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Abstract: Remote sensing has notably advanced in terms of the information that can be extracted
from generated products. The combined use of different sensor systems proves effective
in detecting environmental changes and reducing uncertainties about where significant
atmospheric pollutant emissions occur. This study aimed to analyze the spatiotemporal
variation of atmospheric pollution by NO2 in urban and rural areas of the states of São
Paulo, Rio de Janeiro, and Minas Gerais, Brazil, from September 2023 to September 2024.
Tropospheric NO2 data were collected using the TROPOMI sensor on the Sentinel-5P
satellite. The results indicated that urban areas exhibited the highest average levels
of atmospheric NO2 pollution. In the metropolitan region of São Paulo, the average
atmospheric NO2 concentration was 1.90E-04 mol.m−2, followed by the metropolitan region
of Rio de Janeiro at 1.10E-04 mol.m−2 and the metropolitan region of Belo Horizonte at
0.83E-04 mol.m−2. In rural areas—specifically agricultural and pasture regions—the highest
daily average of atmospheric NO2 pollution was recorded in São Paulo at 1.50E-04 mol.m−2,
followed by Rio de Janeiro at 0.94E-04 mol.m−2 and Belo Horizonte at 0.66E-04 mol.m−2.
From June to August 2024, elevated levels of NO2 air pollution were observed. This study
concludes that metropolitan regions have higher levels of NO2 pollution compared to rural
areas in all three states of Brazil. The burning of fossil fuels in industries, emissions from
motor vehicles, and urban waste are likely contributing factors to the higher pollution levels
in metropolitan areas compared to rural regions.
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INTRODUCTION

Air pollution is one of the most critical
environmental issues facing both developed and
developing countries today (VÎRGHILEANU
et al., 2020). High concentrations of nitrogen
dioxide (NO2) and other pollutants result from
anthropogenic activities, leading to harmful

effects on public health and the environment.
These pollutants can cause respiratory and
pulmonary problems, trigger allergies, and
contribute to the formation of photochemical
smog and acid rain (KURIYAMA; MOREIRA;
SILVA, 1997; SOUZA; AZEVEDO; DELLA
JUSTINA, 2021; VALADÃO et al., 2022;
HALDER et al., 2023). Furthermore, they
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play a role in increasing tropospheric ozone
levels while decreasing its concentration in
the stratosphere, thereby affecting the Earth’s
surface warming (KURIYAMA; MOREIRA;
SILVA, 1997).

The continued reliance on fossil fuels in
urban, agricultural, and pasture areas both
globally and in Brazil has led to a differentiated
rise in atmospheric (NO2) levels. Agricultural
activities can also contribute to air and soil
pollution (ABBASI et al., 2014).

According to various studies, including
those by Bechle, Millet, and Marshall (2013),
Vîrghileanu et al. (2020), Eduarda Gomes de
Souza et al. (2022) and Valadão et al. (2022),
NO2 is a key component of urban air pollution,
primarily generated by human actions such as
the burning of fossil fuels in land, sea, and air
transport. Eduarda Gomes de Souza et al. (2022)
note that NO2 can also be produced naturally,
for instance, through lightning strikes. Nitrogen
oxides, including nitric oxide NO and nitrogen
dioxide (NO2), are commonly measured using
remote sensing technologies such as Sentinel-5P
(BECHLE; MILLET; MARSHALL, 2013; SOUZA,
E. G. d. et al., 2022; VALADÃO et al., 2022).
This highlights the importance of monitoring
NO2 levels in both urban and rural areas,
which has been demonstrated in multiple
studies, predominantly focused on cities. It
has been found that NO2 has greater toxicity
compared to other nitrogen oxides and can
significantly aggravate respiratory and other
airborne diseases (KURIYAMA; MOREIRA;
SILVA, 1997; SOUZA, E. G. d. et al., 2022).
NO2 is capable of damaging the lungs directly
through its oxidising properties or indirectly by
increasing susceptibility to respiratory infections
(KURIYAMA; MOREIRA; SILVA, 1997).

Satellite imagery plays a crucial role in
detecting air quality changes and identifying
various pollutants in the stratosphere and
troposphere. Google Earth Engine (GEE),
launched by Google in 2010, offers a platform
for storing and processing Earth observation
data, making it easier to access satellite data
alongside other information through cloud
computing (FAISAL et al., 2021; SHAMI et al.,
2022; KAZEMI GARAJEH et al., 2023; HALDER
et al., 2023; TABUNSCHIK; GORBUNOV;

GORBUNOVA, 2023). This technology enables
the analysis and processing of large-scale
geospatial data (TABUNSCHIK; GORBUNOV;
GORBUNOVA, 2023), particularly beneficial
for remote sensing science (AZEVEDO;
CANDEIAS; TAVARES JÚNIOR, 2021). GEE
is vital for mapping and monitoring pollution
sources, facilitating local actions to combat air
quality issues, which are particularly pressing in
developing countries (HALDER et al., 2023).

The European Space Agency’s Sentinel-5P
satellite, launched on October 13, 2017, is
part of the Copernicus program aimed at
globally monitoring air quality, climate, and
the ozone layer (FAISAL et al., 2021; LEE; LIU;
CHATFIELD, 2023). Studies by Azevedo,
Candeias, and Tavares Júnior (2021) and
Valadão et al. (2022) indicate that data from
the Sentinel-5 satellite represents a viable
option for air quality monitoring due to the
capabilities of the Tropospheric Monitoring
Instrument (TROPOMI) sensor, which can
perform atmospheric measurements with good
spatiotemporal resolution. Moreover, according
to Safieddine et al. (2013), satellite-based
measurement of tropospheric NO2 has proven
efficient, providing extensive regional and global
information.

The TROPOMI sensor provides daily data
on air pollution levels, specifically nitrogen
dioxide (NO2) (KAZEMI GARAJEH et al., 2023),
measured in mol.m−2 (LEE; LIU; CHATFIELD,
2023). This sensor finds application in the
field of remote sensing, where it evaluates
the concentrations of various polluting gases
(VALADÃO et al., 2022; CAKMAK; YILMAZ;
BALIK SANLI, 2023).

Currently, there are ongoing discussions to
compare NO2 pollution levels in urban and rural
areas of Brazil, particularly due to the growth
of agribusiness. According to Lee, Liu, and
Chatfield (2023), urban areas are the largest
sources of NO2 emissions when compared to
rural regions. This observation holds true for the
states of São Paulo, Rio de Janeiro, and Minas
Gerais.

The purpose of this article is to analyze
and compare the spatiotemporal variation of
atmospheric pollution by NO2 in both urban and
rural areas of Brazil.
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MATERIAL AND METHODS

Study Area

The study area included three metropolitan
and rural regions in Brazil, specifically in the
states of São Paulo, Minas Gerais, and Rio de
Janeiro. These regions are considered potential
sources of pollutant emissions, as shown in the
Figure 1, highlighting the urban centers of the
states mentioned. The data was collected from
initial filtering points located in the metropolitan
region of São Paulo; Rio de Janeiro and Belo
Horizonte. The rural areas were chosen because
they represent the largest coffee production
regions in 2023, which may be the reason
for the greater amounts of nitrogen fertilizer
management, according to IBGE data.

Software and Data Processing Methods

The tools used in this study include Google
Earth Engine and RStudio version 4.3.3. The
analyses in R were performed using the packages
listed in Table 1.

Data Types and Sources

Veefkind et al. (2012), Vîrghileanu et al.
(2020), Valadão et al. (2022) and Lee, Liu, and
Chatfield (2023) they describe the TROPOMI
sensor is a spectrometer that operates in multiple
bands: ultraviolet (UV), visible (VIS - 270
to 500 nm), near-infrared (NIR - 675 to 775
nm), and shortwave infrared (SWIR - 2305
to 2385 nm). The sensor captures images
using electronic scanning (pushbroom) and has
a spatial resolution of 7 km at the sub-satellite
point. The width of the imaged swath is 2600
km, and the pixel size is 7 x 3.5 km2 near nadir
for nearly all spectral bands.

Data Collection and Processing

For this research, nitrogen dioxide NO2
and image data were collected from the
European Space Agency (ESA), available
through a database integrated with Google Earth
Engine (GEE). Data were gathered for monthly
periods from September 2023 to September
2024. According Kazemi Garajeh et al. (2023),
Google Earth Engine provides researchers with

rapid access to over thirty years of publicly
available data archives, including historical
images and scientific datasets for remote sensing
applications.

Data processing and analysis were conducted
using both Google Earth Engine (GEE) and
R environments, with coding performed in
JavaScript and R, respectively, as illustrated in
the flowchart in Figure 2. Monthly and annual
averages of NO2 were calculated using data
from the Sentinel-5P TROPOspheric Monitoring
Instrument (TROPOMI) accessed through the
GEE platform.

The average concentration of NO2 was
calculated for six points that identify the
data collection areas and the corresponding
pixels: 1. São Paulo metropolitan region,
2. Rio de Janeiro, 3. Belo Horizonte and 4.
Fazenda Monte Alegre, 5. Fazenda Vargem
Alegre and 6. Fazenda Castelhana Agrocafé,
2029122, 1789269, 679555, 802421, 1045963,
274397, respectively. The monthly and annual
averages of NO2 were then calculated for the
historical series, corresponding to the urban and
rural agricultural areas. The "Sentinel-5P
L3" collection was used to estimate the
concentration of NO2 using - ee.ImageCollection
(COPERNICUS/S5P/OFFL/L3_NO2). The
daily data collected was then stored in CSV
format, while the images were saved in TIFF
format on Google Drive.

Using Google Earth Engine, JavaScript
language, the atmospheric concentration map
of NO2 was created. Four pollution parameters
from Sentinel-5 satellite images were analyzed.
The daily data collected by the satellite was
filtered to remove images covered by clouds
and to calculate the average for the year under
analysis. The code in Figure 3 was used to
process the previously georeferenced images in
the Google Earth Engine.

Based on the images and the CSV file
from GEE, we generated geospatial variation
maps, graphs, and descriptive statistics tables
concerning the temporal variation of NO2. This
was achieved using R packages such as terra,
sf, geobr, ggplot2, grid, dplyr, readr,
and knitr, within RStudio 4.3.3 software, which
is free and open-source (SOUZA, E. G. d. et al.,
2022). The code in Figure 4 was used to create
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Figure 1: Location of the study area, highlighting the metropolitan and rural regions of the states of São
Paulo, Rio de Janeiro, and Minas Gerais, Brazil, from September 2023 to September 2024. Image collected from
Mapview in R.

Figure 2: Methodological flowchart for the analysis and comparison of air pollution in the metropolitan and
rural regions of São Paulo, Rio de Janeiro, and Belo Horizonte, Brazil, from September 2023 to September 2024.
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Table 1: R packages utilized in the research for analyzing atmospheric pollution levels of NO2.

Package Description Reference
ggplot2 It was used in the implementation of graph grammar and

for mapping survey data.
Wickham (2016)

sf It was used for geometric operations and ’PROJ’ for
projection conversions and datum transformations.

Pebesma (2018)

readr It was used to read rectangular NO2 data in csv format. Wickham, Hester, and Bryan (2024)
terra It was used for spatial prediction with satellite remote

sensing data. Processing of very large files was supported.
Hijmans et al. (2023)

geobr It is configured as an accessible and practical solution
for accessing official spatial data sets from the Brazilian
territory.

Menezes (2023)

knitr This package provides a general purpose tool for
dynamically generating reports and displaying formatted
tables in R.

Xie (2015)

dplyr It was used for data manipulation and working with data
frame type objects.

Wickham (2011)

// Define the areas of interest in a single geometry
var regioesMetropolitanas = ee.Geometry.MultiPolygon ([

ee.Geometry.Rectangle([-49.0, -25.0, -45.5, -22.0]), // SP
ee.Geometry.Rectangle([-45.5, -23.9, -41.5, -20.8]), // RJ
ee.Geometry.Rectangle([-49.0, -22.2, -41.5, -18.1]) // BH ])

// Add points for the coffee units
var pontosCafeeiros = ee.FeatureCollection ([
ee.Feature(ee.Geometry.Point([-41.883, -20.902]), {name: ’Vargem_Alegre_Farm_RJ’),
ee.Feature(ee.Geometry.Point([-47.457, -20.253]), {name: ’Monte_Alegre_Farm_SP’),
ee.Feature(ee.Geometry.Point([-47.421, -18.835]), {name: ’Castelhana_Agrocafe_MG’)
]);

// Import Sentinel -5P data for nitrogen dioxide \text{NO$_{2}$} and filter
for the period of interest
var s5p_no2 = ee.ImageCollection(’COPERNICUS/S5P/NRTI/L3_NO2’)
.select(’\text{NO$_{2}$}_ column_number_density ’)
.filterDate(’2023-09-01’, ’2024-09-30’);

// Calculate the average \text{NO$_{2}$} for the unified region
var mediaNO2Regioes = s5p_no2.mean (). clip(metropolitan regions );

// Export the average \text{NO$_{2}$} of the unified region to Google Drive
Export.image.toDrive ({

image: mediaNO2Regions ,
description: ’Media _\text{NO$_{2}$}_ Metropolitan_and_Rural_Regions_2023_2024’,
folder: ’EarthEngine ’,
fileNamePrefix: ’\text{NO$_{2}$}_ Metropolitan_and_Rural_Regions ’,
region: metropolitan regions ,
scale: 500,
maxPixels: 1e13,
crs: ’EPSG:4326’ })

Figure 3: Example javascript code used to define area of interest, import and filter Sentinel-5P data, calculate
average and import GEE TIFF file, from September 2023 to September 2024.
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the map of the concentration of NO2 in urban
and rural areas using the R language.

GEE also provided access to a free geospatial
database, facilitating the manipulation of
large-scale datasets and long time series
(VALADÃO et al., 2022; KAZEMI GARAJEH
et al., 2023); this data was used with the R
language for descriptive statistical analysis and
the creation of graphs of the temporal variation
of pollution by NO2 in the urban and rural
regions..

RESULTS AND DISCUSSION

This section presents the results of analyses
regarding the spatial and temporal variation
of atmospheric pollution by NO2 in the
metropolitan and rural regions of São Paulo,
Rio de Janeiro, and Minas Gerais.

Spatial Variation of Atmospheric
Pollution by NO2 in Metropolitan
and Rural Regions

The annual averages for ambient
concentrations of NO2 measured by the
TROPOMI sensor on Sentinel-5P for the
metropolitan regions of São Paulo, Rio de
Janeiro, and Belo Horizonte were 1.90E-04,
1.10E-04, and 0.83E-04 mol.m−2, respectively.
For the rural areas in the states of São Paulo,
Rio de Janeiro, and Minas Gerais, the averages
were 1.50E-04, 0.94E-04, and 0.66E-04 mol.m−2,
respectively, as shown in Table 2 and studies by
Miranda et al. (2012). .

The results presented in Table 2 illustrate
the variation in atmospheric NO2 concentration
between urban and rural regions in São Paulo,
Rio de Janeiro, and Minas Gerais. In comparing
atmospheric NO2 concentration levels across
historical time series, the metropolitan region
of São Paulo exhibited the greatest variation
from the series average, reported at 1.90E-04
mol.m−2. This was followed by the metropolitan
regions of Rio de Janeiro and Belo Horizonte.
Analyzing the data, we observed a difference
of 0.80E-04 mol.m−2 in NO2 concentration
between the metropolitan regions of São Paulo
and Rio de Janeiro. A more substantial
difference was apparent when comparing the

concentration levels of metropolitan São Paulo
and Belo Horizonte, with a corresponding
difference of 1.07E-04 mol.m−2. The disparity
between Rio de Janeiro and Belo Horizonte was
recorded as 0.27E-04 mol.m−2. Consequently, the
metropolitan region of São Paulo demonstrated
the highest concentration of atmospheric NO2.

Based on the study by Eduarda Gomes de
Souza et al. (2022), the states of São Paulo (SP)
and Rio de Janeiro (RJ) have experienced high
levels of tropospheric NO2 concentration. This
is largely due to their large urban centers, high
industrialization, dense populations, and heavy
vehicle traffic, which are the main sources of
NO2 emissions.

The results indicate that the concentration of
NO2 in the metropolitan regions of the analyzed
states is higher than in the surrounding rural
areas. The data show that the atmospheric NO2
concentration is relatively low in rural regions.
The annual average concentrations reveal that
the rural area of São Paulo had the highest
NO2 levels, followed by the rural regions of
Rio de Janeiro and Minas Gerais, with values
of 1.50E-04, 0.94E-04, and 0.66E-04 mol.m−2,
respectively. Thus, the difference between the
rural areas of São Paulo and Rio de Janeiro is
0.56E-04 mol.m−2, the difference between São
Paulo and Minas Gerais is 0.84E-04 mol.m−2,
and the difference between Rio de Janeiro and
Minas Gerais is 0.28E-04 mol.m−2. Overall, these
comparisons highlight that the metropolitan
regions have the highest concentrations of NO2.

In contrast, Bechle, Millet, and Marshall
(2013), Vîrghileanu et al. (2020), Eduarda Gomes
de Souza et al. (2022) and Valadão et al.
(2022) the difference in NO2 concentration
between rural São Paulo and Rio de Janeiro
is 1.20E-04 mol.m−2, while the difference
between Rio de Janeiro and Minas Gerais is
1.38E-04 mol.m−2. Therefore, the difference in
NO2 concentration between rural areas of São
Paulo and Minas Gerais is 1.38E-04 mol.m−2.
According to Eduarda Gomes de Souza et al.
(2022), the high levels of tropospheric NO2
concentration in São Paulo and Rio de Janeiro
result from their extensive urban centers, high
levels of industrialization, large populations, and
significant vehicle traffic, which are the primary
sources of NO2 emissions.
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#The geobr , terra , ggplot2, sf, scales packages were released using the library.
#NO2_Rural_Metropolitan_Regions.tif imported from Google Drive was considered
prepared in GEE

# Set the path to the image downloaded from Google Drive
image_path <- "C:/ Users/OneDrive/Documentos/NO2_Rural_Metropolitan_Regions.tif"

#Load the raster file with the terra library
pollution_no2 <- rast(image_path)

# Convert the raster to a data frame for use in ggplot2
pollution_df <- as.data.frame(pollution_no2, xy = TRUE)

# Load the map of Brazilian states and filter only SP, RJ and MG
states <- read_state ()
highlight_states <- states[states$abbrev_state %in% c("RJ", "MG", "SP"),]

# Define coordinates for cities and farms
locations <- data.frame(

lon = c(-46.6333, -43.1729, -43.9352, -47.4211, -47.4730, -41.8708),
lat = c(-23.5505, -22.9068, -19.9245, -18.8357, -20.2534, -20.9047),
nome = c(

"SP_metropolitan", "RJ_metropolitan", "BH_metropolitan",
"Castelhana_Agrocafe_Farm", "Monte_Alegre_Farm",
"Vargem_Alegre_Farm"))

# Converter os pontos para um objeto sf
locations_sf <- st_as_sf(locations , coords = c("lon", "lat"), crs = 4326)

#Plot the pollution map and overlay the points of the cities and farms using the
ggplot2 package

Figure 4: Example of R computer language code used to process the GEE TIFF file to map NO2 air pollution
in the area of interest, from September 2023 to September 2024.

Table 2: Descriptive statistics of the concentration of NO2 in urban and rural regions of the states of São Paulo
(SP), Rio de Janeiro (RJ), and Minas Gerais (MG), Brazil, from September 2023 to September 2024.

Region Data NO2 concentration (xE-04)
Minimum Maximum Average Standard Deviation Median

Urban BH 421 0.21 2.30 0.83 0.31 0.78
Urban RJ 408 0.00 2.90 1.10 0.45 0.99
Urban SP 400 0.43 8.10 1.90 1.10 1.60
Rural MG 426 0.056 2.30 0.66 0.20 0.63
Rural RJ 403 0.30 3.50 0.94 0.35 0.88
Rural SP 410 0.30 6.30 1.50 0.80 1.30

According to Hulin, Caillaud, and
Annesi-Maesano (2010), urban areas are
generally more polluted than rural ones, with
pollutant concentrations that can be up to twice
as high. NO2 is emitted into the atmosphere
primarily due to human activities, especially
fossil fuel combustion and biomass burning
(ZHAO et al., 2020; CAKMAK; YILMAZ;
BALIK SANLI, 2023; KAZEMI GARAJEH et al.,

2023). Natural processes such as forest fires,
lightning, and microbiological activity in the
soil (CAKMAK; YILMAZ; BALIK SANLI, 2023),
along with emissions from fertilizer industries,
industrial furnaces, boilers, and agricultural
activities (CAMPOS et al., 2006), contribute to
the pollution levels observed in the metropolitan
regions of São Paulo, Rio de Janeiro, and Belo
Horizonte.
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Figure 5: Boxplot of descriptive statistics of NO2 values at times of maximum and minimum concentrations
in the metropolitan regions of São Paulo, Rio de Janeiro, and Belo Horizonte, Brazil, from September 2023 to
September 2024.

According to Safieddine et al. (2013), nitrogen
dioxide NO2 air pollution in rural areas
primarily reflects local sources. The authors
note that rural NO2 levels are generally lower
than those found in urban areas, except in cities
like Beijing, where significant local emissions
and strong winds may contribute to higher
levels.

Bechle, Millet, and Marshall (2013),
Vîrghileanu et al. (2020), Eduarda Gomes de
Souza et al. (2022) and Valadão et al. (2022)
emphasize that NO2 is a significant component
of urban air pollution, which likely explains its
reduced presence in rural areas.

A study conducted in California by Lee, Liu,
and Chatfield (2023) revealed that the average
NO2 concentration in urban areas was 2.1 times
higher than in rural areas, based on a spatial
map of estimated NO2 concentrations at a 500
meter resolution. This finding aligns with our
observations in the current research. The authors
also point out that a combination of mobile
NO2 emissions and the uneven distribution of
road networks, which varies by vehicle types
and traffic volumes, contributes to substantial
spatial variation in NO2 levels. Additionally,
the relatively short atmospheric lifetime of NO2
due to chemical reactions results in higher

concentrations near emission sources, with levels
sharply decreasing as one moves away from
these sources, such as highways.

This study also showed that the average
concentration of NO2 is relatively higher in the
rural areas of São Paulo (1.50E-04 mol.m−2)
compared to the metropolitan regions of Rio de
Janeiro (1.10E-04 mol.m−2) and Belo Horizonte
(0.83E-04 mol.m−2). The variation in the
concentration of NO2 observed may depend on
meteorological parameters such as wind and
temperature. Contreras and Ferri (2016) and
Vîrghileanu et al. (2020) state that wind is the
most important meteorological parameter, which
can disperse pollutants in just a few minutes,
depending on the wind speed, and can transport
them far from the emission sources, which may
be the reason for the high concentration in the
rural areas of the state of São Paulo compared
to the urban area (metropolitan region) of Rio
de Janeiro and Belo Horizonte. Temperature
is another climatic parameter that can be taken
into account, especially in situations of thermal
inversions, when the layer of warmer air above
the colder surface air acts as a barrier, preventing
the rise of the latter and favoring increased
contamination of the ambient air Su et al. (2008)
and Vîrghileanu et al. (2020).

8 THEORETICAL AND APPLIED ENGINEERING - UFLA - LAVRAS - V8 - N4 - 2024 - P. 1-15 -

https//doi.org/10.31422/taae.v8i4.65



Spatiotemporal Analysis of Air Pollution by NO2 in Urban and Rural Areas of Brazil Using Google Earth Engine and R

Figure 6, filtered and processed in Google
Earth Engine (GEE), illustrates the spatial
variation of atmospheric nitrogen dioxide NO2
concentration in metropolitan regions in greater
detail compared to rural areas. Figure 7,
processed in R using the TIFF image generated
and imported from GEE, provides a clearer
comparison of spatial variations in atmospheric
pollution from NO2 across the three states
being analyzed, with particular emphasis on
metropolitan regions.

Temporal Variation of Atmospheric
Pollution by NO2 in Metropolitan and
Rural Regions

Table 3 presents the results of the monthly
averages of NO2 concentration over the
historical series, indicating monthly fluctuations.
The highest average concentration of NO2 was
recorded in July, reaching 3.0E-04 mol.m−2

in the metropolitan region of São Paulo. The
metropolitan region of Rio de Janeiro showed
an average monthly concentration of 1.40E-04
mol.m−2 during May and June, while the
metropolitan region of Belo Horizonte recorded
an average of 1.0E-04 mol.m−2. The difference
in NO2 concentration between São Paulo and
Rio de Janeiro is 1.60E-04 mol.m−2, while the
difference between Rio de Janeiro and Belo
Horizonte is 0.40E-04 mol.m−2. Additionally,
a difference of 2.0E-04 mol.m−2 was observed
between the metropolitan regions of São Paulo
and Belo Horizonte.

The average monthly concentrations of
nitrogen dioxide (NO2) show similar patterns in
rural areas. The highest average concentration
was recorded in rural São Paulo at 2.30E-04
mol·m−2 during July. This was followed by
the rural region of Rio de Janeiro, which had
an average concentration of 1.10E-04 mol·m−2

observed in June, August, and September.
Finally, rural Minas Gerais showed an average
concentration of approximately 0.92E-04
mol·m−2 in September.

The difference in NO2 concentration between
rural São Paulo and Rio de Janeiro is 1.20E-04
mol·m−2, while the difference between Rio
de Janeiro and Minas Gerais is 1.38E-04
mol·m−2. Consequently, the difference in

NO2 concentration between rural São Paulo
and Minas Gerais is also 1.38E-04 mol·m−2.
Amaury de Souza et al. (2022), states that the
maximum concentration of NO2 is observed in
the dry season, from July to September, while
the minimum value is recorded in the rainy
season, from October to March. This fact was
also observed in this study, as shown in Table 3.
Therefore, from September to March, there was a
reduction in the concentration of NO2, probably
due to the occurrence of rainfall, which starts
at the beginning of October and lasts until the
beginning of March.

Therefore, Amaury de Souza et al. (2022) state
that fires are associated with the clearing of
areas for agriculture and contribute to increasing
concentrations of NO2, a practice associated
with the dry season, which may explain the
concentration levels of NO2 in rural areas of
the states of São Paulo, Rio de Janeiro and
Minas Gerais. For Duncan et al. (2003) and
Ghude et al. (2009) they state that large biomass
burning events can be seen mainly during the
period from June to September and during the
dry season in South America, the region where
Brazil is located, and in Australia. Sheel et
al. (2010) state that the contribution of biomass
burning to total NO2 emissions is very small, and
therefore this fact may be the most appropriate
explanation for the low levels of NO2 air
pollution in rural areas compared to urban areas,
that is, the metropolitan regions of São Paulo,
Rio de Janeiro and Belo Horizonte, which are
more industrialized, with higher levels of vehicle
traffic and the burning of fossil fuels, especially
during the dry season.

However, Rana et al. (2018) state that
changes in meteorological parameters (e.g. air
temperature, relative humidity, wind speed,
precipitation, solar radiation and cloud fraction),
atmospheric chemistry and surface emissions
largely determine seasonally dependent NO2
concentrations, affecting the abundance of NO2
through removal, transformation and transport
processes. Sheel et al. (2010) state that during
the winter, as temperatures are low, this leads
to a decrease in the rate of loss of NO2 through
photolysis. In addition, the low precipitation
during the winter makes fewer OH radicals
available, again increasing the useful life of
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Figure 6: Spatial variation of NO2 pollution in the states of São Paulo, Rio de Janeiro and Minas Gerais, blue
dot (metropolitan region) and red dot (rural region), Brazil, from September 2023 to September 2024. Image
collected from GEE.

NO2. Therefore, Miranda et al. (2012) state
that in the states of São Paulo, Rio de Janeiro,
Belo Horizonte, winter is characterized by
lower temperatures, lower relative humidity and
less precipitation, probably resulting in higher
concentrations of NO2 in the dry season and
winter.

According to Hulin, Caillaud, and
Annesi-Maesano (2010), urban areas are
generally considered more polluted than rural
ones, with concentrations of NO2 reaching up to
twice as high in cities. NO2 is released into the
atmosphere due to human activities, particularly
from fossil fuel combustion and biomass burning
(ZHAO et al., 2020; CAKMAK; YILMAZ; BALIK
SANLI, 2023; KAZEMI GARAJEH et al., 2023),
as well as natural processes such as forest fires,
lightning strikes, and microbiological activities
in the soil (CAKMAK; YILMAZ; BALIK SANLI,
2023). Other sources of NO2 include the
fertilizer industry, industrial furnaces, boilers,
and agricultural activities (CAMPOS et al.,
2006). These sources are prevalent in the
metropolitan areas of São Paulo, Rio de Janeiro,
and Belo Horizonte, potentially contributing to
the pollution levels observed in this study.

The monthly variation in NO2 concentration
showed that the metropolitan region of São
Paulo had the highest average level, reaching
3.0E-04 mol.m−2 in June. Rio de Janeiro followed
with an average of 1.40E-04 mol.m−2 in both

May and June. Belo Horizonte recorded an
average of 1.0E-04 mol.m−2 in August. In the
rural areas, the rural region of São Paulo had
the highest atmospheric pollution level, with
a concentration of 2.30E-04 mol.m−2 in March.
This was followed by Rio de Janeiro at 1.20E-04
mol.m−2 in April, and Minas Gerais, which
recorded 0.84E-04 mol.m−2 in May.

Figure 8 illustrates the average monthly
variation of air pollution levels, specifically
due to nitrogen dioxide (NO2). The historical
data from metropolitan and rural regions
indicates a seasonal pattern in air pollution
levels. Specifically, during the months of
March, April, May, June, and July—the transition
from the rainy to the dry season—higher
concentrations of NO2 are observed. In contrast,
the months of September, October, November,
December, January, February, and August, which
encompass the end of the dry season and
the entirety of the rainy season, show lower
pollution levels.

According to Eduarda Gomes de Souza et
al. (2022), major urban centers in the states of
São Paulo and Rio de Janeiro exhibit significant
variation in NO2 concentrations. In São
Paulo, the extreme high values are attributed to
the combustion of fossil fuels stemming from
industrial activities, vehicle emissions, and the
burning of urban waste, which is not exclusively
linked to these sources.
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Table 3: Variation of the monthly average of NO2 concentration in urban and rural regions of the states of São
Paulo (SP), Rio de Janeiro (RJ), and Minas Gerais (MG), Brazil, from September 2023 to September 2024

Region Set Out Nov Dez Jan Fev Mar Abr Mai Jun Jul Ago Set
(xE-04) (xE-04) (xE-04) (xE-04) (xE-04) (xE-04) (xE-04) (xE-04) (xE-04) (xE-04) (xE-04) (xE-04)

Urban BH 0.91 0.84 0.99 0.75 0.74 0.60 0.70 0.70 0.81 0.88 0.89 1.00 0.96
Urban RJ 1.10 1.00 1.00 0.92 0.86 0.84 0.90 1.10 1.40 1.40 1.30 1.30 1.04
Urban SP 2.00 1.70 1.50 1.60 1.20 1.50 1.40 1.90 2.00 2.20 3.0 2.80 2.10
Rural MG 0.75 0.64 0.68 0.66 0.59 0.48 0.53 0.57 0.60 0.58 0.70 0.82 0.92
Rural RJ 0.99 0.88 0.93 0.86 0.77 0.79 0.79 0.90 0.84 1.10 0.98 1.10 1.10
Rural SP 1.50 1.20 1.10 1.10 0.95 1.10 1.10 1.50 1.60 2.0 2.30 2.0 1.60

As noted by Safieddine et al. (2013), air
pollution from NO2 in rural areas typically
reflects local sources. The authors found that
rural NO2 levels are generally lower than urban
levels, except in exceptional cases like Beijing,
where strong winds may disperse pollutants or
contribute to significant local emissions.

The trends observed in this study align
with the findings reported by Valadão et al.
(2022), who highlight a temporal pattern in NO2
concentrations. They noted that NO2 density
is at its lowest in March and April, while
September and October experience unusually
high levels, contradicting the expected results.
In the metropolitan region of Rio de Janeiro and
Belo Horizonte, the lowest concentrations were
recorded in February, while January saw the
lowest levels in São Paulo. In rural Minas Gerais,
reduced monthly variation was also noted in
February.

The lowest average NO2 concentrations in the
rural areas of Rio de Janeiro and São Paulo were
documented in January. According to Halder et
al. (2023), variations in NO2 levels are indicative
of significant anthropogenic activity during this
time. The same authors point out that NO2 is
often concentrated in regions where agricultural
waste and fossil fuels are burned.

Further supporting these observations, Meng
et al. (2010) found that NO2 peaks during
winter and reaches its minimum during summer,
a trend also observed in this analysis. As
stated by Silva (2023), the Cerrado region’s NO2
concentrations reached notable peaks in August,
September, and October due to intense fires that
increase NO2 production. However, in this
study, the peak was identified in July at 3.0E-04
mol.m−2, followed by a decrease to 0.90E-04
mol.m−2 in September for the metropolitan area.
In rural regions, NO2 concentration decreased
from 2.30E-04 mol.m−2 in July to 0.70E-04

mol.m−2 in September, reflecting the end of the
dry season and winter.

The distribution of NO2 pollution can
also be influenced by local meteorological
conditions, particularly strong winds that
rapidly disperse pollutants and transport them
away from sources, as detailed by Julián, ES,
and Ferri (2015), Contreras and Ferri (2016) and
Vîrghileanu et al. (2020). This factor is crucial in
understanding the levels of air pollution from
NO2 across the analyzed regions, which tend
to have higher concentrations in winter when
wind speeds are lower. Additionally, fossil fuels
are utilized in rural areas for cooking purposes
(HALDER et al., 2023).

The anthropogenic activities noted in major
urban centers, along with the resultant fires
in rural areas where agribusiness opens new
agricultural and pasture lands, also contribute
to NO2 emissions. The high levels of fertilizer
produced by industries are noted by researchers
Bechle, Millet, and Marshall (2013), Vîrghileanu
et al. (2020), Eduarda Gomes de Souza et al.
(2022) and Valadão et al. (2022), emphasizing
that NO2 is a primary component of urban
air pollution, largely resulting from human
activities and fossil fuel combustion. This
pollutant is emitted from land, sea, and air
transportation.

Thus, utilizing ground-based NO2 data is
essential for comparing and validating the
results obtained.

What can be considered in this analysis are
the anthropogenic actions registered in the main
urban centers and the consequent fires that occur
in rural areas, dependent on agribusiness to
open up new agricultural areas and pastures.
The high level of fertilizer production by the
industry, as defended by researchers Bechle,
Millet, and Marshall (2013), Vîrghileanu et al.
(2020), Eduarda Gomes de Souza et al. (2022)
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and Valadão et al. (2022) NO2 is one of the
main components of urban air pollution and
is generated mainly by anthropogenic actions,
such as the burning of fossil fuels. In this
environment, NO2 also comes from land, sea and
air transportation.

Using ground-based NO2 data is vital for
comparing and validating the results obtained
from the TROPOMI sensor data. Lee, Chatfield,
and Bell (2018) and Lee, Liu, and Chatfield
(2023) argue that while the TROPOMI NO2 data
can illustrate the spatial variation of ambient
NO2 levels, incorporating land-use parameters
offers a better explanation for the fine-scale NO2
variability observed around ground monitoring
stations. This integration improves the overall
predictive power regarding ambient NO2
concentrations. The authors highlight that since
most NO2 ground monitoring sites are situated
in urban areas, the differing diurnal patterns of
NO2 between urban, suburban, and rural zones
can introduce uncertainty in estimating NO2
concentrations in suburban and rural regions.
Thus, utilizing the TROPOMI sensor proves to
be an effective way to monitor air quality in
large areas, particularly in rural locations where
ground monitoring opportunities are limited.

CONCLUSIONS

This study concludes that the metropolitan
region of São Paulo experienced higher levels of
atmospheric NO2 pollution, followed by Rio de
Janeiro and Belo Horizonte, between September
2023 and September 2024.

In all the states analyzed, rural areas exhibited
lower NO2 levels compared to the metropolitan
regions.

Additionally, periods of heavy rain seem
to impair the detection of gases, while higher
concentrations are typically associated with dry
periods, during which fires may impact the
regions.
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