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A B S T R A C T

This study examines the impact of projected temperature increases on air pollutant levels and associated health 
outcomes in Candiota, Brazil, a major coal mining region. Using meteorological and air pollutant data (PM2.5, 
PM10, O3) and machine learning, we simulated pollutant levels under 2 ◦C and 4 ◦C increases and assessed the 
consequent health impacts. Results indicate increases in O3, PM10, and PM2.5 levels across all investigated cities, 
with marked seasonal differences, leading to higher mortality and hospitalizations due to cardiovascular and 
respiratory diseases. Underscoring the need for targeted interventions in coal mining areas as climate change 
exacerbates air pollution health impacts.

1. Introduction

Coal mining and its use are major contributors to the emission of 
greenhouse gases and atmospheric pollutants, exacerbating global 
climate change and posing serious health risks to both local commu-
nities and the nearby cities. Individuals residing in mining and coal- 
burning areas are chronically exposed to pollutants released at all 
stages of the extraction process. Among the primary pollutants emitted 
are sulfur dioxide (SO₂), nitrogen oxides (NOx), fine particulate matter 
(PM2.5), and coarse particulate matter (PM10) [1].

Exposure to these pollutants is associated with a wide range of health 
problems, including strokes, heart and lung diseases, lower respiratory 
infections like pneumonia, and cancer [2]. Additionally, it is estimated 
that this exposure contributes to approximately 20 % of neonatal deaths 
worldwide [3]. Although air pollution is a global problem, it dispro-
portionately affects vulnerable groups including women, children, and 

the elderly, especially in developing countries or areas with high levels 
of emissions [4].

In Candiota, a city located in southern Brazil that holds 40 % of the 
nation’s coal reserves, a study aimed at estimating mortality attributed 
to particulate matter and the health benefits associated with reducing air 
pollution to local regulatory standards found that over 11 % of cardio-
vascular deaths were attributed to PM2.5 pollution. The study further 
indicated that reducing PM2.5 and PM10 levels could increase life ex-
pectancy by up to 17 months and yield economic benefits surpassing US 
$ 24 million through reductions in hospitalizations and mortality [5]. 
Moreover, Candiota is scientifically recognized for environmental 
contamination across multiple matrices, with studies highlighting 
negative impacts on soil, air, and water quality [6–8], underscoring the 
relevance of this region in relation to pollution.

Globally, air pollutants exposure in mining regions is linked to sig-
nificant health impacts. Chio et al. [9] observed that a coal-fired power 
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plant in Shenao, Taiwan, increased PM2.5 levels in the region, resulting 
in an estimated 576 premature deaths from 2025 to 2040 across 19 
cities. Additionally, multiple studies have demonstrated that proximity 
to coal mining activities significantly increases the likelihood of respi-
ratory diseases and other health issues, particularly in communities 
living near mining sites [10,11]. These findings align with numerous 
studies highlighting health risks for populations living in highly polluted 
areas [12–14].

With the rise in global temperature and climate change, the adverse 
effects of air pollution exposure are intensified. Meteorological variables 
such as temperature, relative humidity, precipitation, wind speed, and 
direction, influence the dispersion, suspension, and formation of atmo-
spheric particles [15]. Studies have shown a close relationship between 
air pollution levels and meteorological variables, particularly tempera-
ture [15–17]. For instance, the study by Radzka [17], which analyzed 
data from 2013 to 2017 in Siedlce, Poland, found that higher tempera-
tures were associated with lower PM10 levels, while increased wind 
speeds significantly reduced PM2.5 and PM10 concentrations. The study 
also highlighted that relative humidity had a seasonal influence on air 
pollutants concentrations, and wind speed notably reduced PM10 levels 
during specific months. In this sense, temperature increases, driven by 
climate change, could alter the dynamics of pollutant formation and 
dispersion, potentially leading to higher levels of pollutants in certain 
regions, although this effect vary depending on local conditions.

While previous studies in coal mining regions have extensively 
documented the health impacts of air pollutants emitted by these ac-
tivities, there remains a significant gap in the literature regarding the 
effects of rising global temperatures—driven by climate change—on the 
dynamics of pollutant formation and dispersion in these areas, as well as 
their consequent impacts on human health. To our knowledge, no 
studies have yet explored how scenarios of increased temperature might 
alter the behavior of these pollutants or exacerbate health outcomes for 
populations living near coal mining sites. Given that these regions are 
recognized as significant hotspots for air pollution, it is essential to 
conduct research that investigates these interactions.

In light of the above, the present study aims to investigate the impact 
of temperature increase under scenarios outlined by the IPCC (RCP 4.5 

and 8.5), focusing on the coal mining region of Candiota and adjacent 
municipalities. Employing Health Impact Assessment (HIA) methodol-
ogy, this study sought to estimate the health consequences, such as 
mortality and hospitalizations, resulting from exposure to different 
levels of pollutants, including O₃, PM2.5 and PM10.

2. Material and methods

2.1. Characterization of the study area

This study encompass seven municipalities located in the coal min-
ing region in Candiota, Brazil, in the state of Rio Grande do Sul. The 
municipalities included are Aceguá, Bagé, Candiota, Herval, Hulha 
Negra, Pedras Altas, and Pinheiro Machado. All investigated cities are 
adjacent to the region with active coal mining activities (Candiota), 
except for Herval, which was included in the study due to its 
geographical proximity to the region. The study area is illustrated in 
Fig. 1.

In Candiota, the primary sources of anthropogenic air pollutants 
include the Presidente Médici Thermal Power Plant (31◦ 33′ 01.9″ S, 53◦

40′ 58.8″ W) and two coal mining sites: a one smaller coal mine (31◦ 26′ 
49.7″ S, 53◦ 42′ 26.4″ W) and a larger coal mine (31◦ 34′ 59.7″ S, 53◦ 43′ 
15.6″ W). Additionally, the neighboring city of Pedras Altas, and located 
on the border with Candiota, is the Pampa Sul Thermal Power Plant (31◦

26′ 54.8″ S, 53◦ 46′ 43.4″ W). Both of these thermal power plants rely on 
coal extracted from the Candiota mines to generate energy for a signif-
icant portion of the south of Brazil territory.

Furthermore, Pinheiro Machado hosts cement industries that utilize 
ash from thermoelectric plants in their production processes. In the 
other municipalities, the primary economic activities are focused on the 
agricultural sector, particularly livestock farming (sheep and cattle) and 
crop production, including rice, wheat, corn, and sorghum. The land use 
distribution across the municipalities studied are detailed in Fig. 2. It is 
also important to note that, with the exception of Bagé, all the cities are 
considered small cities, with populations below 12,000 inhabitants, 
resulting in relatively low levels of urban emissions [18].

Fig. 1. Map of the study area.
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2.2. Data collection and study period

The levels of air pollutants (PM10, PM2.5 and O3) for all cities were 
obtained from satellite data provided by the Copernicus Atmospheric 
Monitoring Service (CAMS) at the European Centre for Medium-Range 
Weather Forecasts (ECMWF). The data was manually extracted in real- 
time from The Weather Channel app (IBM, USA), with measurement 
recorded in the standard unit of μg/m3. This methodology is further 
outlined in prior researches [19,20].

Pollutant data were acquired for sampling grids that represent the 
studied cities and locations, taking into account the spatial resolution 
limitations inherent in satellite-based observations. Although satellite 
data present certain limitations, this approach is deemed suitable for the 
purposes of our study due to the inadequate air quality monitoring 
infrastructure in Brazil, particularly in this region. As highlighted by 
Vormittag et al. [21], only 1.6 % of Brazilian cities have air quality 
monitoring stations, and approximately 41 % of these stations are pri-
vately operated, often without public data access. Notably, none of the 
cities in our study have monitoring stations with publicly accessible 
data. Moreover, different studies support this methodology for regions 
with sparse ground monitoring networks, using data from The Weather 
Channel application and other satellite-based air quality data sources 
[22,23].

Meteorological variables were sourced from the National Institute of 
Meteorology (INMET) and the Agrometeorological Monitoring System 
(Agritempo) databases. These variables collected included wind speed, 
relative humidity, atmospheric pressure, UV index, temperature and 
rainfall. These data were obtained either from active meteorological 
monitoring stations or from estimates provided by Agritempo for loca-
tions lacking active stations.

In Table S1 regarding health data, collection was conducted through 

the Department of Health Informatics of the Unified Health System 
(DATASUS), which is responsible for collecting, processing, dissemi-
nating, and providing access to essential health information for the 
planning, organization, and management of the Brazilian Unified Health 
System.

As our primary aim is to assess the impact of temperature increase 
scenarios on air pollutant levels in the mining region and surrounding 
cities, and their consequent health impacts, all cities were considered 
exposed. Furthermore, the investigation period covered in this study 
was from September 2021 to September 2022.

2.3. Simulations of temperature increase scenarios

Among the different Representative Concentration Pathways (RCPs) 
projected by the IPCC, scenarios predicting +2 ◦C and +4 ◦C tempera-
ture increases were utilized, represented by RCP 4.5 and RCP 8.5, 
respectively, reflecting a more conservative and a more alarmist sce-
nario. Analyses for future simulations under these different scenarios 
were conducted using Statistica software (v.10.0), employing Machine 
Learning (ML) tools (support vector machine model) along with cross- 
validation to enhance the reliability of predicted results.

To create the “future atmosphere,” various meteorological variables 
(humidity, pressure, wind speed, precipitation, and UV index) were 
considered. Simulations were performed using a multivariate approach, 
initially analyzing all meteorological variables individually, treating 
temperature as the predictor variable. This approach aimed to ensure 
realistic results that could be modeled alongside pollutant concentra-
tions (PM10, PM2.5, and O3).

Following the isolated analysis of meteorological variables, a new 
database was created incorporating daily average data for pollutant 
inclusion. Multivariate analysis was then conducted, treating pollutants 

Fig. 2. Map of land use in the study area.
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as dependent variables and meteorological variables as predictors.

2.4. Health Impact Assessment (HIA)

Health Impact Assessment (HIA) is defined as a combination of 
procedures, analyses, methods and tools through which a policy, pro-
gram or project can be assessed for its potential effects on the health of a 
population and the distribution of its consequences, effects and impacts 
[24]. For this approach we employed a methodology stemming from the 
APHEKOM project (Improving Knowledge and Communication for De-
cision Making on Air Pollution and Health in Europe) (Aphekom, 2013). 
The HIA Tool “short term (rev. Sept 2013)" focuses on short-term 
exposure. Total hospital admission data were used for non-extreme 
causes, as well as respiratory and circulatory system causes.

Evaluation scenarios were developed based on air pollutants levels 
obtained from different the temperature increase outcomes, specifically 
RCP4.5 (+2 ◦C) and 8.5 (+4 ◦C). This was performed to understand the 
number of cases that could be increased by the aggravation of pollution.

2.5. Deaths attributable to air pollution

To calculate attributable deaths we used the AirQ + software, which 
estimates the attributable fraction, cases attributable per 100,000 peo-
ple at risk, and the proportion of cases within a range of air pollutant 
concentrations (based on baseline incidence of health outcomes) [25]. 
Demographic data from the 2022 Census, along with annual average 
PM2.5 concentration data resulting from different temperature increase 
scenarios and actual data for the 7 cities analyzed in the study, were 
used for the calculation of attributable deaths. Health data used for the 
attributable deaths analyses are outlined in Table S2.

3. Results

Table 1 illustrates the difference between observed and predicted 
scenarios, considering temperature adjustments. Candiota and Pedras 
Altas, cities directly influenced by coal mining emissions, showed higher 
predicted values compared to observed ones. In the +2 ◦C scenario, 
Pedras Altas exhibited differences of 11 %, 4 %, and 6 % between 

observed and predicted values for O3, PM10, and PM2.5, respectively. 
These differences increased to 18 %, 11 %, and 7 % in the +4 ◦C sce-
nario. Similarly, Candiota showed contributions of 9 %, 7 %, and 10 % 
for O3, PM10, and PM2.5 in the +2 ◦C scenario, with increases to 15 %, 
10 %, and 14 % in the +4 ◦C scenario.

Comparing the investigated cities, Pinheiro Machado and Herval 
exhibited the highest predicted values. In the +2 ◦C scenario, Pinheiro 
Machado showed increases of 11 %, 23 %, and 13 % in O3, PM10, and 
PM2.5 levels, respectively. In the +4 ◦C scenario, these increases rose to 
18 %, 31 %, and 95 %. Similarly, Herval also demonstrated significant 
increases in pollutant levels, especially in the +4 ◦C scenario, with in-
creases of 15 %, 17 %, and 22 % in O3, PM10, and PM2.5 levels.

When comparing these results with those of Candiota and Pedras 
Altas, it is observed that although there were increases in pollutant 
levels, especially in the +4 ◦C scenario, the concentrations were not as 
high as those observed in the previously mentioned cities. This dem-
onstrates that not only cities with active coal-using enterprises are the 
focus of emissions in these areas.

Among all cities, pollutants exhibit varying patterns, not following a 
standard pollutant with consistently higher levels, indicating non-linear 
responses in observed versus predicted scenarios and varying pollutant 
prominence across cities. For instance, in Candiota, PM2.5 had the 
greatest influence in the +2 ◦C scenario, while O3 was predominant in 
the +4 ◦C scenario. In Pedras Altas and Aceguá, O3 dominated in both 
scenarios; Pinheiro Machado showed PM10 predominance, while Bagé, 
Herval, and Hulha Negra highlighted PM2.5.

Tables 2 and 3 present the relationship between seasonal contribu-
tions for all cities and pollutants. For O3 in all cities under the +2 ◦C and 
+4 ◦C scenarios, summer and autumn are the seasons contributing to the 
highest concentrations of this pollutant. Regarding PM10 and PM2.5, 
spring and autumn represent the major contributions under both +2 ◦C 
and +4 ◦C scenarios. Unlike O3, where no season showed a reduction in 
concentrations, winter showed decrease pollutant levels across all cities 
for PM, with the exception of Herval for PM2.5 in the +2 ◦C scenario and 
PM10 in Pinheiro Machado under the +4 ◦C scenario.

Table 4 demonstrates the results of the HIA analyses, showing the 
number of increased cases related to increases in pollutant concentra-
tions under different temperature increase scenarios (predicted values) 

Table 1 
Percentage difference between observed and predicted concentrations of pollutants O3, PM 10 and PM 2.5 in the different scenarios outlined by the IPCC (RCP 4.5 and 
8.5) of temperature increase for all seven cities analyzed in the study.

City Pollutant +2 ◦C +4 ◦C

Observed μg/m3 Predicted μg/m3 Difference Observed μg/m3 Predicted μg/m3 Difference

Candiota O3 46.7 50.1 +8 % 46.7 53.9 +15 %
PM10 8.0 8.6 +7 % 8.0 8.9 +11 %
PM2.5 5.3 5.8 +9 % 5.3 6.1 +15 %

Pedras Altas O3 46.2 51.1 +11 % 46.2 54.3 +18 %
PM10 8.1 8.4 +4 % 8.1 8.7 +7 %
PM2.5 5.3 5.6 +6 % 5.3 5.9 +11 %

Aceguá O3 48.1 52.0 +8 % 48.1 54.5 +13 %
PM10 7.2 7.5 +4 % 7.2 7.8 +7 %
PM2.5 4.7 5.1 +8 % 4.7 5.27 +12 %

Bagé O3 48.3 51.2 +6 % 48.3 54.0 +12 %
PM10 7.5 8.0 +7 % 7.5 8.3 +11 %
PM2.5 5.0 5.4 +8 % 5.0 5.6 +12 %

Pinheiro Machado O3 46.5 53.5 +15 % 46.5 54.9 +19 %
PM10 7.8 9.6 +23 % 7.8 10.2 +31 %
PM2.5 5.2 7.04 +35 % 5.2 10.14 +95 %

Herval O3 48.3 53.0 +10 % 48.3 55.4 +15 %
PM10 7.7 8.7 +13 % 7.7 9.1 +18 %
PM2.5 5.0 6.0 +20 % 5.0 6.14 +23 %

Hulha Negra O3 47.9 52.2 +9 % 47.9 55.3 +15 %
PM10 7.8 8.5 +9 % 7.8 8.9 +14 %
PM2.5 5.2 5.8 +12 % 5.2 6.0 +15 %
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compared to observed values. The analyzes show the results of hospital 
admissions for causes related to the respiratory system in different age 
groups exposed to O3. The highest number of annual deaths per 100 
thousand inhabitants in the +2 ◦C scenario was observed in Aceguá, 
with an increase of 9 deaths in the population over 65 years old, if there 
was an increase of 4.93 μg/m3 in the average predicted annual O3 levels. 
Likewise, Aceguá in the +4 ◦C scenario, under the same conditions, also 
stands out with the highest number of annual deaths per 100 thousand 
inhabitants, showing an increase of 11.9 deaths in the population over 
65 years old with an increase of 6.46 μg/m3 at predicted annual average 
O3 levels.

Table 5 presents the results of an increase in cases for PM10, where 
Candiota stands out with the highest number of increased cases per 
100,000 inhabitants in the +2 ◦C scenario, considering an increase in 
PM10 levels of 0.54 μg/m3 resulting in an increase of 6.26 cases of car-
diac hospitalizations per 100,000 inhabitants. For respiratory hospital-
izations, the increase of 0.54 μg/m3 led to an increase of 10.10 cases per 
100,000 inhabitants. In the +4 ◦C scenario, the increase in cases did not 
exceed 1. Pinheiro Machado in the +2 ◦C scenario for cardiac hospi-
talizations, with an increase of 1.86 μg/m3, resulted in an increase of 
0.74 cases per 100,000 inhabitants, while for respiratory hospitaliza-
tions, the same scenario of increase resulted in 0.28 increased cases per 
100,000 inhabitants. In the +4 ◦C scenario, in the two scenarios 
mentioned, the increase of 2.39 μg/m3 led to an increase of 0.96 and 
0.37 cases per 100,000 inhabitants, respectively.

Table 6 displays the results of analyses on air pollution-attributable 
deaths for PM2.5 across different scenarios, considering deaths from all 
causes, respiratory diseases, circulatory diseases, COPD, and lung can-
cer. Across all cities, as pollutant exposure levels increase (from scenario 
1 to scenario 3), the differences in outcomes are more pronounced in 
higher exposure scenarios, especially for COPDand lung cancer, 

indicating greater sensitivity of these diseases to air pollution. Cities 
vary in impact, with some showing higher absolute numbers, such as 
Bagé and Pinheiro Machado, reflecting higher population density or 
other local factors influencing exposure and vulnerability.

Regarding mortality from all causes, attributable proportions vary. 
For instance, in Pinheiro Machado, air pollution contributes to a mor-
tality rate of 4.22 %, translating to approximately 6.99 attributable cases 
per 100,000 people. These numbers are higher compared to other areas 
like Aceguá, where the attribution is 0.21 %: 1.14 cases per 100,000 
people. Impact on respiratory and circulatory systems also shows vari-
ations. In Herval, attributable mortality for circulatory diseases is 1.18 
%, reflecting 3.73 cases per 100,000 inhabitants. For respiratory dis-
eases, Pinheiro Machado again stands out with an attribution of 2.43 % 
and 6.22 attributable cases per 100,000 inhabitants. In Hulha Negra, 
COPD shows an attribution of 3.29 %, resulting in 5.05 cases per 
100,000 inhabitants, while lung cancer shows an attribution of 1.42 %, 
with 2.25 cases.

4. Discussion

Air pollution and climate change are two major threats to global 
health. The main finding of our study showed that simulated tempera-
ture increase scenarios resulted in higher annual concentrations of O3, 
PM10, and PM2.5 across all the cities in the coal mining region, including 
both Candiota and the surrounding municipalities. However, pollutants 
exhibited distinct seasonal behaviors. While O3 levels increased across 
all seasons in both scenarios (except for spring in Bagé in the +2 ◦C 
scenario), PM10 and PM2.5 levels decreased during winter, with the 
exception of Herval in both simulated temperature increase scenarios. 
The findings do not indicate a consistent trend regarding the dynamics 
of air pollutants across different seasons. Additionally, the increases in 

Table 2 
Percentage difference between the observed and predicted concentrations of the pollutants O3, PM10 and PM2.5 in the scenario outlined by the IPCC (RCP 4.5) of 
temperature increase for all cities, seven cities analyzed in the study, considering the seasonal variation of four seasons of the year.

RCP 4.5 (+2 ◦C)

City Seasons O3 μg/m3 PM10 μg/m3 PM2.5 μg/m3

Observed Predicted Difference Observed Predicted Difference Observed Predicted Difference

Candiota Spring 51.4 52.7 +2 % 6.7 8.7 +30 % 4.5 6.0 +33 %
Summer 55 60.2 +9 % 9.2 9.4 +2 % 6.1 6.5 +6 %
Autumn 39.5 46.7 +18 % 7.2 8.1 +12 % 4.8 5.5 +14 %
Winter 41.1 44.5 +8 % 9.0 8.0 − 11 % 6 5.4 − 10 %

Pedras Altass Spring 50.5 52.3 +3 % 6.7 8.6 +28 % 4.4 5.8 +32 %
Summer 53.9 61 +13 % 9.3 9.3 0 % 6.2 6.3 +2 %
Autumn 39.4 46.9 +19 % 7.4 7.9 +7 % 4.8 5.4 +12 %
Winter 41.3 44.7 +8 % 8.8 7.7 − 12 % 5.9 5.2 − 12 %

Aceguá Spring 51.4 53.6 +4 % 6.1 7.7 +26 % 4 5.3 +32 %
Summer 53.8 60.2 +12 % 8.3 8.3 0 % 5.5 5.6 +2 %
Autumn 43 48.1 +12 % 6.6 7.1 +7 % 4.3 4.9 +14 %
Winter 44.3 46.3 +4 % 7.8 6.9 − 11 % 5.2 4.7 − 10 %

Bagé Spring 53.0 53.0 0 % 6.3 8.2 +30 % 4.2 5.6 +33 %
Summer 55.6 60.4 +8 % 8.6 8.9 +3 % 5.7 6.0 +5 %
Autumn 41.8 46.7 +12 % 6.7 7.5 +12 % 4.4 5.0 +14 %
Winter 43.2 45.4 +5 % 8.3 7.4 − 11 % 5.6 4.9 − 12 %

Pinheiro Machado Spring 50.7 53.9 +6 % 6.6 10 +51 % 4.3 6.5 +51 %
Summer 52.9 61.9 +17 % 9.1 9.9 +9 % 6.0 9.0 +50 %
Autumn 40.1 47.1 +17 % 6.8 6.7 -1 % 4.5 7.8 +73 %
Winter 42.5 44.3 +4 % 9.0 8.3 − 3% 5.8 8.0 − 38 %

Herval Spring 51.7 55.1 +7 % 6.6 9.0 +36 % 4.2 6.1 +45 %
Summer 51.8 60.3 +16 % 8.9 9.8 +10 % 5.8 6.5 +12 %
Autumn 43.4 49.5 +14 % 7.4 8.2 +11 % 4.8 5.7 +19 %
Winter 46.3 47.6 +3 % 8.1 8.0 − 1% 5.3 5.6 +6 %

Hulha Negra Spring 52.6 54.0 +3 % 6.5 8.8 +35 % 4.3 6.0 +39 %
Summer 56.1 62.7 +12 % 8.9 9.5 +7 % 5.9 6.4 +8 %
Autumn 41.1 47.3 +15 % 7 8.1 +16 % 4.6 5.5 +19 %
Winter 42.3 45.1 +7 % 8.7 7.9 − 9 % 5.9 5.3 − 10 %
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Table 3 
Percentage difference between the observed and predicted concentrations of the pollutants O3, PM10 and PM2.5 in the scenario outlined by the IPCC (RCP 8.5) of 
temperature increase for all cities, seven cities analyzed in the study, considering the seasonal variation of four seasons of the year.

RCP 8.5 (+4 ◦C)

City Seasons O3 μg/m3 PM10 μg/m3 PM2.5 μg/m3

Observed Predicted Difference Observed Predicted Difference Observed Predicted Difference

Candiota Spring 51.4 55.9 +9 % 6.7 9.0 +34 % 4.5 6.2 +38 %
Summer 55.0 63.4 +15 % 9.2 9.8 +6 % 6.1 6.7 +10 %
Autumn 39.5 49.5 +25 % 7.3 8.4 +15 % 4.8 5.8 +21 %
Winter 41.1 47.1 +14 % 9 8.2 − 9% 6.0 5.6 − 7%

Pedras Altas Spring 50.5 55.7 +10 % 6.7 8.8 +31 % 4.4 6.0 +36 %
Summer 53.9 64.5 +20 % 9.4 9.5 +1 % 6.1 6.4 +5 %
Autumn 39.4 49.9 +27 % 7.4 8.3 +12 % 4.8 5.6 +17 %
Winter 41.3 47.4 +15 % 8.8 8.0 − 9% 5.9 5.4 − 9%

Aceguá Spring 51.4 56.4 +10 % 6.0 8.0 +33 % 4.0 5.5 +37 %
Summer 53.8 63.0 +17 % 8.3 8.5 +2 % 5.5 5.6 +2 %
Autumn 43.0 50.5 +17 % 6.6 7.4 +12 % 4.3 5.0 +16 %
Winter 44.3 48.5 +9 % 7.8 7.2 − 8% 5.2 4.9 − 6 %

Bagé Spring 53.0 56.0 +6 % 6.3 8.5 +35 % 4.2 5.7 +36 %
Summer 55.6 65.5 +18 % 8.6 9.2 +7 % 5.7 6.2 +9 %
Autumn 41.8 49.2 +18 % 6.7 7.8 +16 % 4.4 5.3 +20 %
Winter 43.2 47.6 +10 % 8.3 7.7 − 7% 5.6 5.2 − 7 %

Pinheiro Machado Spring 50.7 57.3 +13 % 6.6 10.6 +61 % 4.3 7.3 +70 %
Summer 52.9 65.2 +23 % 9.1 12.1 +33 % 6.0 10.5 +75 %
Autumn 40.1 50.2 +25 % 6.9 9.3 +35 % 4.5 7.0 +56 %
Winter 42.5 47.2 +11 % 8.6 8.8 +2 % 5.8 7.0 + 21 %

Herval Spring 51.7 57.4 +11 % 6.6 9.4 +42 % 4.2 6.3 +50 %
Summer 51.8 63.0 +22 % 8.9 10.2 +15 % 5.8 6.6 +14 %
Autumn 43.4 51.7 +19 % 7.4 8.5 +15 % 4.8 5.9 +23 %
Winter 46.3 49.8 +7 % 8.0 8.2 +2 % 5.3 5.8 +9 %

Hulha Negra Spring 52.6 57.6 +9 % 6.5 9.0 +38 % 4.3 6.2 +44 %
Summer 56.1 66.4 +18 % 8.9 9.7 +9 % 5.9 6.6 +12 %
Autumn 40.9 50.1 +22 % 7.0 8.4 +20 % 4.6 5.7 +24 %
Winter 42.3 47.6 +12 % 8.7 8.2 − 6% 5.9 5.6 − 5%

Table 4 
Number of cases attributed in relation to the increase in the predicted values in 
both scenarios of temperature increase (RCP 4.5 and 8.5) considering the 
pollutant O3 for hospitalizations related to the respiratory system considering 
the age groups of 15–64 and > 64 years.

Scenario City Increase 
(μg/m3)

Respiratory 
Hospitalizations 15- 
64

Respiratory 
Hospitalizations 
>64

Annual number of 
increased cases (100 
thousand 
inhabitants)

Annual number of 
increased cases (100 
thousand 
inhabitants)

+2◦C Candiota 4.26 0.04 1.13
Pedras 
Altas

7.38 0.06 6.52

Aceguá 4.93 0.21 9.22
Bagé 2.91 0.08 2.26
Herval 4.79 0.09 3.27
Hulha 
Negra

3.83 0.16 3.91

Pinheiro 
Machado

7.07 0.06 6.24

+4◦C Candiota 7.23 0.06 1.91
Pedras 
Altas

4.80 0.08 7.02

Aceguá 6.46 0.27 11.91
Bagé 5.65 0.0 0.09
Herval 7.19 0.14 4.90
Hulha 
Negra

6.70 0.14 3.36

Pinheiro 
Machado

10.40 0.09 9.18

Table 5 
Number of cases attributed in relation to the increase in the predicted values in 
the two scenarios of temperature increase (RCP 4.5 and 8.5) considering the 
pollutant PM10 for hospitalizations related to the respiratory system and cardiac 
hospitalizations.

Scenario City Increase 
(μg/m3)

Respiratory 
Hospitalizations

Cardiac 
Hospitalizations

Annual number of 
increased cases (100 
thousand 
inhabitants)

Annual number of 
increased cases (100 
thousand 
inhabitants)

+2◦C Candiota 0.54 10.10 6.26
Pedras 
Altas

1.85 0.0 0.0

Aceguá 0.3 0.12 0.02
Bagé 0.54 0.04 0.02
Herval 0.99 0.68 0.21
Hulha 
Negra

0.03 0.00 0.0

Pinheiro 
Machado

1.86 0.74 0.28

+4◦C Candiota 0.84 0.18 0.11
Pedras 
Altas

0.95 0.01 0.0

Aceguá 0.5 0.0 0.0
Bagé 0.83 0.35 0.13
Herval 1.32 0.51 0.16
Hulha 
Negra

0.12 0.01 0.0

Pinheiro 
Machado

2.39 0.96 0.37
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Table 6 
Deaths attributable to air pollution for PM2.5 in the different temperature sce-
narios (scenario 1 = original (observed) data/scenario 2 = RCP 4.5/scenario 3 – 
RCP 8.5) for all seven cities analyzed in the study, considering different out-
comes: deaths from all causes, diseases of the respiratory/circulatory system, 
COPD and lung cancer.

Outcome City Scenario Estimated 
Attributable 
Proportion 
(%)

Estimated number 
of attributable 
cases per 100,000 
Population at Risk

All causes CID 
10 - A00-R99

Aceguá 1 0.0 (0.0–0.0) 0.0 (0.0–0.0)
2 0.08 

(0.06–0.09)
0.2 (0.1–0.3)

3 0.21 
(0.16–0.23)

1.14 (0.87–1.28)

Bagé 1 0.0 (0.0–0.0) 0.0 (0.0–0.0)
2 0.29 

(0.22–0.33)
4.02 (3.8–4.62)

3 0.45 
(0.34–0.5)

5.66 (5.8–8.57)

Candiota 1 0.26 
(0.20–0.29)

2.8 (2.2–3.13)

2 0.65 
(0.49–0.73)

6.98 (5.29–7.81)

3 0.83 
(0.63–0.93)

1.95 (0.57–2.84)

Herval 1 0.03 
(0.02–0.03)

0.6 (0.45–0.67)

2 0.76 
(0.58–0.85)

14.77 
(11.19–16.53)

3 0.87 
(0.66–0.98)

17 (12.88–19.02)

Hulha 
Negra

1 0.0 (0.0–0.0) 0.0 (0.0–0.0)
2 0.5 (0.06–0.9) 1.1 (0.1–0.15)
3 0.21 

(0.16–0.23)
1.14 (0.87–1.28)

Pedras 
Altas

1 0.25 
(0.19–0.28)

2.51 (2.06–3.93)

2 0.50 
(0.38–0.56)

2.11 (1.39–7.96)

3 0.66 
(0.5–0.74)

2.86 (2.77–8.87)

Pinheiro 
Machado

1 1.5 
(1.14–1.68)

3.58 (3.95–5.33)

2 2.24 
(1.7–2.51)

7.11 (5.76–8.68)

3 4.22 
(1.69–2.48)

6.99 (3.47–7.57)

Circulatory 
system CID 10 
- I00– I99

Aceguá 1 0.0 (0.0–0.0) 0.0 (0.0–0.0)
2 0.11 

(0.09–0.14)
0.27 (0.22–0.34)

3 0.28 
(0.23–0.35)

0.67 (0.55–0.84)

Bagé 1 0.0 (0.0–0.0) 0.0 (0.0–0.0)
2 0.4 (0.33–0.5) 2.76 (2.28–3.46)
3 0.6 (0.5–0.76) 4.2 (3.47–5.27)

Candiota 1 0.35 
(0.29–0.44)

1.36 (1.13–1.71)

2 0.88 
(0.73–1.11)

3.4 (2.81–4.26)

3 1.12 
(0.93–1.41)

4.31 (3.56–5.41)

Herval 1 0.03 
(0.03–0.04)

0.24 (0.20–0.30)

2 1.03 
(0.85–1.29)

2.89 (1.52–3.9)

3 1.18 
(0.98–1.48)

3.73 (1.74–5.18)

Hulha 
Negra

1 0.0 (0.0–0.0) 0.0 (0.0–0.0)
2 0.15 

(0.09–0.14)
0.21 (0.12–0.30)

3 0.28 
(0.23–0.35)

0.52 (0.51–0.84)

Pedras 
Altas

1 0.33 
(0.28–0.42)

1.5 (1.24–1.88)

2 0.68 
(0.56–0.85)

1.8 (1.7–1.11)

Table 6 (continued )

Outcome City Scenario Estimated 
Attributable 
Proportion 
(%)

Estimated number 
of attributable 
cases per 100,000 
Population at Risk

3 0.89 
(0.74–1.12)

2.02 (1.32–5.04)

Pinheiro 
Machado

1 2.03 
(1.68–2.55)

7.04 (5.96–7.08)

2 3.03 
(2.51–3.79)

6.94 (4.86–8.44)

3 3.69 
(4.48–3.75)

7.96 (4.71–9.22)

Respiratory 
system CID 10 
- J10-J22, 
P23, U04

Aceguá 1 0.0 (0.0–0.0) 0.0 (0.0–0.0)
2 0.1 

(0.03–0.18)
0.6 (0.2–1.0)

3 0.26 
(0.08–0.45)

0.6 (0.0–0.9)

Bagé 1 0.0 (0.0–0.0) 0.0 (0.0–0.0)
2 0.36 

(0.11–0.63)
0.12 (0.04–0.2)

3 0.55 
(0.17–0.96)

1.18 (0.6–2.31)

Candiota 1 0.32 
(0.1–0.56)

0.99 (0.3–1.16)

2 0.81 
(0.25–1.4)

1.0 (0.8–1.2)

3 1.02 
(0.32–1.77)

2.4 (2.0–3.0)

Herval 1 0.03 
(0.01–0.05)

0.01 (0.0–0.03)

2 0.94 
(0.29–1.63)

1.92 (0.6–3.33)

3 1.08 
(0.34–1.87)

2.21 (0.69–3.83)

Hulha 
Negra

1 0.1 (0.1–0.3) 0.0 (0.0–0.0)
2 0.22 

(0.24–0.36)
0.6 (0.1–0.7)

3 1.01 
(0.09–1.05)

2.1 (1.5–2.8)

Pedras 
Altas

1 0.3 
(0.09–0.53)

0.0 (0.0–0.0)

2 0.72 
(0.19–1.07)

1.85 (0.58–3.21)

3 0.92 
(0.25–1.41)

2.45 (0.76–4.24)

Pinheiro 
Machado

1 1.86 
(0.58–3.21)

0.0 (0.0–0.0)

2 2.77 
(0.87–4.77)

4.98 (3.93–5.13)

3 2.74 
(0.86–4.72)

3.95 (2.92–5.08)

Chronic 
obstructive 
pulmonary 
disease 
(COPD) CID 
10 – J40 – J44, 
J47

Aceguá 1 0.0 (0.0–0.0) 0.0 (0.0–0.0)
2 1.14 

(0.14–2.35)
2.71 (0.32–5.57)

3 1.29 
(0.23–2.57)

3.05 (0.54–6.07)

Bagé 1 0.0 (0.0–0.0) 0.0 (0.0–0.0)
2 1.39 

(0.29–2.71)
7.15 (1.49–13.92)

3 1.57 
(0.4–2.98)

7.08 (2.08–15.27)

Candiota 1 1.36 
(0.27–2.66)

2.45 (1.09–3.89)

2 1.82 
(0.56–3.33)

2.04 (0.93–5.57)

3 2.04 
(0.7–3.64)

3.41 (1.17–6.08)

Herval 1 1.07 
(0.09–2.25)

0.55 (0.05–1.15)

2 1.95 
(0.64–3.51)

3.2 (1.33–4.80)

3 2.1 
(0.74–3.72)

1.07 (0.38–1.9)

Hulha 
Negra

1 0.0 (0.0–0.0) 0.0 (0.0–0.0)
2 3.44 

(2.07–4.35)
6.71 (1.32–8.57)

(continued on next page)
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air pollutant levels observed in the simulated scenarios were associated 
with negative health impacts across the region, including increases in 
both hospitalizations and mortality.

The impact of temperature increases on pollutant levels is a global 
concern, as rising temperatures are expected to exacerbate air pollution 
and its associated health risks. Lee et al. [26] investigated this rela-
tionship regarding O3 with future projections of non-accidental mor-
tality in summer across seven major cities in South Korea during the 
2020s (2016–2025) and 2050s (2046–2055). Changes in temperature 
and ozone concentration were considered, projected using 
HadGEM3-RA and the Integrated Climate and Air Quality Modeling 
System, respectively. Four Representative Concentration Pathway (RCP) 
scenarios (RCP 2.6, 4.5, 6.0, and 8.5) were assessed. Results indicated 
that non-accidental mortality in summer will increase by 0.5 %, 0.0 %, 
0.4 %, and 0.4 % in the 2020s, and by 1.9 %, 1.5 %, 1.2 %, and 4.4 % in 
the 2050s due to temperature change compared to baseline mortality 
during 2001–2010, under RCP 2.6, 4.5, 6.0, and 8.5, respectively. 

Meanwhile, mortality will increase by 0.0 %, 0.5 %, 0.0 %, and 0.5 % in 
the 2020s, and by 0.2 %, 0.2 %, 0.4 %, and 0.6 % in the 2050s due to 
changes in ozone concentration.

Regarding PM10 and PM2.5, spring and autumn represent the highest 
contributions in temperature increase scenarios. Winter was able to 
reduce levels of these pollutants in all cities for both PM10 and PM2.5, 
except in Herval for PM2.5 in the +2 ◦C scenario and in Pinheiro 
Machado for PM 10 in the +4 ◦C scenario. The reduction in this season 
can be explained by local meteorological variables. The dynamics of 
winter winds help disperse particulate matter, and increased humidity 
and precipitation favor the wet scavenging of pollutants [27]. Conse-
quently, temperature may have a weaker relationship with air pollutant 
levels during this season, resulting in lower pollutant levels in predictive 
models. Zhang et al. [28] conducted a study designed to analyze how 
temperature modulated the effects of particulate matter (PM10, PM2.5) 
on hospital admissions in Beijing, China, from 2009 to 2011, using three 
models to assess health impacts of PM with temperature modifications. 
The results consistently showed that relatively higher temperatures 
(adjusted temperature ≥ cutoff temperature) significantly modified the 
effects of PM on pollution-related morbidity. The effects of PM2.5 were 
more pronounced than those of PM10. Additionally, the findings indi-
cated that older adults and women were more vulnerable to PM under 
high temperature conditions [28].

In addition to environmental concerns related to the coal mining 
region of Candiota [29,30], various studies already associate residents’ 
exposure with negative health outcomes [5,7,8,31,32]. Our results 
regarding population health indicators show that climatic factors in 
relation with air pollutants may influence the worsening health of res-
idents in the region, where our worst-case temperature increase scenario 
(RCP 8.5) could contribute to increased deaths from all causes, circu-
latory/respiratory diseases, COPD, and lung cancer associated with 
PM2.5 exposure. This contribution varied among cities, particularly 
highlighting Herval and Pinheiro Machado, demonstrating the impact of 
temperature increase on the dispersion of atmospheric pollutants from 
their main source areas (Candiota and Pedras Altas).

In this context, the land use data demonstrate that the main source of 
air pollutants in the region is the coal mining activity, but also allied 
with the use of the extracted coal to generate energy in two local ther-
moelectric plants. These activities significantly impact local air pollu-
tion levels. Moreover, the negative impact observed in Herval can be 
attributed to its proximity to Pedras Altas, where a thermoelectric plant 
is a major source of emissions. Similarly, Pinheiro Machado is situated in 
an area affected by emissions from this same plant, and the ash produced 
during energy generation is used in the region’s cement factories, 
further contributing to atmospheric pollution in the city. These factors, 
combined with meteorological variables that intensify pollution 
dispersion, can exacerbate health outcomes for the local population.

In this sense, with higher concentrations of atmospheric pollutants 
resulting from local temperature increase, the impacts on the exposed 
population are expected to be more significant. A study by Cheng et al. 
[33] showed that significant temperature changes can cause physio-
logical stress and alter a person’s health status in response to toxic 
agents, potentially making them more susceptible to the effects of at-
mospheric pollutants. Moreover, most deaths related to air pollution 
occur in elderly adults [34,35], who have lower thermoregulatory ca-
pacity and higher sweat threshold compared to younger individuals. 
Therefore, interactions with atmospheric pollutants at higher tempera-
tures may pose greater health risks.

Through our findings and other studies conducted in the region, we 
can consider air pollution in Candiota as a significant risk factor for the 
resident population. Marmett et al. [36] also addressed this issue by 
conducting an assessment focused on polycyclic aromatic hydrocarbon 
(PAHs) in the city. The study aimed to evaluate the carcinogenic health 
risk from inhalation exposure to PAHs. A total of 158 individuals were 
included in the study. Monitoring of PAHs and meteorological param-
eters was conducted, and health risk assessment was determined 

Table 6 (continued )

Outcome City Scenario Estimated 
Attributable 
Proportion 
(%)

Estimated number 
of attributable 
cases per 100,000 
Population at Risk

3 3.29 
(0.23–2.57)

5.05 (5.54–7.07)

Pedras 
Altas

1 0.2 (0.26–1.2) 0.0 (0.0–0.0)
2 1.64 

(0.44–3.07)
2.92 (1.33–5.2)

3 1.83 
(0.56–3.34)

3.49 (1.69–10.03)

Pinheiro 
Machado

1 1.92 
(1.29–4.87)

2.06 (1.04–3.93)

2 3.87 
(1.94–6.15)

5.37 (4.69–7.88)

3 3.4 
(1.92–6.11)

7.3 (4.64–12.79)

Lung cancer CID 
10 - C33–C34

Aceguá 1 0.0 (0.0–0.0) 0.0 (0.0–0.0)
2 1.34 

(0.07–2.77)
2.09 (0.05–2.18)

3 1.51 
(0.17–3.01)

2.19 (0.13–2.37)

Bagé 1 0.0 (0.0–0.0) 0.0 (0.0–0.0)
2 1.62 

(0.23–3.18)
2.11 (0.3–4.12)

3 1.83 
(0.36–3.48)

2.38 (0.46–4.51)

Candiota 1 1.58 
(0.21–3.12)

2.96 (0.14–3.99)

2 1.12 
(0.52–3.88)

4.02 (2.17–5.3)

3 2.36 
(0.67–4.22)

3.5 (0.22–3.6)

Herval 1 1.26 
(0.02–2.65)

2.93 (1.3–4.07)

2 2.26 
(0.61–4.08)

5.79 (1.55–10.46)

3 2.43 
(0.72–4.31)

6.22 (1.83–11.04)

Hulha 
Negra

1 0.0 (0.0–0.0) 0.0 (0.0–0.0)
2 1.53 

(0.07–2.77)
3.6 (2.7–4.19)

3 1.42 
(0.17–3.58)

2.25 (0.13–2.37)

Pedras 
Altas

1 0.2 (0.2–3.09) 0.7 (0.5–0.9)
2 1.91 

(0.4–3.58)
3.2 (0.81–3.5)

3 2.13 
(0.53–3.89)

4.3 (2.93–6.5)

Pinheiro 
Machado

1 2.36 
(1.33–5.56)

5.42 (2.15–8.97)

2 4.02 
(2.0–6.93)

7.38 (1.1–8.73)

3 4.58 
(2.02–6.89)

7.86 (1.09–11.71)
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through the toxic equivalent quotient of benzo(a)pyrene (BaP-TEQ) and 
incremental lifetime cancer risk (ILCR) estimation. The coal activity area 
of Candiota showed an annual concentration of HPAs of 27.7 ng/μg/m3, 
PM 10 concentration of 26.3 μg/μg/m3, SO2 concentration of 9.5 
μg/μg/m3, BaP-TEQ value of 0.3 ng/m3, and a daily inhalation of 62.4 
ng/day. ILCR values of 2.8 × 10⁻⁶ and 2.6 × 10⁻⁶ were observed for 
estimates based on reference and actual values, respectively, and these 
levels were above the reference limit of 10⁻⁶, indicating cancer risk and 
highlighting the issues associated with this region [36].

Although several studies have been conducted in this region, as well 
as in other coal mining areas, the majority have focused primarily on the 
health impacts of air pollutants emitted by coal mining activities. 
However, there is an evident lack of information in the literature 
regarding the effects of future temperature scenarios on these coal 
mining-affected areas. To our knowledge, no studies have yet explored 
how rising temperatures, driven by climate change, might influence 
pollutant levels and exacerbate health risks in these regions, which are 
recognized hotspots for air pollutants. Furthermore, the relationship 
between environmental and meteorological variables and their conse-
quences on health indicators as a result of these associations is rarely 
addressed in the existing research, particularly for smaller cities with 
low population density, where such interactions might have unique 
dynamics and impacts. This set of information further underscores the 
novelty, importance, and relevance of our research.

Addressing global climate change is central to a growing field of 
scientific research on topics such as environmental health, disease 
burden, and resulting economic impacts. At the local level, cities are 
significant sources of air pollution due to the large quantities of pol-
lutants they emit [37]. As the global population shifts towards urban 
centers, cities will increasingly concentrate exposed populations. 
Worldwide, there is already evidence of the relationship between tem-
perature and pollutants such as particulate matter, demonstrating how 
temperature can exacerbate their health effects [37], in addition to the 
impacts already proven by different researchers regarding exposure to 
these pollutants [38–41].

Policies aimed at air pollution have focused on emission control and 
improving air quality, given the growing need to mitigate the effects of 
global climate change [42,43]. Policy makers have the responsibility to 
“think globally and act locally” to develop interventions aimed at 
reducing future climate impacts and mitigating negative health out-
comes. Adapting the healthcare system is essential to address the con-
sequences of future climate implications on the population.

The study has some limitations related to the use of air pollution data 
obtained from satellites, which may include non-random classification 
errors, saturation effects, and atmospheric effects that can lead to de-
viations from accurate ground-based data. However, due to the lack of 
adequate air quality monitoring in the area, we believe that satellite data 
remains the best available option for assessing air pollution in this re-
gion. Another limitation is the exclusion of factors such as land cover 
changes and geographic issues from the analyses, which can directly 
influence temperature and explain the behavior of pollutants in a spe-
cific region. Future studies should focus on prediction models that 
include a broader range of variables, both environmental and social, 
such as socioeconomic and geographic factors, as well as other atmo-
spheric pollutants in different mining areas and mining activities. This 
could provide a better comprehension of the interactions between 
climate change and air quality in these regions.

5. Conclusion

Our findings indicate that increased temperatures scenarios (RCP 4.5 
and 8.5) intensify concentrations of atmospheric pollutants (PM10, 
PM2.5, and O3) in the Candiota region and all adjacent municipalities. 
Furthermore, in these scenarios, all seasons contribute to increased 
pollutant concentrations, except for winter in the case of particulate 
matter. Additionally, health indicators, including attributable deaths 

and HIA, showed that higher projected temperature increases, and its 
consequent impact on air pollutant levels, lead to worse health outcomes 
for the exposed population. This underscores the importance of 
addressing climate change at a regional level, particularly in areas 
impacted by coal mining. Investigating these regions is essential, as the 
compounded effects of climate change and air pollution could have 
profound implications for both the environment and public health.
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SUPPLEMENTAL MATERIAL 

 

Table S1.  Mortality and hospitalization data collected from Datasus. 

 

 

 

 

 

 

 

 

 

Table S2. Data used to calculate attributable deaths in the AirQ+ software 

 

CID 10 Condition Condition 

A00-R99 Mortality from natural causes >30 years 

J40 – J44, J47 DPOC >30 years 

C33-C34 Lung cancer >30 years 

J10-J22, P23, U04 Respiratory infection >30 years 

I00- I99 Circulatory system >30 years 

 

 

Mortality data Hospitalization data CID 10 

Total (not external) Total (not external) 

Respiratory system 

A00-R99 

Respiratory system J00-J99 

Circulatory system Circulatory system I00- I99 

Lung disease  
 

I26-I28 

chronic obstructive 

disease (DPOC) 

 

J40 – J44, J47 

 Lung cancer   C33-C34 
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