 (Mapbiomas, 2022b) areas type level 2 (urban
infrastructure) were used, filtering out any other layer that was not
related to urban infrastructure. Supplementary Figure 11 present
cartographic representations of the fire data for the states of
Pará and Tocantins, while Supplementary Figure 12 present the
urbanization data for these states.

For this, the variables of hourly total precipitation (mm),
global radiation (kJ/m2), hourly air temperature—dry bulb (◦C),
maximum air temperature in the previous hour (◦C), minimum
air temperature in the previous hour (◦C), hourly relative humidity
(%), and hourly wind speed (m/s) were used.

The hourly total precipitation is the total precipitation
(rainfall), which occurred in the last hour before each data delivery.
At conventional stations, it is the measure of total precipitation
(rain) that occurred within 24 h.

The hourly relative humidity is a measure determined
indirectly from the psychrometer (equipment with a dry bulb
thermometer and a wet bulb thermometer) and the use of
tabular values. In automatic stations, it is the measurement of
relative humidity, which takes place in the last hour before each
data message.
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FIGURE 2

Location map of study site—Pará and Tocantins meteorological stations—Brazil.

Finally, the hourly wind speed is the wind speed measurement
of the average of the last 10min before each hour of sending
the data message. At conventional stations, it is the wind

speed measurement determined from the average of the
last 10min before the full hour (09:00, ..., 12:00 UTC) of
each observation.
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TABLE 1 Thermal comfort index, classification, and range used to

measure thermal discomfort.

Tracks TDI (◦C) Discomfort level

1 TDI < 24.0 Comfortable

2 24.0 ≤ TDI < 26.0 Partly uncomfortable

3 26.0 ≤ TDI < 28.0 Uncomfortable

4 TDI ≥ 28.0 Very uncomfortable

Source: Santos (2011) TDI—adjusted for coastal cities.

TABLE 2 Temperature and humidity index, range, and classification of

thermal discomfort.

Tracks Comfort level THI

1 Comfortable 21 < ITU < 24

2 Slightly uncomfortable 24 < ITU < 26

3 Extremely uncomfortable ITU > 26

Source: Nóbrega and Lemos (2011).

The data acquired in hourly format, measurements every hour
of the day, in the interval of 24 h, were treated through a script
executed in Google Colaboratory in Python with the Pandas
library used for manipulation of Data Frames and execution of the
calculation of averages, daily, monthly, and, finally, annual and the
Csv library for manipulation of CSV files.

The files were separated based on the Brazilian states of the
Northern Region of Brazil, including Amazonas, Acre, Amapá,
Pará, Rondônia, Roraima, and Tocantins, and the data from the
Stations were organized based on the Municipality of Origin,
Station Code (INMET), and Year of Measurement; and the files
used to calculate TDI, THI, and TEFW were selected based on
the best regional distribution of meteorological stations to avoid
generalization of very distant regions. Due to this, the data started
in the year 2003, the first operational year of the meteorological
station of Belém. To avoid indexing errors, empty data frames
were used and the method of inserting the calculated columns kept
the index according to the date. From the data of precipitation,
relative humidity, solar radiation, air temperature, wind speed,
and calculated indices such as TDI, THI, and TEFW, there were
a total of 4,775 null data entries out of 53,920 data entries
counting only numerical variables, which represents 8.855% of
all data. Supplementary Figures 1, 2 present a yearly graphical
representation of the data gaps for the states of Pará and Tocantins.

The indexes were calculated seasonally according to the initial
date of operation of the station and annually taking into account
the period of data. With the help of the Rstudio tool using the
ggplot2 library, the graphs for the annual variables and seasonal
indexes were plotted for the analysis. This tool was chosen because
of the range of data science tools such as libraries for graphical
representations and data manipulation.

2.3. Calculated indices

In this study, we used TDI, THI, and TEFW taking into account
only environmental aspects as the object of analysis, since they

TABLE 3 E�ective temperature in the function of wind index, range,

classification, and body physiological sensation.

Tracks TEFW (◦C) Thermal
sensation

Degree of
physiological
stress

1 <05 Very cold Extreme cold stress

2 05|−10 Cold Extreme cold stress

3 10|−13 Moderately cold Shivering

4 13|−16 Slightly cold Body cooling

5 16|−19 Not very cold Mild body cooling

6 19|−22 Slightly cool Vasoconstriction

7 22|−25 Comfortable Thermal neutrality

8 25|−28 Slightly warm Slight sweating,
vasodilatation

9 28|−31 Moderate warm Sweating

10 31|−34 Hot Profuse sweating

11 >34 Very hot Thermoregulation
failure

Source: Fialho and de Alvarez (2017).

consider the main measurements related to the climate of a given
region. The choice of these indexes was motivated by the fact that
the study area is characterized as a tropical climate, using data that
influence the local temperature, besides being easier to implement
and present in several studies in the area.

The indices use different combinations of variables to perform
the calculations and measurements of thermal comfort. The TDI
and THI are based on air temperature and relative humidity and
are easier to evaluate and implement, while the TEFW is calculated
based on the same variables using wind speed in m/s.

According to Lamberts et al. (2011), the metric of analysis on
thermal comfort lies between three factors, namely, satisfaction,
human performance, and energy conservation. Satisfaction assesses
the wellbeing of the human being in feeling thermally comfortable,
i.e., human performance. Although the results of numerous
investigations are inconclusive in this regard, and despite this
inconclusiveness, studies show a clear trend that discomfort caused
by heat or cold reduces human performance.

Intellectual, manual, and perceptive activities generally present
a better performance when performed in thermal comfort, and
energy conservation analyzes how much the work environments
have been modified by technological advances, i.e., a large part
of human life related to work in an artificially conditioned
environment. By knowing the conditions and parameters related to
the thermal comfort of the occupants in their environments, waste
with heating and cooling, often unnecessary, is avoided.

To calculate TDI, THI, and TEFW, we used the following
equations adopted by Nóbrega and Lemos (2011) and
França (2015):

TDI = Ta− (0.55− 0.0055∗RH)∗(Ta− 14.5) (1)
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TABLE 4 Average, standard deviation, and coe�cient of variation of monthly data.

Variable Av (PA) SD (PA) CV (PA) (%) Av (TO) SD(TO) CV (TO) (%)

WDI 23.597 1.544 6.543 22.629 2.029 8.966

THI 25.336 1.083 4.275 24.688 1.380 5.590

TDI 24.987 1.016 4.066 24.238 1.207 4.980

Air temp 26.631 1.291 4.848 26.403 1.738 6.583

Precipitation 128.883 154.441 119.830 102.003 119.175 116.835

Relative humidity 76.697 9.220 12.021 68,115 14,528 21,329

Wind speed 1.359 0.805 59.235 1.593 0.780 48.964

Solar radiation 1,014.221 1.490.479 146.958 861.577 275.098 31.930

Source: The authors.

FIGURE 3

Precipitation and relative humidity in Pará state.

THI = 0.8∗Ta+ [(RH∗Ta)/500] (2)

TEFW = 37− {(37− Ta)/[0.68− (0.0014∗RH)

+ (1/(1.76+ 1.4∗v0.75)]} − {0.29∗Ta∗[1− (RH/100)]}

(3)

where Ta is the air temperature (◦C); RH is the relative humidity
(%); and v is the wind speed (m/s).

The TDI, proposed by Thom (1959), was very versatile
for the approach of studies in urban areas with tropical
climate regions. It takes into account the surrounding
atmospheric conditions to estimate the feeling of comfort
of human beings in a given region. In addition, the
proposed index detects discomfort from the range of 24◦C.
Table 1 presents the ranges and classification intervals for
the TDI.
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FIGURE 4

Precipitation and relative humidity in the state of Tocantins.

The THI is used for open environments to quantify the stress
in the urban environment (Querino, 2017). This index is easy
to implement and shares similarities with the TDI, having small
variations between its results, considering the discomfort from the
range above 24◦C. Table 2 presents the ranges and classification
intervals for the THI.

The TEFW determines the relationship between wind and
temperature and relative humidity. It describes the feeling of
discomfort in 11 tracks that relate the thermal sensation with
physiological stress. Table 3 presents the index ranges, classification
intervals, and degree of stress for TEFW.

3. Results

The regions Pará and Tocantins present slight disparity
between their measurements of meteorological elements due
to the difference in biomes. As both are characterized by a
tropical climate, there is a transition from the Amazon biome to
the Cerrado.

When analyzing the data set, using Pearson’s coefficient of
variation, a better homogeneity was detected for air temperature
and relative humidity data, indicating mild dispersion. In contrast,

precipitation and wind speed showed high dispersion, due to the
frequency of these phenomena, while air temperature and relative
humidity are present daily in a certain recurring range due to
the tropical climate. The precipitation rates occur more frequently
during the winter seasons, wind speed can get values very close to
zero, while in summer, the days are with little or no rain. Table 4
presents the data range variationmonthly for the states of Pará (PA)
and Tocantins (TO), addressing each variable and index calculated.
Figures 3–11 are generated using the RStudio (2022) software with
the data obtained from the weather stations, as a way to represent
the variables and the indices of thermal comfort.

Figures 3, 4 present the data for Total Precipitation and Relative
Humidity, denoted by TP (mm) and RH (%), respectively.

It can be seen in Figure 3 that Pará has high levels of
precipitation and humidity. These factors can ease the feeling of
discomfort by reducing the temperature in the region. Due to the
presence of the Amazon rainforest, there are high incidences of
rainfall in this region, and the relative humidity of the air fits in
the pleasant range, being above 30%, and was not causing possible
harm to health such as respiratory problems and skin irritations.
The municipalities of Soure and Bragança had the highest values of
precipitation in the series between 825 and 1,058.80mm occurred
in the months of March and May 2013 with relative humidity
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FIGURE 5

Solar radiation (SR) and air temperature (AIR Temp) in Pará state.

rates above 80%, while Salinópolis Serra dos Carajás had relative
humidity below 40% and precipitation in the range of 0.40mm
during the months of August 2012 and September 2014.

Figure 4 shows the state of Tocantins with lower levels of
humidity and precipitation. Even though a neighboring state to
Pará, it presents two seasons defined by a dry season that occurs in
the winter from May to October and a rainy season that occurs in
the summer from November to April. The relative humidity of the
air remains in the range of 60–70%, which did not negatively affect
the health of the local population. The municipalities of Palmas,
Pedro Afonso, Pium, and Araguaçu had the highest precipitation
values during the months of January and February with values
between 570 and 610mm and relative humidity above 80%. The
lowest precipitation and humidity values were observed in the
municipalities of Palmas, Peixe, and Paraná with no rainfall and
humidity below 40% with the highest incidence in September.

The incidence of solar radiation on the ground surface
influences the air temperature and other meteorological factors,
such as precipitation, since the energy exchange between each
atmospheric layer and the amount of energy absorbed, reflected,
and transmitted is different for living beings and different media
such as gases and suspended particles, which affect the air
temperature balance in different regions. Solar radiation can be
harmful to human health depending on the intensity of the

Ultraviolet A (UVA) and Ultraviolet B (UVB) rays and can cause
injuries, skin burns, and even skin cancer. Figures 5, 6 represent
solar radiation and air temperature in the state of Pará and
Tocantins, respectively.

Wind speed plays an important part in precipitation since
it moves different masses of air in various regions, and its
intensity can ease the thermal sensation of the environment for
humans. However, some wind and environmental conditions can
be dangerous as storms can interfere with the landing and takeoff
of aircraft and damage tree species, which can lead to accidents.
The change in wind direction causes changes in landing and takeoff
operations (Gusts of Wind, 2017). Figures 7, 8 show the wind speed
data in meters per second. The cities with higher wind speed values
tended to present a better thermal sensation due to the comfort
factor provided by the wind intensity in these regions. From the
TEFW index, most of the cities investigated presented a degree of
thermal neutrality more often during this series.

The change in variables between seasons is crucial for
evaluating the thermal comfort indexes, due to the alternation
between seasons such as summer and winter that alter precipitation
levels, temperature, humidity, and wind speed. Figure 9 shows the
indices for 2003 and 2020 for Belém, the capital city of Para, where
its seasons are given by a dry season from June to October and the
so-called Amazonian winter from November to May. Due to the
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FIGURE 6

Solar radiation (SR) and air temperature (AIR Temp) in the state of Tocantins.

cycle of seasons, measuring the indices in a gradual way can obtain
different values each year, so TDI and THI were used to compare
the results by analyzing the classification ranges of these indices.
In Figures 9–11, TDI, THI, and TEFW are identified as IDT, ITU,
and TEV.

When analyzing the results of all variables, in Figures 3, 4, there
were changes in the behavior of variables such as precipitation,
observed from the increase in rainfall volume annually, as well
as periods with reduced rainfall volume in certain cities. Because
of this, some regions present slight modifications in the climatic
conditions in such a way as to cause slight changes in the indices.

In Belém, the 2003 measurements indicated that in the dry
season a degree of discomfort in the months of June to August
(TDI), THI was classified as extremely uncomfortable, and TEFW
as a slightly hot thermal sensation. In 2020, this behavior occurred
for the months of August to December. TDI maintained the same
classification of slightly uncomfortable for this period; however,
THI reached the extreme discomfort range during the Amazon
winter, which did not occur previously in this period of the year,
implying a slight change in the climatic cycle of the region.

Because this study treats data from a relatively large time series
in seasonal form, in which the beginning and end periods of the
data may be different for each weather station, Figures 10, 11 are
generated, which represent the indices addressed in this study and

their respective ranges for each month per year. With this, it can be
seen that the number of measurements for the indices was high in
the mild discomfort range, medium in the discomfort range, and
low measurements of comfort and extreme discomfort for TDI and
THI, and their measurements did not present so much disparity
due to the ways of calculating them are based on the same variables,
but with different classifications due to small adjustments in the
equations. In addition, the TEFW presented data in the range of
thermal neutrality with higher incidence for both states, with the
second highest value being range 8 in Pará and range 6 in Tocantins.

The monthly and annual precipitation measurements
compared to the thermal comfort indices show that for monthly
precipitation values below 150mm, both TDI and THI reached
a rating range of 3 with higher incidence, and TEFW reached a
range of 7–8 more frequently. This indicates that rainfall rates in
tropical regions are important to reduce the thermal discomfort
of the population. Supplementary Figures 3, 4 are graphical
representations of the precipitation variable for the states of
Pará and Tocantins, and Supplementary Figures 5–10 are the
representation of TDI, THI, and TEFW for better visualization of
these results.

For the municipalities of Pará, in analyzing this time series,
we found some gaps in measurement either due to the failure to
capture data from the station or due to the absence of data, 141
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FIGURE 7

Wind speed, Pará.

months without temperature, humidity, or precipitation data, and
268 months without wind data, of which oscillate from January
to December without measurements. These months are scattered
in this series of 3,888 total months and divided in different ways
among the weather stations.

In analyzing this series, it was found that Medicilândia and
Serra dos Carajás were the municipalities with the best degree
of thermal comfort during this study of measurements for Pará.
Approximately 79.31% of the TDI measurements characterized
slight thermal discomfort with a higher incidence in the months of
December to May, 10.11% as comfortable with a higher incidence
from June to August, 10.38% as uncomfortable from September
to December, and 0.18% as extremely uncomfortable with only 7
measurements. The THI presented in 68.74% of the measurements
as mildly uncomfortable with higher frequency from January
to July, 23.51% as frequently extremely uncomfortable from
September to November, and 7.73% as comfortable between the
months of January, February, June, and July. The aforementioned
TEFW showed measurements in about 77.34% of the samples in
the thermally neutral range and 14.03% in the slightly warm track.

The analysis of the Tocantins measurements found no data
for 45 months of precipitation, humidity, or air temperature
and 63 months without wind data. It was found in the
analysis of the indices that the TDI obtained measurements
with 61.30% in the range of mild discomfort with higher
incidence from March to April and October to November,
34.81% of comfort with higher frequency from July to August,
and 3.84% of discomfort from September to November, with a
single measurement of extreme discomfort in August. The THI
showed 60.83% of the measurements in the mild discomfort
range with incidence from November to April, 23.10% in the
comfort range in June and July, and 13.05% in the extreme
discomfort range most frequently in September and October. The
TEFW obtained 62.10% in the thermal neutrality range from
September to May and 23.20% in the slightly cool range from June
to August.

After analysis, it was found that slight changes occurred in the
interannual variability of these regions. Based on seasonality, there
were indications of thermal discomfort for periods in which the
previously presented measurements of mild discomfort were felt
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FIGURE 8

Wind speed in the state of Tocantins.

more often during the dry season and occurrences of discomfort
began during the rainy season even with high rates of rainfall.

4. Discussion

When analyzing the thermal comfort indices for the cities in
the states of Pará and Tocantins, the most comfortable cities in
Pará were Medicilândia, Serra dos Carajás, Novo Repartimento,
and Redenção on a seasonal scale from January to December. It
is worth noting that Serra dos Carajás obtained a comfort rating
from 2009 to 2021. Themunicipalities of Belém, Castanhal, Floresta
do Araguaia, Medicilândia, Pacajá, Placas, Paragominas, Tomé-
açu, Rondon do Pará, Salinópolis, São Félix do Xingu, Bragança,
Breves, Soure, Tucuruí, Itaituba, Óbidos, Santana do Araguaia,
Novo Repartimento, Tucumã, Cametá, Monte Alegre, Marabá,
Mina do Palito, Conceição do Araguaia, Xinguara, Capitão Poço,
Santarém, Dom Eliseu, Altamira, and Redenção mostly presented
indices of mild discomfort (TDI), extreme discomfort (THI), and
thermal neutrality (TEFW) during the annual analysis.

In the Tocantins analysis, we highlighted the seasonal comfort
conditions in Palmas, Paraná, Gurupi, Araguaína, Formoso do
Araguaia, Mateiros, Campos Lindos, and Almas from January
to September. On an annual basis, the measurements found
mild discomfort and thermal neutrality in Palmas, Paraná,
Peixe, Gurupi, Pedro Afonso, Araguaia, Formoso do Araguaia,
Marianópolis, Campos Lindos, Araguatins, Santa Fé do Araguaia,
Colina do Tocantins, Rio Sono, Pium, Santa Rosa do Tocantins,
Almas, Araguaçu, and Lagoa da Confusão.

In comparison to the result of these indices, Fialho and
de Alvarez (2017) highlighted that during the analysis of these
indices for the city of Vitória, TDI and THI showed very high
values, categorizing this city in the range of very and extremely
uncomfortable; thus, it does not portray the current situation
of the city of Vitória, denoting that these do not represent a
credible analysis of reality; while the TEFW index showed thermal
neutrality, which more closely resembles the aspect of the region.
Because of this, during the analysis and classification of these
indexes for Pará and Tocantins, it was noted that there were no
extreme and continuous peaks of the TDI and THI, which in the
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FIGURE 9

Indices for Station A201—Belém, PA.

city of Vitória reached levels above 26 and 28◦C. For the analysis
of these two states, the indexes reached values in the range of mild
discomfort during most of the series for each city, consistent with
the region, and thermal neutrality in the TEFW denoting a slight
variation of thermal comfort with respect to the wind most of
the time.

International studies such as Yousif and Tahir (2013) and
Talukdar et al. (2017) have used the thermal discomfort index,
also known as Thom’s discomfort index (TDI), to analyze thermal
discomfort in the regions of Bangladesh and Sudan, respectively.
They denoted the application of this index to different regions
based only on climatic variables. The results indicate that there was
mild discomfort and thermal discomfort in these regions and that
it was possible to use the theoretical rating ranges for regions with
different characteristics. Thus, the application of the TDI for Pará
and Tocantins and its comparison with THI allow a better analysis,
since they have similar classifications but with different intervals.

The most extreme values of discomfort for the indices in
the series were found for cities that had the occurrence of
high values of burning or urbanization. Deforestation and forest
fires are two of the biggest environmental issues facing Brazil
today. Although distinct, they are traditionally associated practices,
because following the cutting of vegetation, there is almost always a
burning of plant material (Gonçalves et al., 2012).

The urbanization of regions leads to the reduction of
green areas and changes in the use and land cover of a
region. According to Labaki et al. (2011), the phenomenon
of urbanization is growing and cities have presented, in recent
decades, large growth in population, space, and activities,
dramatically transforming both the natural and the built
environment. This newly built environment has been undergoing
significant climate change, affecting the quality of life of
the population.

In the state of Pará, the cities with the worst discomfort
values were Conceição do Araguaia which had ∼1,494.4658
km2 of burned area in 2010, Castanhal with 1.15741 km2

of urban infrastructure in 2011, Tomé-Açu with 19.1138 km2

of burned area, Santana do Araguaia with ∼1,137.6133 km2

of burned area, Itaituba with 632.8068 km2 of burned area,
and Bragança with 12.5180 km2 of urban infrastructure. From
Tocantins, the most extreme value was stipulated for the city of
Paraná, which had 209.386 km2 of burned area in 2006 with the
highest value of burned area occurring in 2019 with 2,091.0015
km2 of burned area. In addition, these cities had almost zero
precipitation measurements during the period that obtained these
discomfort values.

In Junior et al. (2012), analyzing the spatial distribution
of thermal comfort indices in Belém do Pará using the heat
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FIGURE 10

Seasonality index tracks in the state of Pará.

index IC, found that the difference from the most thermally
comfortable region to the observation point with the highest
measurement was due to the presence of vegetation and
less ground cover by asphalt and concrete. The analysis of
this time series for the TDI and THI oscillated increasingly
along with the degree of urbanization of the city, due to
the fact that the annual precipitation rates increased over the
years, indicating some disturbance in the rainfall intensity in
some regions.

For the states of Pará and Tocantins, analyzed in this
study, the incidence of thermal discomfort levels reflects
on the quality of life of the population, due to the fact
that the climate of these regions is tropical, indicating high-
temperature indexes during the year. The discomfort provided
by hot environments triggers thermoregulation mechanisms
to stabilize body temperature as a way to circumvent the
thermal imbalance.

According to Fikru and Gautier (2015), the increase in
the consumption of electricity and fuels used to regulate the
temperature of a given hot or cold environment, respectively,

must take into account the local and temporal differences and
the methodology employed. In Brazil, hydroelectric energy is
the most widely used, due to the fact that Brazil has a high
potential for hydraulic energy. Approximately 56.8% of the
Brazilian electricity matrix is composed of hydraulic energy
(EPE, 2022).

Different sources of energy are used for different purposes
during different seasons of the year. Electricity is used more for
household appliances and refrigeration if there is an increase in
energy consumption during the summer. As such, an increase in
the average annual temperature should be associated with higher
energy demand (Roson et al., 2007).

The population tends to seek ways of trying to regulate the
temperature of the environment, that is, artificially acclimatizing
the area with the help of household appliances to ease the
discomfort and thus have a more airy environment, using
appliances that impact in different ways on the energy expenses
of several families due to the high energy consumption of these
appliances in addition to the cost of energy being higher during
periods of water shortage.
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FIGURE 11

Seasonality index tracks in the state of Tocantins.

4.1. Comfort and vegetation

Some studies on afforestation and climate describe how
important vegetation is for regulating temperature and thermal
discomfort (Niachou et al., 2001; Loyde Vieira de Abreu-
Harbich, 2008). Deforestation caused by burning and logging
in the Amazon has a long-term impact on the wellbeing of
the region’s population. In addition to the propagation of
greenhouse gases, the imbalance in the hydrological cycle is
also affected, causing changes in the region’s climate cycles
such as prolonged periods of drought and days with excess
precipitation volume.

Due to the various characteristics that vegetation in the urban
environment can provide, some of them contribute significantly
to improving the lives of the population (Montoya Vilcahuaman
and Baggio, 2000). Cities with less forestation tend to have a
higher thermal sensation, since vegetation is an important factor in
reducing the level of thermal discomfort, creating shaded regions,
providing cooler and airier environments, and doing thermal

regulation through evapotranspiration that releases moisture into
the air.

The changes in land use, accelerated by technological advances,
allow changes in the environment on a large scale, affecting the
handling of the soil. The expansion of the agricultural frontier
promotes, in most cases, illegal deforestation and an increase in
land conflicts in Brazil, turning areas belonging to the Union into
pastures and crop areas after the forest is cut down.

According to Macedo et al. (2013), the dynamics of
deforestation in the area, when at its peak, had as main utilitarian
actors focused on extensive cattle ranching and were characterized
as business oriented since the advance into the forest was mostly
carried out by large agricultural companies. And that, nowadays,
the difficulty of reducing deforestation, especially by small farmers,
constitutes a complex problem to be faced, insofar as the reduction
to zero deforestation, without any other alternative income, can
have a direct impact on the exclusion of part of these actors from
the rural area, a fact that would cause an imbalance in the social
dimension of local development.
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5. Conclusion

The main limitation of the study was to rely exclusively on
data from meteorological stations, given that the start date was
not homogeneous for all regions with automatic stations, so the
initial date of acquisition covered data since 2000; however, when
delimiting the study region with a greater number of stations,
the first station for which data were available started in 2003,
because of this the images started from 2003. In addition, there
was the limitation of not examining the numerous air masses and
convection zones present in the region.

It was found that the measurements for the cities analyzed in
Pará and Tocantins presented slight thermal discomfort during the
period of analysis, with few cities presenting comfort and extreme
discomfort, and thermal neutrality with respect to the wind in
these regions. Furthermore, the verification of the classification
of different indices to analyze the region allowed the verification
that for a better synergy of analysis it is important to have at least
more than one index that uses the same variables for comparison
of results.

The results show that the feeling of mild discomfort was
predominant during this time series, for both TDI and THI, which
implies the need for indoor air conditioning to ensure greater
thermal comfort and minimize the energy expenditure of the body
in heat exchange with the environment, enabling good conditions
for work, study, and leisure practices. One way to improve the
accuracy of these results would be to analyze these data for the
entire time series with the addition of the various air masses that
circulate in Brazil.
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