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A B S T R A C T
This study examines the relationship between the time-series analysis 
of climate, deforestation, wildfire, Aerosol Optical Depth (AOD), and 
hospital admissions for respiratory diseases in the Eastern Amazon. 
Through a descriptive study with an ecological approach of an 18-year 
time-series analysis, we made a statistical analysis of two pre-established 
periods, namely, the rainy season and the dry season. On a decadal scale, 
analyzing the signals of climate indices [i.e., the Southern Oscillation 
Index (SOI) and the Atlantic Meridional Mode (AMM)], the city of Marabá 
presents correlations between hospital admissions, wildfire, and AOD. 
This is not observed with the same accuracy in Santarém. On a seasonal 
scale, our analysis demonstrated how both cities in this research 
presented an increase in the number of hospital admissions during the 
dry season: Marabá, 3%; Santarém, 5%. The same season also presented 
a higher number of fire outbreaks, AOD, and higher temperatures. 
The  AOD monthly analysis showed that the atmosphere of Marabá 
may be under the influence of other types of aerosols, such as those 
from mining activities. There is a time lag of approximately 2  months 
in the records of wildfire in the city. Such lag is not found in Santarém. 
The linear regression analysis shows that there is a correlation above 64% 
(Marabá) and 50% (Santarém), which is statistically significant because it 
proves that the number of hospital admissions for respiratory diseases 
is dependable on the AOD value. From the cities in the study, Marabá 
presents the highest incidence of wildfire, with an average of 188.5—
the average in Santarém is 68.7—, and therefore the highest AOD value, 
with an average of 0.66 (Santarém, 0.47), both during the dry season. It is 
evident that the climate component has a relevant contribution to the 
increase in the number of hospital admissions, especially during the rainy 
season, where there are few or no records of wildfires. 
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R E S U M O
Este estudo faz uma análise da inter-relação entre as séries temporais do 
clima, desmatamento, queimadas, profundidade óptica do aerossol (AOD) 
e internações hospitalares por doenças respiratórias na Amazônia oriental. 
Através de um estudo descritivo, com delineamento ecológico de séries 
temporais de 18 anos de dados, foram feitas análises estatísticas para dois 
períodos preestabelecidos: chuvoso e seco. Em escala decadal, mediante 
análise dos sinais dos índices climáticos, índice de oscilação sul (IOS) e o 
modo meridional do Atlântico (MMA), Marabá apresenta concordância 
entre internações, focos de queimadas e AOD, o que não se observa com 
a mesma exatidão para Santarém. Em escala sazonal, nossas análises 
mostram que os dois municípios estudados nesta pesquisa apresentaram 
um aumento no número de internações na estação seca, Marabá (3%) e 
Santarém (5%). A mesma estação também apresentou maior número de 
queimadas, AOD e alto valor de temperatura. A análise mensal do AOD 
mostrou que a atmosfera de Marabá pode estar sendo influenciada pela 
presença de outros tipos de aerossóis, como os emitidos pela atividade 
mineradora, logo há uma defasagem no tempo de aproximadamente 
2  meses em relação às ocorrências de queimadas registradas dentro 
do município. Santarém não apresentou essa defasagem. A análise de 
regressão linear mostra que há correlação acima de 64% (Marabá) e 50% 
(Santarém), sendo estatisticamente significante e comprovando que a 
taxa de internação por doenças respiratórias depende do valor do AOD. 
Dos municípios investigados, Marabá é a localidade que apresenta o maior 
número de incêndios florestais com média de 188.5 (Santarém, 68,7) e, 
portanto, o maior valor de AOD, com média de 0,66 (Santarém, 0,47), 
ambos para a estação seca. Fica evidente que a componente climática tem 
relevante contribuição para o aumento das internações, principalmente na 
estação chuvosa, onde há pouco ou nenhum registro de focos de incêndio. 

Palavras-chave: poluição do ar; desmatamento; queimadas; clima; Pará. 
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Introduction
Large population clusters are found in urban areas and present 

multiple physical characteristics in their geoecology, land use and oc-
cupation, climate, and social features. When treating a city as an or-
ganic space, as somewhere in constant construction and production, it 
is conceivable to recognize that it promotes an accumulation of social 
and environmental phenomena that directly influence the population’s 
health and life quality.

Some studies intend to establish a correlation between climate and 
the increase in air pollution, due to the intensification of wildfire that 
severely affects the ecological balance and, eventually, human health. 
Climate variability, such as the Atmosphere–Ocean Dynamics over the 
Atlantic and the Pacific, influences the modulation of ecological vari-
ables (Limberger and Silva, 2016) and, consequently, the combustion of 
biomass and the continuance of a wildfire.

In recent years, there has been a growing international awareness 
in controlling forest fires in the Amazon. This is due to climate change 
and deforestation still at large (Gonçalves et al., 2012). Most diseases are 
caused by or influenced by environmental factors, including climatic con-
ditions that have increasingly been the subject of epidemiological studies. 
However, considering the relationship between climate, deforestation, 
wildfire, and human health, it is evident that studies on this issue are still 
scarce in Eastern Amazon. The slash-and-burn operation is the greatest 
issue today. When combined with climate extremes, it can aggravate local 
human health, especially in cities with a low Human Development Index 
(HDI) and a weak health-care system (Smith et al., 2014). 

Population growth is another issue that may contribute to the in-
crease in air pollution in large urban areas, and it is increasing expo-
nentially. Collectively, people from all over the world utilize an exceed-
ingly large amount of food, water, and raw materials and, thus, produce 
a lot of pollution, so they tend to be more exposed to the amount of 
particulate matter produced within the very environment where they 
live (Miller and Spoolman, 2015).

Studies indicate that the size of the particles that make up the par-
ticulate matter, whose diameter may vary from a few nanometers to 
dozens of micrometers, is directly associated with its potential to cause 
breathing problems. The smaller the diameter, the greater the effects 
(Alves et al., 2017).

According to Padilla et al. (2014), socioeconomic factors can also 
contribute to the effects of particulate matter on human life. Their study 
demonstrates how populations in precarious living conditions are 
more vulnerable to breathing problems as they are more exposed to 
unsanitary environmental conditions. The uneven geographical distri-
bution of living conditions and urban traffic is another key factor to be 
considered, as differential exposure contributes to the effects of partic-
ulate matters, and it can increase the risk of mortality from respiratory 
diseases (Rodrigues et al., 2019). Other authors such as Forastiere et al. 
(2007) argue that environmental impacts can significantly contribute 

to social inequality at a local scale. Therefore, people in precarious liv-
ing conditions have restricted access to primary health care.

Studies demonstrate how 98% of mortality due to respiratory dis-
eases in children occurs in poor or developing countries (WHO, 2018). 
In general, children may be more vulnerable when compared with 
other age groups. Fine Particulate Matter (PM2.5) in the atmosphere 
penetrates more effectively in the lower respiratory tract, bronchi, and 
pulmonary alveoli of children aged below 10 years and adults aged 
above 60 years, which can cause genetic changes and the development 
of tumors (Alves et al., 2015, 2017).

The research on suspended particles from forest fires is still elemen-
tary, mainly due to the lack of data on air pollutants. However, remote 
sensing can offer such data, reading both the Aerosol Optical Depth 
(AOD) and the Particulate Matter (PM2.5), especially in regions with no 
surface metrology as the Amazon (Andreão and Albuquerque, 2020). 
Therefore, the AOD is the most appropriate satellite product for esti-
mating the concentrations of PM2.5. It is an indicator of aerosols scatter-
ing solar radiation in the vertical atmospheric column, which is char-
acterized by wildfire smoke due to the high concentration of organic 
matter in suspension. In general terms, radiation extinction is measured 
by reading the scattering and absorption of aerosols in the atmospher-
ic column. Thus, this study intends to foreground the interconnections 
between the time series of climate, deforestation, wildfire, and hospital 
admissions for respiratory diseases in the Eastern Amazon. 

Methods
The State of Pará, located in the Eastern Amazon (Figure 1), is the 

study area of this research. From the 144  municipalities distributed 
throughout the state, we chose the cities of Marabá and Santarém for 
representing large urban areas, with a considerable population density, 
industry, and a health-care system for both high and medium complex-
ity procedures. Also, these cities are located along the Arc of Deforesta-
tion: Marabá, in the East of the state; and Santarém, in the West, in the 
region called Lower Amazon.

The environmental and social database available to this study is 
representative of the period from 2000 to 2017, through a monthly 
and seasonal scale with the following variables: Aerosol Optical Depth 
(AOD), The Southern Oscillation Index (SOI), the Atlantic Meridional 
Mode (AMM), wildfire, deforestation, precipitation, relative humidi-
ty, air temperature, and hospital admissions (i.e., a social variable) for 
respiratory diseases. In the interest of a seasonal analysis, we also ar-
ranged the data period to show the rainy season (January–May) and 
the dry season (June–December).

We employed the estimates of the imaging sensor Moderate Res-
olution Imaging Spectroradiometer (MODIS), presently aboard the 
Terra and Aqua satellites (Di Nicolantonio et al., 2009; Van Donkelaar 
et al., 2010), to obtain the AOD data at 550 nm, with a 3-km resolu-
tion as the collection 6.0. This includes the models of the optical spec-
trum for estimating numerous properties of aerosols, including AOD, 
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with the product names: MOD04L2-3K and MYD04L2-3K (Lyapustin 
et al., 2018). The daily AOD data were generated from the average of a 
morning (10:30 a.m., Satellite Terra) and afternoon (1:30 p.m., Satellite 
Aqua) reading and then converted into monthly averages for a 40 km2 
area surrounding the cities in the study.

The data from the AMM and SOI climate indices are available on a 
monthly time-series analysis at NOAA (2018). These data are available 
to characterize climatic aspects by demonstrating the ocean–atmosphere 
oscillations from both the tropical Atlantic and Pacific oceans that mod-
ulate precipitation and other atmospheric variables. Such indices indicate 
climatic conditions by considering the phases of the AMM dipoles, which 
are as follows: Positive (not favorable conditions for rain) and Negative 
(favorable conditions for rain); as well as the SOI phases, which are as fol-
lows: Negative, for El Niño, and positive, for La Niña (Pereira et al., 2017).

The tropical Atlantic surface waters are cooler (warmer) in the 
southern hemisphere when the AMM is positive (negative), which af-
fects the rainy season in the Amazon, making it scarcer (abundant). 
In the tropical Pacific, El Niño (La Niña) incidents tend to decrease 
(increase) the volume of rainfall at the Western and Eastern ends of the 
Amazon (Sousa et al., 2018; Kayano et al., 2019).

The annual deforestation rates were obtained through the PRODES 
webpage (i.e., the Measurement of Deforestation by Remote Sensing), 
powered by INPE (the National Institute for Space Research), which 
uses LANDSAT satellite imagery (Montibeller et  al., 2020). This is a 
major instrument for planning public policies in the Amazon.

The INPE also makes available information on hotspots. The data 
are obtained by remote sensing (see INPE, 2018). This research bene-
fited from the data provided by the reference satellite (i.e., geostation-
ary) using the Advanced Very-High-Resolution Radiometer (AVHRR) 
sensor, with a late afternoon orbital pass, and the Moderate Resolution 
Imaging Spectroradiometer (MODIS) sensor, with an early afternoon 
orbital pass, 4- to 5-km resolution, provided by NASA.

The Center for Weather Forecasting and Climate Studies (CPTEC/
INPE) publishes the data on Precipitation (PRP) from the Integrated 
Multi-satellitE Retrievals for GPM (IMERG) product. This technique 
uses the intercalibrated estimates from surface precipitation analy-
ses and the data from precipitation-relevant satellites (Rozante et al., 
2010), resulting in binary files with a 20-km resolution, with a daily 
pass (accumulated figures for 24 h) here transposed to a monthly time 
series, covering all South America. In addition, the monthly mean rel-

Figure 1 – Map of the study area, with geographic location by country, state, and the cities of Marabá and Santarém, in the State of Pará.
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ative humidity (RH) and air temperature (T), provided by the Brazilian 
National Institute of Meteorology (INMET) for the conventional sur-
face stations in Marabá and Santarém, in the Eastern Amazon.

For this research, we developed an ecological time-series analysis 
considering a list of all types of respiratory diseases, with codes from 
J00 to J99, under the International Statistical Classification of Diseases 
and Related Health Problems (ICD-10), entrusted to the World Health 
Organization (WHO). We established a 1–9 age bracket, with both 
males and females, as it embodies a group that is reasonably vulnerable 
to respiratory diseases. Aside from climate indices, all other variables 
in this study were subjected to anomaly detection based on a 6-month 
moving average for every variable and every city, so that trends, tempo-
ral patterns, oscillations, and extreme periods between variables could 
be identified as closely as possible, over the time-series study.

Monthly anomalies were detected on every variable in this research. 
All the time series were divided into two decades to detect dominant 
qualitative trends in the anomaly variability that may have contributed 
to the increase in the number of hot spots and, consequently, in the 
number of hospital admissions.

For a better analysis of the AOD series in association with hospital 
admissions, we examined both the amplitude and the asymmetry of 
the available dataset through the maximum, the minimum, and the 
sample median, correspondingly. We developed boxplots to graphi-
cally depict these statistics. This type of analysis enables the reader to 
visualize the distribution of values per time series, and also possible 
discrepancies in the dataset (Seward and Doane, 2014).

The linear regression model we applied considered the number of 
hospital admissions as a dependent variable (y) and the AOD as an 
independent variable (x). The statistics generated by the regression 
equation also include the calculation of the coefficient of determina-
tion (R2), the coefficient of correlation (r), and the p < 0.05, with a con-
fidence interval of 95%.

For an enhanced understanding of our statistical analysis of the 
linear regression, the hospital admission rate was calculated from 
the records of monthly admissions of children up to 9 years old, per 
1,000 inhabitants, for both cities.

Results and Discussion
Figure 2 demonstrates that the most anthropized areas in the State 

of Pará overlap the areas with the lowest annual precipitation rates, as 
in the extreme East of the state where Marabá is located, in the Am-
azon Arc of Deforestation, and in the West where Santarém is locat-
ed. In addition, mosaic deforestation reveals that the surroundings of 
Marabá show higher natural devastation in comparison with Santarém. 
Therefore, the effects on local rainfall rates would impact both regions 
as follows: in Marabá, from annual rainfall rate between 1,800 and 
2,000 mm; and Santarém, from annual rainfall rate between 2,000 and 
2,400 mm. Studies show that areas with considerable rainfall rates are 

likely to present higher air quality (Gonçalves et al., 2010), as precipita-
tion cleans the atmosphere, reducing pollution. The opposite is true in 
areas with limited rainfall rates. Debortoli et al. (2017) concluded that, 
on a local scale, there is a strong correlation between forest cover and 
local precipitation, which suggests that large areas of preserved forest 
enable the viability of higher rainfall rates, in opposite direction to the 
effects observed on a local scale (Davidson et al., 2012).

Studies suggest that the local contribution of evapotranspiration 
toward precipitation in the Amazon is in the order of 20-35% (Rocha 
et al., 2015). Consequently, the expansion of deforestation directly im-
pacts the rainfall rate of a given region, and it is directly related to the 
increase of wildfire due to land-use change (Seixas and Pinheiro, 2014; 
Coutinho et al., 2018), mainly in the Arc of Deforestation.

The AMM and SOI climatic indices are imperative for the modu-
lation of rainfall in the Amazon. Figure 3 shows that even with some 
negative peaks, the signal on the AMM series is predominantly positive 
over time, which is unfortunate for precipitation because it decreases 
humidity transport and rises air temperature in the Eastern Amazon 
(Limberger and Silva, 2016). The SOI series also shows a higher num-
ber of positive peaks over time, indicating a higher incidence of La 
Niña events, which favors precipitation, mainly from 2003 to 2005, 
2015, and 2016, when the index was negative.

The first three variables in Figures 4A-4C demonstrate how Mar-
abá has had the stages of approximately 10 years (2000–2009) in which 
rainfall rates were mostly positive in the first decade (+70.0 ± 60.6 mm), 
consistent with the first decade of SOI that was correspondingly mainly 
positive and therefore presented more frequent occurrences of La Niña 
events, which favored rainfall in the region (Araújo et al., 2013). Nev-
ertheless, air temperature and relative humidity behave contrarily, with 
temperatures above average and humidity below average during the 
first decade (+0.6°C ± 0.5°C and -2.9% ± 2.1%). This behavior is also 
true in the second decade. 

It is important to reiterate that the air humidity series in Marabá 
was contrary to the precipitation series due to the high degree of vege-
tation degradation in the city, causing the hydrological cycle to change. 
There is a minimal infiltration and thus increased evaporation, even 
with positive rainfall anomalies, altering the hydrological cycle in the 
region (Duarte et al., 2009).

This suggests that Marabá, a city with a highly degraded natu-
ral environment, large deforested areas, different soil coverings, and 
diverse land use activities, presents an imbalance in the behavior of 
environmental variables, in addition to being influenced by the glob-
al climatic fluctuations in comparison with other cities with different 
natural landscapes. It is in agreement with Pires and Costa (2013), who 
demonstrated how environmental degradation in the Arc of Deforesta-
tion may trigger serious bioclimatic imbalances.

Although the SOI had a positive phase in the second decade, 
the one with more La Niña incidents, the precipitation in Marabá 
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Figure 2 – Environmental characteristics of the State of Pará, with its hydrography and the location of Marabá and Santarém. (A) Total of deforested areas (in 
yellow) and anthropized forest areas (in green) from 2000 to 2017 and (B) average climatological for annual precipitation. IMERG, 1981–2017.

Figure 3 – Distribution of monthly anomaly values for the 2000–2017 climate indices. (A) AMM (the Atlantic) and (B) SOI (the Pacific). The smoothed line 
displays the 6-month moving average values, and the dashed line presents the dominant signals for both the positive and the negative phases.

A B

 

FIGURA 3:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

-6
-4
-2
0
2
4
6
8

00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18

-4
-3
-2
-1
0
1
2
3

00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18

A 

B 



Relationship between respiratory diseases and environmental conditions: a time-series analysis in Eastern Amazon

403
RBCIAMB | v.56 | n.3 | Sept 2021 | 398-412  - ISSN 2176-9478

showed a negative phase in the second decade, this time due to the 
AMM signal that showed mostly positive values throughout the se-
ries, particularly in the second decade, which impairs precipitation 
in the Amazon (De Jesus et al., 2017). Different from the first decade, 

rainfall was above average, and humidity was below average (-0.6°C ± 
0.5°C and -2.5% ± 2.1%). 

It is patent that Santarém (Figure 4D-4F), observed in the aforemen-
tioned graphs, has rather similar phases in comparison with the SOI series, 

Figure 4 – (A, B, C) Distribution of monthly anomalies values for PRP, T, and RH in Marabá; (D, E, F) PRP, T, and RH in Santarém, both from the 2000–2017 
time series. The dashed line presents the dominant signals for both the positive and the negative phases.
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with the same variables analyzed for Marabá. As the SOI indicates that the 
first decade has a higher incidence of La Niña events, that is, it prominent-
ly a positive phase (Figure 3B), Santarém also shows a positive phase for 
rainfall and a negative phase for temperature, with values below average.

In general, the relative air humidity in Santarém remained below 
average in the first decade, although a balance (+2.0% ± 1.5% and -2.4% 
± 2.1%) between positive and negative values is observed (Figure 4F). 
Considering the meteorological variables, it is understood from this 
analysis that Santarém reacts well to the modulations of large-scale cli-
mate mechanisms. Despite the increase in deforestation (2016-2019) in 
the past 4 years, the annual deforested area rate is on a downward trend 
(INPE, 2020) since the beginning of the time series in 2000. It is the 
result of a change in public policies, the creation of conservation units, 
extensive improvements in the Forest Code, and the involvement of civ-
il society and NGOs. These efforts managed to contain the expansion 
of deforestation for over two decades (Bistene and Guimarães, 2019), 
allowing Santarém to preserve a considerable part of its natural features. 
Despite an increasing trend in deforestation in the past 8 years, Ban-
deira Castelo et al. (2020) considered that The Action Plan for the Pre-
vention and Control of Deforestation in the Legal Amazon (PPCDAm), 
which is currently in its fourth phase, has shown satisfactory results in 
terms of reducing deforestation in the State of Pará, including Santarém. 

Unlike the trends in climate variables observed in Figure 4, Figure 5 
shows that for other environmental variables the city of Marabá dis-
plays the same anomalies for the two long periods of the series, with 
concordant phases. Deforestation and hotspots indicate agreement 
with the two periods, with mostly positive values in the first decade 
and negative values in the second, supporting the hypothesis that the 
increase of wildfire is mostly a consequence of unbridled deforestation, 
which considerably increases the chances for wildfire, as demonstrated 
by Fearnside (2005). According to Rivero et al. (2009), several factors 
lead to intense forest clearing and, subsequently, to wildfire. For the 
authors, agriculture and livestock activities are the two driving factors 
because they require low capital and less soil preparation. This is a con-
text of scarce economic alternatives, low educational standards, and a 
lack of technology. These factors, in association with the rooted cultur-
al values carried by rural workmen, enable the process of deforestation 
and wildfire to extend throughout the Amazon rainforest.

Even with an apparent decrease in the incidence of wildfires in the 
Amazon over the decade we studied, the number of hotspots in Mar-
abá is still dramatic and always worsens during the second semester, at 
the peak of the dry season (Figure 5). According to Fearnside (2006), 
when there is a fire in the forest, it takes trees, increases fuel loads, and 
dries the forest understory, elevating the risk of future wildfire and the 
complete degradation of the forest. Analyzing Figure 5C, it is possible 
to state that the AOD time series also illustrates how Marabá has a 
phase with the above-average values in most months of the first decade, 
and a negative phase in the second decade.

Regarding hospital admissions, we illustrated in Figure 5D that 
Marabá experienced a positive phase in the first decade (2000-2009), 
followed by a negative phase in the second decade (2010-2018), which 
is in agreement with the deforestation time-series analysis, hot spots 
analysis, and AOD.

Unlike the wildfire time series, the AOD series presents peaks of 
positive anomalies in the second decade, even without peaks of forest 
fires, which can be explained by the number of aerosols coming from 
remote regions to Marabá via wind flow, as demonstrated by Kaufman 
et al. (1998): particles in suspension seek trajectories, via wind flow, of 
several kilometers in the atmosphere, and can reach remote regions.

This is evidence that the number of hospital admissions in Mar-
abá followed the increase in air pollution caused by wildfire aerosols, a 
consequence of large-scale deforestation, not only in Marabá but also 
in the entire Arc of Deforestation. Barcellos et al. (2019) introduced the 
research that determined the impact of wildfires and particulate matter 
in the health of children living in the Arc of Deforestation, where the 
city of Marabá is located. This research analyzed samples in the course 
of 1 year and concluded that the number of hospital admissions dou-
bled in areas with excessive incidence of hotspots.

In the decadal analysis, most years of the entire deforestation time 
series show values below average for the period (59 km2), especially 
in the second decade, in agreement with the AOD time series and the 
number of hospital admissions in the same period.

The analysis of the same variables culminated in different results in 
Santarém: the number of hospital admissions for respiratory diseases 
shows a predominantly positive phase in the first decade (+12.7 ± 12.3) 
and a predominantly negative phase in the second (-10.3 ± 8.9), regard-
less the positive anomalies at some points, mainly in 2013.

The same trend was observed in the historical series of deforesta-
tion and AOD. However, the wildfire time series does not present 
the same behavior: a few fire outbreaks in the first decade, and most 
months within the average.

The decadal analysis confirmed that the city of Marabá is more af-
fected by local wildfires and forest fire from neighboring cities, as ob-
served by comparing the analysis of decadal phases and by considering 
the historical series of wildfire and hospital admissions, which made 
apparent that deforestation and wildfire modulate both the optical 
depth time series and the number of hospital admissions. The analyses 
of decadal phases are not the same in Santarém, mainly concerning the 
number of fire outbreaks, i.e., a low rate for the region.

Therefore, the number of hospital admissions may be influenced by 
the variation of temperature and humidity in the city (Table 1), which 
may increase the hospital admission records for respiratory diseases 
due to fungal pollution of indoor environments, accelerating the emer-
gence of diseases such as asthma, as explained by Rosa et al. (2008).

Andrade Filho et al. (2013), years later, when performing a sea-
sonal analysis of a series of hospital admissions, found that high 
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humidity can influence the number of admissions for respiratory 
diseases. These results were later confirmed by Smith et al. (2014) 
when they demonstrated how the peak of hospital admissions of 
children occurs during the peak of the rainy season due to exces-
sive humidity.

We also calculated the anomalies for the same socio-environmental 
variables in Santarém, namely, deforestation, wildfire, AOD, and hos-
pital admissions (Figure 6). Unlike Marabá, phases were not so coinci-
dent over the time-series period, thus showing a higher data variability.

Table 1 shows that hospital records for respiratory diseases in Mar-
abá. The average number of children hospitalized during the rainy sea-
son is 32 (±15.4) and during the dry season is 33 (±11.4), i.e., a 3% 
increase in hospitalizations from one season to the other. In Santarém, 
the average is 45.8 (±12.1) during the rainy season and 49.2 (±16.5) 
during the dry seasons, i.e., an increase of 5%.

The AOD value draws a growing trend following the increase of 
wildfire and temperature, with a significant rise during the dry sea-
son. In Marabá, there is a higher variation from one season to an-

Figure 5 – Distribution of monthly anomalies values for the socio-environmental variables of Marabá from 2000 to 2017: (A) deforestation, (B) fire, (C) 
AOD, (D) admissions. The dashed line presents the dominant signals for both the positive and the negative phases. The continuous line presents the 6-month 
moving average.
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other (0.38), whereas Santarém experiences a lower variation (0.18). 
The AOD value is an indication that the local atmosphere is polluted, 
as it estimates the concentration of aerosols in the atmospheric column 
by the scattering of solar radiation (Paixão, 2011). Other studies also 
indicate an increase in both the AOD and wildfires in locations with 
high atmospheric pollution (Rocha and Yamasoe, 2013).

Regarding temperature and humidity, Marabá presented higher 
temperatures, mainly during the dry season, with an average of 34.4°C 
(±0.7), and also presented a less humid atmosphere, with an average 
of 68% (±4.2) during the dry season, with a 12% amplitude from one 
season to another. Santarém was more humid, with an average of 83% 
(±2.1) during the dry season, however, with a much smaller amplitude, 
only 7%, from one season to another.

The AOD monthly variability shows coherence between Marabá 
and Santarém with maximum values during dry season fires (Figure 7). 

Both cities have a higher AOD value in the second semester, every year. 
Marabá presents the higher magnitude throughout the time series, espe-
cially in 2005 and 2015, years in which extreme climate incidents took 
place, such as the severe and prolonged droughts in the Amazon (Zeng 
et al., 2008; Jiménez-Muñoz et al., 2016), whereas the AOD value reached 
2.0, which is a trace of areas with a higher incidence of fire outbreaks.

Figure 8A shows the relationship between the AOD averages and the 
number of hospital admissions for respiratory diseases in Marabá during 
the dry seasons (June-December). In the time-series analysis, there is a 
noticeable decrease in hospital admissions (i.e., the continuous line) as the 
AOD value (i.e., dashed line) decreases. From 2010, it is possible to veri-
fy that the AOD value falls sharply, reaching the average value of 0.60 nm 
during the dry season in 2017. These results are consistent with the anomaly 
values in the time-series analysis in Figure 5, where Marabá (from 2009 to 
2010) recorded the values below the average for deforestation and wildfire.

Table 1 – Seasonal descriptive statistical analysis of the study variables for the two cities surveyed, with emphasis on the most relevant values in bold.

Marabá Average (SD) Min P25 P50 P75 Max

Rainy season

 Hospital admissions < 9 years old 32 (15.4) 8.0 18.0 33.0 45.0 61.0

 Temperature (°C) 32.4 (0.6) 31.2 32.1 32.6 32.7 33.8

 Humidity (%) 80 (2.4) 73.0 79.0 81.0 81 84.0

 AOD (550 nm) 0.28 (0.03) 0.24 0.27 0.28 0.29 0.33

 Wildfire 0.7 (0.8) 0.0 2.8

Dry season

Hospital admissions < 9 years old 33 (11.4) 15.0 18.0 32.0 44 50.0

 Temperature (°C) 34.4 (0.7) 33.3 34.0 34.5 34.9 35.5

 Humidity (%) 68 (4.2) 65.0 65.0 67.0 69.8 82.0

 AOD (550 nm) 0.66 (0.69) 0.21 0.27 0.35 0.79 2.9

 Wildfire 188.5 (166.0) 45.9 155 346 484 475.1

Santarém

Rainy season

 Hospital admissions < 9 years old 45.8 (12.1) 19.4 26.0 43.0 57.0  61.4

 Temperature (°C) 30.2 (0.4) 29.6 29.9 30.1 30.4 31.2

 Humidity (%) 90 (1.0) 89.0 90.0 91.0 91.0 92.0

 AOD (550 nm) 0.29 (0.03) 0.25 0.28 0.29 0.31 0.35

 Wildfire 6.0 (8.0) 0.0 27.6

Dry season

Hospital admissions < 9 years old 49.2 (16.5) 16.9 29.0 39.0 53.0 78.0

 Temperature (°C) 32.7 (0.7) 31.2 32.3 32.5 32.5 34.1

 Humidity (%) 83 (2.1) 80.0 81.0 83.0 84.0 88.0

 AOD (550 nm) 0.47 (0.48) 0.31 0.32 0.35 0.39 2.39

 Wildfire 68.7 (25.3) 8.9 73 87 114 111.0

SD: standard deviation; P: percentile; MAX: maximum value; MIN: minimum value (2000-2017); AOD: Aerosol Optical Depth.
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Figure 6 – Distribution of monthly anomalies values for the socio-environmental variables of Santarém from 2000 to 2017: (A) deforestation, (B) fire, (C) 
AOD, (D) admissions. The dashed line presents the dominant signals for both the positive and the negative phases. The continuous line presents the 6-month 
moving average.

The linear regression model (Figure 8B) shows a good perfor-
mance, with a correlation of 64% and confidence interval of 95%, 
proving that the number of respiratory disease cases in children under 
9 years old is dependable on the value of AOD in the atmosphere of 
Marabá. These results are compatible with those shown by Smith et al. 
(2014) where they demonstrate the substantial increase in the number 
of hospitalized children in cities highly exposed to forest fires, located 
in the Arc of Deforestation, where Marabá is located. According to this 
study, in 2005, when the Amazon suffered from a severe and prolonged 

drought, the AOD was responsible for the high incidence of respiratory 
diseases in Marabá and Santarém. It proves how harmful it is to expo-
sure vulnerable groups to air that has been polluted by wildfire.

Similar to the analysis in Figure 8, Figure 9 shows the average be-
havior of two variables, namely, AOD and number of hospital admis-
sions in Santarém during the dry seasons of the time-series analysis. 
Unlike Marabá, the city of Santarém did not present a sharp drop in the 
number of hospitalizations for respiratory diseases, remaining from 
0.80 to 1.40, with similar behavior for the AOD value.
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Figure 7 – Variability of monthly values for Aerosol Optical Depth (AOD), based on the MODIS data for Marabá (in blue) and Santarém (in green), from 
2000 to 2017.

Figure 8 – Correlation between AOD and the number of hospital admissions of children under 9 years of age in Marabá per 1000 inhabitants. (A) Average 
variability of AOD (dashed line) and the number of hospital admissions (continuous line) during the dry season in every year of the time-series analysis and 
(B) linear regression model between AOD and hospitalization rate, with p < 0.05 for the average during the dry season in every year of the time-series analysis.

However, the linear regression model (Figure 9B) shows a degree 
of dependence between these two variables, with a 50% statistical cor-
relation and a 95% confidence interval. 

The time-series analysis made in Santarém shows how wildfire pol-
lution (embodied in the AOD) can modulate the number of hospital 
admissions for respiratory diseases. However, despite having a lower 
annual wildfire rate in comparison with Marabá, the city of Santarém 
does not show a downward trend for the AOD variability during dry 
season fires. This can be explained by the increase of pastures in large 
properties, the deficient structure of land agencies, and the land doc-
umentation along highway BR-163 (from the city of Cuiabá to San-
tarém). This context facilitates the migration of large and medium 

landowners to the region in search for better work (Coy and Klingler, 
2014; Souza et al., 2017), enabling other sources of pollution. The re-
search of Bandeira Castelo et al. (2020) supports these arguments by 
showing that in over a decade the deforestation has increased in the 
Lower Amazon region, Western Pará, where Santarém is located. It was 
considered a very low level and now it is a moderate level of defor-
estation. This is according to the research carried out within the city 
itself, with help from INPE and Brazilian Institute of Geography and 
Statistics (IBGE).

The monthly analysis in Figure 10 shows Marabá as the city that 
burns the most forest biomass, reaching an average of 10,000 fire out-
breaks in September. In general, for the two cities in the time-series 
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analysis, the highest number of fire outbreaks and the maximum AOD 
value occur in the second semester, i.e., from September to November.

The boxplot statistical analysis shows that Marabá has a higher ampli-
tude of AOD in comparison with Santarém, as evident in the difference 
between maximum and minimum values (0.5-2.0) for each month, by the 
interquartile range (box size), and the median value (1.0) in November.

This demonstrates how Marabá presents a higher data variability, 
while Santarém, in addition to showing less amplitude, also does not reach 
maximum values comparable to Marabá, for both wildfire and AOD.

In Figure 10, it is possible to observe that the joint analysis of the 
monthly average of the number of fire outbreaks in association with the 

AOD shows a time lag between the maximum peaks of wildfire and the 
AOD. In the case of Marabá, the time lag reaches 2 months, with the 
highest number of fire outbreaks in September, followed by the highest 
AOD value in November. Santarém does not present a lag concerning 
these two variables, with peaks in November of both wildfire and AOD.

The time lag can be explained by the presence of other types of 
aerosols emitted through the mining process that remain in the at-
mosphere even after the peak of forest fire in the region of Marabá. 
This massive presence of ore aerosols in the atmosphere, as presented 
in Barroso et al. (2021), corroborates the presence of particulate matter 
in the form of sulfides, sulfates, silicates, and carbonates, all above the 

Figure 10 – Statistical information presented by histograms and boxplot of the monthly average of wildfire, AOD, and hospital admissions in Marabá and 
Santarém from 2000 to 2017.
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Figure 9 – Correlation between AOD and the number of hospital admissions of children under 9 years of age in Santarém per 1,000 inhabitants. (A) Average 
variability of AOD (dashed line) and the number of hospital admissions (continuous line) during the dry season in every year of the time-series analysis and (B) 
linear regression model between AOD and hospitalization rate, with p < 0.05 for the average during the dry season in every year of the time-series analysis.



Moura M.N. et al.

410
RBCIAMB | v.56 | n.3 | Sept 2021 | 398-412  - ISSN 2176-9478

established guidelines for the regions of intense mining. The authors 
concluded that there is a strong correlation between the aerosol sus-
pended in the atmosphere and the ore found in the contaminated soil. 
It is noteworthy that large companies operating in Marabá measure the 
surface particulate matter, but the results were not provided to assist 
in this study. Another factor that can contribute to this gap between 
wildfire peaks and AOD is the transport of aerosols from remote re-
gions with a high incidence of forest fire. In this case, Marabá can suffer 
the influence of neighboring cities, as confirmed by Nascimento and 
Medeiros (2012). The study was carried out in the State of Mato Gros-
so, where large amounts of aerosols can reach kilometers following the 
wind flow, significantly affecting remote regions, including the number 
of hospital admissions. However, it is necessary to take into account the 
maximum number of hospitalizations in Santarém during May, at the 
end of the rainy season, where there are fewer records of fire outbreaks. 
The number of hospitalizations can be caused by other factors, such as 
the climatic conditions that also lead to hospital admission (Andrade 
Filho et al., 2013; Silva et al., 2013).

Conclusions
The research aimed to demonstrate the importance of environmen-

tal protection, considering how locations with very different natural 
characteristics respond to climatic oscillations and anthropic actions 
toward the environment.

The decadal analysis of time series indicates the advance of deforesta-
tion as the primary cause of forest fire and, consequently, the cause of at-
mospheric pollution that aggravates the emergence of respiratory diseases.

The climatic oscillations presented by the indices of SOI (the Pa-
cific) and AMM (the Atlantic) modulate the environmental variables 
that, in turn, modulate social variables, including human health. How-
ever, local natural features are essential in this modulation process, as 
evident in different decadal phase signals between Marabá and San-
tarém, cities from the regions of different natural features. 

It appears that wildfire contributes significantly to increase the 
number of hospital admissions, as the regression analysis showed a sta-
tistically meaningful association between hospitalization rates and the 
AOD in both cities, but with a stronger correlation in Marabá, above 
60%. In other words, during the dry season, the greater the number of 
fire outbreaks, the greater the number of hospital admission of 9-year-
old children for respiratory diseases.

From the two cities in the study, we concluded that Marabá pres-
ents the highest number of forest fires, a more polluted and drier at-
mosphere, and also the highest AOD value, the main indicator of aero-
sol in the local atmosphere. This consideration is evident through the 
monthly statistical analysis, although it presents a time lag between the 
peaks of wildfire and AOD, exposing the presence of other types of 
aerosols, such as from ore mining, an activity developed by large min-
ing companies operating in the Southeastern region of Pará.

The seasonal analysis with descriptive statistics allows us to state 
that both Santarém and Marabá show an increase in the number of 
hospital admissions for respiratory diseases, 3% and 5%, respectively, 
during the dry season in contrast to the rainy season. In the second 
semester, this growth occurs in conjunction with the increase in the 
number of fires and the value of AOD.

This study expresses the importance of government actions to 
mitigate public health problems and improve the quality of life of its 
population, facing climate change and the destruction of the forest by 
illegal deforestation, especially in the Arc of Deforestation in the Legal 
Amazon, amid a scenario of increased forest fires in the last 2 years and 
with an increasing trend for the upcoming years.

If synergistic and planned actions are taken to minimize environ-
mental problems, the expenses of health treatment will decrease, especial-
ly in the most vulnerable regions. A more in-depth analysis of the PM2.5 
in the atmosphere of these cities will be presented in an upcoming study.
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