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Abstract

Atmospheric pollution, produced by CO, NO,, and SO,, represents a significant risk to health and
the environment globally. In regions such as Apurimac, Peru, this problem is aggravated by
industrial and vehicular emissions. The study aimed to analyze the spatiotemporal trends of these
pollutants between 2020 and 2023 using Sentinel-5P satellite data, to identify critical areas and
seasonal variations. Data from the TROPOMI instrument on board Sentinel-5P, processed using
Google Earth Engine (GEE), were used to map pollutant concentrations. The analyses were
performed with JavaScript algorithms. The study focused on urban, industrial, and mining areas. The
results showed elevated CO levels in urban areas, such as Abancay, with peaks reaching up to 150
pg/m3, associated with vehicular traffic and agricultural burning. Critical NO, points were located
near mining operations with maximum values of 0.375 pg/m?3, while SO, peaks up to 9.8 pg/m?
coincided with industrial activities. Seasonal increases were observed during the months of pasture
burning (August to October). Correlations between pollutants were weak (r = 0.1) for CO, and a
coefficient of determination for NO? (R? = 0.004), reflecting diverse emission sources. Although
concentrations generally remained below World Health Agency (WHO) limits, localized pollution
hotspots persist, driven by anthropogenic activities. The study demonstrates the usefulness of GEE
for regional air quality monitoring and highlights the need for policies aimed at reducing emissions,
especially in mining and urban areas.

Keywords: air pollution; sentinel-5P; GEE; CO; NO,; SO,; Apurimac

1. Introduction

The studies conducted by the World Health Organization in 2016 on atmospheric air pollution
reveal that one out of every nine deaths is directly related to atmospheric pollution [1]. At the same
time, the Pan American Health Organization [2] indicates that one of the most important factors to
be taken into account is the quality of the air where people live, and this problem is directly related
to the deaths caused by respiratory diseases due to the inhalation of polluted air. According to [3,4],
atmospheric air pollution is one of the environmental problems that occurs primarily in
industrialized countries undergoing economic development, generating public health issues at the
local, regional, and national levels. On the other hand, the World Health Organization [1] indicates
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that 90% of the world's population lives in polluted environments, breathing air with high levels of
pollution. The consequences of this exposure are generally presented as deaths due to respiratory
problems. Many studies, for example, [5], mention that there is a direct relationship between disease
and environmental pollution, where NO2, dust (PMzs, PMi), CO, Os, CH4 gas, and others, create
diseases in the health of the population, causing respiratory diseases, cardiovascular diseases and
fertility diseases [6,7]. Atmospheric pollution is a global threat that has enormous repercussions on
human health and ecosystems. One of the most hazardous pollutants in the atmosphere is nitrogen
dioxide (NOz), which is linked to respiratory and cardiovascular diseases, reduced self-cleaning
capacity of the respiratory tract, weakening of the immune system in the lungs, and asthma, among
other health issues [8].

NO: is considered the most essential anthropogenic pollutant contributing to the greenhouse
effect. It plays a fundamental role in climate change [9], which in turn contributes to the generation
of smog, acid precipitation, and the greenhouse effect [3]. COz emissions have contributed to a global
increase in temperatures worldwide, which has led to the accelerated melting of the polar ice caps
and glaciers [10]. Likewise, this contamination is common, caused by various human activities such
as deforestation and industrial processes, which exacerbate climate change and contribute to
respiratory diseases [5]. Due to the presence of the gas, the population is generally exposed to
diseases like asthma and respiratory problems [11]. Even when it enters the atmosphere, it alters air
quality. Moreover, [12], which is generally produced by the emission of gases from the operation of
internal combustion engines, revealed that 65% is generated by vehicle transportation and the
remaining 35% from other sources, such as power plants and the industrial sector. Additionally, one
of the primary air quality pollutants of concern to urban and industrial populations worldwide,
particularly in countries with high economic development, is NOz, whose maximum permissible
limits exceed the established values [13].

CO, for [14], is a toxic gas that can have harmful effects on human health when concentrations
are high. On the other hand, we can consider it a silent killer when it accumulates in sectors and
places with poor ventilation, where there is little to no airflow. Several studies have shown that
environmental pollutants produced in the environment have decreased with the emergence of the
COVID-19 disease, due to a decrease in industrial activities, including NOz and CO, resulting from
anthropogenic and industrial sources (15,16). The reduction in NOz levels in 2020 was observed on a
global scale during the COVID-19 pandemic period, associated with population restrictions [17].

SOz is present in our environment, has detrimental effects on human health, causes respiratory
problems when exposed to high concentrations, and contributes to environmental degradation by
forming acid rain [18]. For [19,20], the sources of this gas generation include the incomplete
combustion of fossil fuels and activities developed to support the local economy, such as
transportation, manufacturing, electricity generation, and other sources. Additionally, volcanic
eruptions are a source of this gas. Domestic activities, such as burning garbage, charcoal, or wood in
stoves, also emit these gases, contributing to air pollution [21].

With the launch into space of the first Copernicus satellite of the European Union, part of the
fleet of ESA Sentinel missions, we can monitor the environment, with the launch into space, a great
leap was made for the acquisition of open source images for environmental use [22]; with an
instrument called TROPOspheric Monitoring that continuously orbits the Earth and performs
measurements that allow us to create daily global maps of atmospheric species relevant to the
monitoring of air quality and climate [23]. These values of the TROPOMI instrument are used to
measure the concentration of pollutants in the troposphere. These data have been evaluated,
modeled, and validated by different authors in environmental issues [24]. Likewise, the sensors have
been calibrated for downloading parametric data on a global scale with independent measurements
for each pollutant, these records are similar to those from NASA sensors [24,25], and the accuracy of
the spectrometric measurement was also evaluated at different spatial scales, from local to regional
and national levels, with measurements in the ultraviolet, visible, visible-near and shortwave infrared
spectra that can provide information on atmospheric data, such as NOz, NO, CHs gas and Os gas [26].
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Currently, the highest-resolution images available are from TROPOMI, which enables the
determination of focal points of pollutant emissions, consolidating its position as one of the most
essential instruments for observing atmospheric composition, both now and in the near future [19].
On the other hand, with the help of Sentinel-5 sensor data, it is possible to study environmental
problems with daily information on changes in atmospheric pollution in areas that do not have
ground stations [27], it has also been possible to examine the relationship between changes in
atmospheric pollution and cases of coronavirus mortality, due to the impact of air pollution, affecting
public health with respiratory diseases [23]. Many studies indicate that air pollution in urban areas
can be reduced if appropriate policies are implemented to control traffic due to urban transportation,
vehicle circulation and the various activities that take place in cities with huge industries [15].

The objective of this research work is to check a comparative analysis of the presence of
pollutants in the atmosphere of CO, SOz, NO: concentrations, identifying the sectors with the highest
concentration and periods with pollution levels, obtained from Sentinel-5P data products at the level
of the Apurimac region, corresponding to the period from 2020 to 2023 within the Google Earth
Engine (GEE) environment, using JavaScript algorithms.

2. Materials and Methods

2.1. Study Area

The Apurimac region is located southeast of the central Andes in Peru; its territory is considered
the most rugged in the country. It is bordered to the north by the departments of Ayacucho and
Cusco, to the northwest, west, and southwest by the department of Ayacucho, to the northeast, east,
and southeast by the department of Cusco, and the south by Arequipa (Figure 1). The area covers
approximately 2,111,415.20 ha, and the vegetative cover includes a variety of categories, ranging from
Andean grasslands, natural and planted forests, to a series of scrubland associations [28]. The area's
climate is characterized by a very marked rainy season from December to March, with average
temperatures of 16°C, and a dry season the rest of the year, with maximum temperatures of 25°C and
minimum temperatures of 8°C [29].
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Figure 1. Location of the Apurimac region.
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2.2. Materials

The present research work focuses on the Apurimac region, utilizing the following data sources:
Sentinel-5P NRTI CO (Near Real-Time Carbon Monoxide), Sentinel-5P NRTI NO: (Near Real-Time
Nitrogen Dioxide), and Sentinel-5P NRTI SO: (Near Real-Time Sulfur Dioxide), the data used in this
study encompass a global scope; in this research, a model of atmospheric gas concentration, including
CO, NOg, and SOz, was developed [23]. The methodology employed is based on the use of Geographic
Information Systems (GIS) and Remote Sensing, specifically in the analysis and interpretation of
images obtained by the Sentinel-5P satellite, using the TROPOMI sensor. The pollutant
measurements, which were key to this analysis, are freely available to Google Earth Engine (GEE)
users.

2.2.1. CO, NOg, and SOz Data from the TROPOspheric Monitoring Instrument (TROPOMI)

According to ESA, data on the pollutant CO are present in the atmosphere and are fundamental
to understanding tropospheric chemistry. In certain urban areas, its presence is one of the main
atmospheric pollutants [30]. The primary sources of CO are fossil fuel combustion, biomass burning,
atmospheric oxidation of methane gas, and other hydrocarbons [19]. At the same time, fossil fuel
combustion is the primary source of CO in the northern mid-latitudes, and isoprene oxidation and
biomass burning play an essential role in the tropics [16]. The TROPOMI instrument retrieves the
daily global abundance of CO in both clear and cloudy skies using the 2.3 um spectral range of the
shortwave infrared (SWIR) region. Observations in clear skies are sensitive to CO in the tropospheric
boundary layer, while cloudy atmospheres modify the sensitivity of the column as a function of light
path variations. It has a resolution of 1113.2 meters, with units in mol/m?—dataset availability: 2018-
06-28 - Current, available at the following Link: https://developers.google.com/earth-
engine/datasets/catalog/COPERNICUS_S5P_OFFL_L3_CO.

The European Space Agency (ESA), states that the CO pollutant data come from global data
obtained in situations of clear and cloudy sky, the noise that is presented makes the data appear
negative values, this is observed in the vertical column especially in clean regions or with very low
SOz emissions, for this it is recommended not to filter these negative values except for atypical values,
that is to say, vertical columns lower than -0.001 mol/m? [23].

For NO: data processing obtained from TROPOMI sensor data, this dataset represents the
composite concentration of nitrogen dioxide produced through photochemical cycling during the
day, involving ozone and sunlight. The NO: processing system is based on the algorithm developed
for the DOMINO-2 product and the QA4ECV NO: dataset, which has been reprocessed for OMI and
adapted for TROPOMI [31]. This assimilation and absorption modeling system utilizes a three-
dimensional TM5-MP global chemical transport model with a 1 ° x 1 ° resolution as an essential
element [32]. For CO data, negative values are often observed in the vertical columns due to noise,
especially in clean regions with low NO:z emissions. It is also recommended not to filter these values
except in the case of outliers, i.e., vertical columns smaller than -0.001 mol/m? [23]. The data are
available at the following link: https://developers.google.com/earth-
engine/datasets/catalog/COPERNICUS_S5P_OFFL_L3_NO:

According to the European Space Agency (ESA), SOz enters the Earth's atmosphere through both
natural and anthropogenic processes. It plays a role in local and global-scale chemistry, and its impact
ranges from short-term pollution to climate effects. Only about 30% of the SOz emitted comes from
natural sources; most is of anthropogenic origin. SOz emissions harm human health and air quality
[20]. Volcanic SOz emissions can also be a threat to aviation, along with volcanic ash [33]. Sentinel-5P
(S5P) samples the Earth's surface with a revisit time of one day and an unprecedented spatial
resolution of 3.5 x 7 km, allowing acceptable detail resolution, including detection of much smaller
SOz plumes [34]. The data are available at the following link: https://developers.google.com/earth-
engine/datasets/catalog/COPERNICUS_S5P_OFFL_L3_SO:
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2.2.2. Google Earth Engine Platform

The Google Earth Engine (GEE) platform, developed by Google, enables large-scale geospatial
processing using a database with millions of data points. One of the primary objectives of this
platform is to reduce the time spent on preprocessing and facilitate analyses conducted with
geospatial information [34,35]. Additionally, it is a tool that is currently gaining popularity due to its
extensive processing capabilities and its speed in analyzing geospatial information [37]. The platform
is available at: (https://earthengine.google.com/.

This GEE platform is a free online access that merges "Big Data" technologies, works with Python
and JavaScript programming algorithms, among others; it makes available in its database a large
number of satellite images, recent and historical data information on a planetary scale, and uses
machine learning algorithms for environmental monitoring [36]. The data for this research work are
available from 2018 to the present at the following link: https://developers.google.com/earth-
engine/datasets/catalog/sentinel-5p

2.2.3. Geographic Information System (GIS)

GIS is currently undergoing an era of exponential development, supported by the increasing
availability of new sensors, satellite images, and open georeferenced data, which enable the
production of new knowledge about the world and empirical geographic phenomena [38]. The
processing of Sentinel-5P satellite images in ArcGIS involves a series of processing steps, first, the
data must be downloaded from sources such as the Copernicus Open Access Hub and/or files
processed on the GEE platform, then these downloaded files must be decompressed and converted
to ArcGIS compatible format, such as GeoTIFF, once imported into ArcGIS, various processing
techniques can be applied, such as atmospheric correction, calculation of atmospheric contaminants,
time series analysis [39]. Finally, it is essential to note that spatial observation at a global level,
facilitated by satellites that capture repetitive images, enables us to conduct environmental studies,
such as those related to atmospheric air pollution [40].

3. Methodology

For the analysis and data processing of CO, NO: and SO: pollutants, were carried out on the
GEE platform, this platform developed by Google allows us to perform large-scale geospatial
processing, using databases with millions of these, one of the benefits of this platform is to reduce the
time invested in preprocessing and facilitate the analysis performed with geospatial information [36],
to catalog and process a wide variety of Earth observation data at no cost and saving time [15,35].
GEE offers two APIs, one in JavaScript, which is accessed via the Internet through a browser and is
the most well-known, up-to-date, and user-friendly. It is also the one with the most documentation
and help available. On the other hand, there is the Python API, which can be accessed from the Python
console and allows, to a certain extent, the complementary use of Python libraries to perform more
complex processing or functionalities that the JavaScript API does not support [36]. In the present
work, we have processed the data in JavaScript for different periods using Sentinel-5P images; Figure
2 shows the methodology.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. The process of producing air pollutants maps in the GEE.

4. Results

4.1. Analysis of the Concentration of CO, NOz, and SO: Pollutants

An exhaustive analysis of CO, NO,, and SO, concentrations was conducted at the monitoring
points distributed throughout the study region. The results showed significant fluctuations in the
concentrations of these pollutants, which were especially evident during September and October,
correlating with the burning of weeds and organic waste. However, traditional practices in some
areas, such as agricultural practices, industrial activities, vehicle traffic transporting materials, and
the presence of mining companies, among others, have negative consequences for the environment
and health.

For the OC period 2020-2023, a significant pattern of pollution concentration levels was observed
in densely populated urban areas, especially in the province of Abancay, which does not exceed the
threshold recommended by the WHO, whose values range between 100 ug/m?® and 150 ug/m?.
Peripheral areas also exhibited very high concentrations of pollutants, as seen in the provinces of
Chincheros and Andahuaylas, suggesting that the primary sources of pollution are vehicular traffic
in the city center and forest fires caused by human activities [41].

Regarding the pollutant NO,, the results show a red color (high concentration), with values
ranging from 0.20 pg/m3 to 0.35 pg/m3 mostly in urban areas where there is a higher concentration
of cars and also in sectors where there are mining operations such as the mining company Las Bambas
in Chalhuahuacho, these concentrations are dangerous to health, particularly for people with
respiratory problems, and can affect healthy people if exposure is prolonged [12].

The presence of the SO, pollutant in the atmosphere is generally classified into different levels
according to its impact on human health and the environment. These levels are divided into
categories that reflect the concentration of SO, in the air, and vary according to international
regulations and guidelines, such as those of the World Health Organization (WHO) and national air
quality standards. The results show very high levels of the red color spectrum, which are noticeable
in several sectors, with values ranging from 7.80 pg/m? to 10 pg/m3. These values impact air quality
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and are associated with intensive industrial activities, such as mining or the combustion of fossil
fuels.
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Figure 3. Data processing of the CO pollutant on the Google Earth Engine platform for the period 2020-2023.
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Figure 4. Data processing of the NO: pollutant on the Google Earth Engine platform for the period 2020-2023.

4.2. Identificacion de Los Sectores de Mayor Concentracién

The results enabled us to identify key areas where pollutant concentrations were consistently
higher. These areas primarily correspond to various sector types, including industrial, urban, and
high-traffic zones. The data processing was carried out using Geographic Information System
software, which allowed the analysis of carbon monoxide pollution in the Apurimac region,
providing detailed visual information illustrating CO concentrations. In 2020 and 2021, the highest
CO concentrations were recorded in the provinces of Abancay, Chincheros, and Andahuaylas;
medium to high concentrations were observed in the province of Grau, while the lowest were
observed in the provinces of Aymaraes. During the periods of 2022 and 2023, exceptionally high
concentrations were recorded in the provinces of Abancay, Chincheros, and Andahuaylas.

NO; is a pollutant generated by vehicular transport, the burning of fossil fuels, and industrial
emissions [42]. The analysis shows that in the 2020, 2021, and 2022 periods, the highest concentrations
are found in the province of Cotabambas, followed by the provinces of Grau, Abancay, and
Chincheros.

By 2023, NO, concentrations are expected to have decreased considerably. Therefore, a reduction
in the levels of the pollutant can generally be viewed positively, as it reflects a decrease in pollution
sources and an improvement in air quality, since NO; is a significant pollutant that contributes to the
formation of tropospheric ozone and acid rain [43]. In the province of Cotabambas, the concentration
remains very high due to the presence of the Las Bambas Mining Company.

SO; is a colorless gas that, in high concentrations, is irritating and harmful to health, originating
mainly from the combustion of coal and petroleum derivatives, and can be transformed into sulfuric
acid, affecting the respiratory system [44].

According to the data represented in Figure 5, the highest concentrations of SO, are expected to
be recorded between 2020 and 2023, primarily in the provinces of Cotabambas, Anta-bamba,
Aymaraes, and Grau, with Aymaraes exhibiting the highest concentration values. During the years
2021 and 2022, lower levels were observed throughout the Apurimac region compared to 2020 and
2023, as shown in the raster images in the figure, which indicate intensive industrial activities such
as mining or burning fossil fuels.
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Figure 5. Data processing of the SOz pollutant on the Google Earth Engine platform for the period 2020-2023.

4.3. Determination of the Variability of Concentration with Time

The temporal variability of pollutant concentrations from 2020 to 2023 was evaluated to
understand better the daily, weekly, and seasonal fluctuations of the pollutants. It was found that CO
concentration showed a high concentration the month of October 2020 with peak traffic
concentrations, taking values up to 150 pg/m?, while NO, and SO, concentrations presented more
complex patterns, with notable peaks in September and October 2022 with concentrations reaching
0.355 pg/m® of NO:2 specific conditions, such as days of high industrial activity, and agricultural
activities. Figure 6 shows the con-centration for the period 2020 and 2023, a significant variability was
observed in carbon monoxide (CO) con-centrations in different regions, during the study period, the
highest concentrations were recorded in densely populated urban areas, especially in August,
September and October that fluctuate in average values of 120 ug/m3, In the 2020 period, October
reached the highest peak at a value of 150 ug/m? and also in November 2023, due to increased weed
and shrub burning, summarizing, concentrations decreased in the summer months, favored by
greater atmospheric dispersion corresponding to the months from May to August with values
ranging from 40 pg/m? to 90 pg/m?.

The analysis revealed a general trend of decreasing average CO concentrations, which was
attributed in part to the implementation of stricter environmental policies and a reduction in vehicle
traffic during the COVID-19 pandemic in 2021 and 2022. However, specific events, such as forest fires
in tropical and subtropical regions, caused temporary spikes in CO concentrations during drought
months.

Carbon Monoxide Concentration in pg/m* (Region Apurimac)
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Figure 6. Time series of the atmospheric pollutant CO in the GEE period 2020-2023.

Figure 7, corresponding to the time series of the NO: pollutant for 2022, shows significant
variation throughout the year. It is observed that in September and October, concentrations reach a
maximum value of up to 0.375 pg/m3, while during April to September, a gradual increase is
identified. Subsequently, concentrations decrease from October to March, reaching a minimum value
of 0.150 pg/m?.
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Nitrogen Dioxide Concentration in pg/m® (Region Apurimac)
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Figure 7. Time series of the air pollutant NO2 in the GEE period 2020-2023.

A combination of anthropogenic and natural factors can explain these fluctuations. During
October and periods of highest concentration, emissions associated with human activities, such as
vehicular traffic, industry, and biomass burning, intensify. In addition, meteorological conditions,
such as atmospheric stability and low temperatures, can favor the accumulation of pollutants by
limiting vertical dispersion.

In the time series simulation in the (GEE) platform for the period 2020 to 2023, the analysis of
variability in sulfur dioxide (5O2) concentrations revealed clear patterns in both natural and
anthropogenic emissions. Significant peaks of SOz were observed in July 2020, reaching a value of 10
pg/m3. The month of February 2021 reached a value of 7.8 ug/m?. In 2023, the months outside of
November reached a value of 9.8 ug/m?. Likewise, the lowest peaks occurred in the remaining
months, reaching a minimum value of 0.0 pg/m? during the study period.

Sulfur Dioxide Concentration in pg/m® (Region Apurimac)
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Figure 8. Time Series of SOz Air Pollutant in the GEE Period 2020-2023.

4.4. Correlation Analysis of Pollutants Concerning Time

The temporal variability of pollutant concentrations from 2020 to 2023 was evaluated to
understand daily better, weekly, and seasonal fluctuations. It was found that CO concentration
showed a very low correlation r=0.10, [45] at peak traffic hours, especially in urban areas with a
coefficient of determination of R?=0.010, while NO, and SO, concentrations presented more complex
patterns with coefficients of determination values of R?= 0.004 for NO2 and R?= 0.000, very low peaks.
Comparison with other countries with industrial activities, such as China, the United States, and
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other industrialized countries like Italy [46], reports values of R? = 0.85 in northern Italy and R?=0.71
in southern Italy. Likewise, the concentrations in South Korea found a similar coefficient of
determination R?>= 0.48 for hourly data and R? = 0.77 for annual data, for the NO: surface
concentrations obtained from the S-5P TVCD NO: product over South Korea [47], these values are

shown to be very high compared to the values obtained in the Apurimac region, where air pollution
oscillates with very low values that are not very representative.
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Figure 9. Coefficient of Determination (R?) of the pollutants CO, NO,, and SO..

5. Discussion

The present study analyzed the concentrations of atmospheric pollutants carbon monoxide
(CO), nitrogen dioxide (NO,), and sulfur dioxide (SO,) in the Apurimac region from 2020 to 2023,
using satellite images from TROPOMI on board the Sentinel-5P satellite and processed through the
Google Earth Engine platform. The results show that the concentrations of these gases show
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significant spatio-temporal variability, influenced by human activity, topography, and seasonal
climatic factors.

The average concentrations of CO, NO,, and SO, remained at levels generally below the
permissible thresholds established by the WHO. However, critical accumulation zones were
identified in dense urban areas and the vicinity of mining complexes. This finding is consistent with
previous studies that relate mining activity and urban transportation as primary sources of pollutant
gas emissions [15]. The statistical correlation between gas concentrations was weak, indicating the
absence of a direct linear relationship between the variables analyzed, which may be attributed to the
multicausal nature of emissions and differences in atmospheric transport and dispersion processes.
Seasonally, concentration peaks were observed in August and September, coinciding with the
traditional agricultural practice of pasture burning, which increases temporary CO and NO,
emissions. This phenomenon aligns with patterns reported in regional and international studies,
where controlled or accidental biomass burning generates punctual increases in atmospheric
contaminants [48]. Likewise, satellite data showed a reduction in emissions during 2020, following
mobility restrictions due to the COVID-19 pandemic, and a rebound in 2021, resulting from the
progressive reestablishment of economic activities and the lack of adequate public policies to control
vehicular and industrial emissions [15].

At the international level, [48], reported in their multiannual analysis on emissions in the United
States, a strong correlation between NO, and CO, concentrations (r = 0.75), suggesting a common
source of origin, mainly related to the burning of fossil fuels. In addition, a more pronounced
reduction of CO, was documented in regions with high forest cover during summer, attributed to the
biological sink effect. Although these results are not directly extrapolable to Apurimac, they allow us
to establish helpful analogies on the relationship between vegetation cover, industrial activity, and
air quality.

On the other hand, [49] found that urban NO; emissions are significantly higher in industrialized
regions, such as Europe and China, compared to countries in South Asia and Africa, where cleaner
energy sources or less intensive activities predominate. In addition, an increase in emissions was
observed during the winter, which is consistent with the seasonal behavior detected in our study,
where NO; and SO, emissions tend to increase in the colder months, possibly due to the use of more
polluting heating and fuels. Finally, the results obtained in GEE confirm its effectiveness as an
environmental monitoring tool, as Sentinel-5P images showed high sensitivity in detecting seasonal
and spatial variations of the analyzed gases, agreeing with the findings reported by [50]. This
approach allows the development of early warning systems and evidence-based decision-making to
mitigate the effects of air pollution in vulnerable regions such as Apurimac.

6. Conclusions

The study analyzed the temporal trends and spatial distribution characteristics of six primary
atmospheric air pollutants —NO2, CO, and SO:—in the Apurimac region from 2020 to 2023, using
Sentinel-5P satellite data. It examined atmospheric pollution and evaluated the levels of pollutants
throughout the province that comprises the region. The main conclusions of the study are:

(1) NO2 and CO concentrations show a continuous increasing trend, while SOz remained
relatively stable or showed slight decreases. All three pollutants exhibited pronounced seasonal
variations in September and October. CO reached its maximum values in the spring months, with
high levels in urban areas such as the provinces of Abancay, Chincheros, and Andahuaylas, due to
vehicular traffic and forest fires, and decreased in the autumn season. NO:2 reached its maximum
value in the spring, concentrating primarily in provinces with the highest population and in sectors
where mining companies operate, and has since shown a downward trend in the fall. SO
concentrations were higher in sectors where there is little to no tree vegetation, particularly in places
located at higher altitudes.

(2) The temporal variability of pollutant concentrations over time, such as CO, reaches a
coefficient of determination of R?= 0.010, while NO, and SO, concentrations presented very low
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patterns with values of R?>= 0.004 for NO:z and R?= 0.000 or almost nothing. Although CO continued
to show a positive correlation in some areas of higher population density, suggesting that its
formation is influenced by the presence of automobile fleets, industrial, and mining areas.

The study concludes that urban NO: emissions exhibit clear seasonal patterns, with an increase
during the early spring months, coinciding with high air temperatures resulting from the burning of
pastures to initiate sowing. The research problem was solved by identifying geographic and seasonal
variations in CO, NO2, and SOz emissions. Additionally, the study's implications include improving
the estimation of emissions and contributing to pollution control policies informed by satellite data.

These results indicate that pollution in the Apurimac is caused by a combination of human
activities, including both industrial and agricultural sources, and that several factors must be
considered to understand better how pollutants behave in this region. For a more comprehensive
analysis, it would be beneficial to combine satellite data with local measurements and to consider
meteorological and sociological variables.

Finally, it is recommended that studies continue to be conducted to help design more effective
strategies for monitoring and reducing air pollution, thereby protecting the health of the population
and the environment in Apurimac.
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