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Abstract— In recent years, the Arequipa region has experienced a notable increase in air pollution
caused by carbon monoxide (CO), primarily due to harmful human activities and forest fires. CO
poses serious risks to both human health and the environment, as it is linked to respiratory and
cardiovascular diseases, as well as strokes. Due to the limited availability of air quality monitoring
stations in the area, this study utilized Sentinel-5P satellite imagery and the Google Earth Engine
(GEE) platform to assess CO concentrations across the districts of the Arequipa province. The
analysis covers the period from 2019 to 2023, offering valuable insights that can inform the
development of effective air pollution mitigation strategies in the region.

Index Terms— Arequipa Region, Sentinel 5P, Google Earth Engine, GEE, Carbon Monoxide, CO.

INTRODUCTION

Air is fundamental to human survival, representing one of the most critical resources for life, yet it is often
overlooked due to human activities. Among the primary pollutants we release is carbon monoxide (CO) [1]. CO is
a common atmospheric pollutant, and its exposure poses significant health risks, being linked to respiratory diseases,
cardiovascular conditions, and strokes [2]. Furthermore, air pollution caused by CO adversely impacts
environmental quality, contributing to global warming and climate change [3].

Peru, like other developing nations, struggles with significant environmental pollution that has led to a decline in
air quality[4]. One of the main contributors to this issue is the burning of agricultural waste, which emits various air
pollutants such as carbon monoxide, nitrogen oxides, volatile organic compounds, and soot particles.

For many years, wildfires on Earth occurred naturally, but human intervention has significantly altered this dynamic.
In Peru, nearly all wildfires are caused by human activities, primarily the use of fire to clear agricultural land and
burn pastures. Despite existing restrictions, reports of wildfire emergencies have increased in recent years [6]. In
Arequipa, poor agricultural practices, such as weed burning, have persisted despite established regulations,

450



TPM Vol. 32, No. S6, 2025
ISSN: 1972-6325
https://www.tpmap.org/

Open Access

continuing to drive wildfire incidents to this day [7]. This is illustrated in Figure 1.

Despite the importance of monitoring these pollutants, many rural areas in Peru, including regions within the
province of Arequipa, lack adequate monitoring systems, limiting the effective management of atmospheric gas
emissions [8]. In these areas, the use of monitoring networks such as Sentinel-5P provides an effective solution for
obtaining accurate, real-time data on atmospheric pollutant concentrations, including carbon monoxide, enabling
the efficient monitoring of large regions [9].
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Fig. 1. Fires caused by poor agricultural practices [7].

In this context, the need for effective monitoring of CO concentrations within the district areas of the Arequipa
province becomes evident, particularly considering the impact of agricultural practices on air quality.

OBJECTIVE

This study aims to monitor carbon monoxide (CO) levels across the districts of the Arequipa province by examining
both their temporal and spatial patterns. To conduct this analysis, the research employed custom-built JavaScript
algorithms within the Google Earth Engine (GEE) environment, allowing for the retrieval of CO data from the
SENTINEL-5P satellite's gridded dataset.

The overarching goal is to evaluate the distribution and intensity of CO pollution in Arequipa between 2019 and
2023. Through this effort, the research intends to highlight trends in CO emissions and provide essential insights to
support the formulation of air quality improvement strategies.

THEORETICAL FRAMEWORK

A. Carbon Monoxide (CO)

CO is a dangerous, colorless, and odorless gas, which makes its detection difficult without specialized equipment.
It is produced from the incomplete combustion of organic compounds, such as fossil fuels, with its main sources
including vehicle exhaust, smoke from fires, malfunctioning heating or cooking systems, and industrial processes
like those in chemical plants or smelters [10].

Fig 2. Representation of CO gas [11].

Although atmospheric air typically does not contain CO, this gas can accumulate indoors or in poorly ventilated
areas, posing a serious health risk. When inhaled, CO enters the bloodstream and interferes with oxygen transport,
which can lead to symptoms ranging from headaches to death in severe cases. Prolonged exposure, even at low
concentrations, can damage several body systems [12]. In addition to being a health hazard, CO also contributes to
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environmental degradation [10].

B. Cartographic Information

For this study, the district boundaries and the geographical location of the district capitals in the Arequipa province,
located in the Arequipa department, were used. The information was obtained from the national maps of the National
Geographic Institute (IGN) at a 1:100,000 scale. The maps employed were as follows: 32s, 32t, 32u, 33r, 33s, 33t,
33u, 34r, 34s, 34t, and 34u.

C. Study Area

The study area is the Arequipa province, located in the Arequipa department. The population of each district is
shown in Table I.

TABLE I Location of the capitals and the population by district in the Arequipa province

Number of
N° | Districts X Y Inhabitants
I | Socabaya 71,5288 | 16.4674 | 78792
2 | Jacobo Hunter _71.5586 -16.4411 52426
Jose Luis | i

3 | Bustamante Y\ gy 5038 |16.4277 | ¥
4 | Tiabaya 715914 | 16.4497 | 17102
> | Sachaca 715667 | 16.4246 | 25612
6 |Laloya 718180 | 16.4235 | 35943
7 | Paucarpata _71.5043 -16.4329 135923
8 ngs e be 72.0938 | 16,4940 | 6962
9 |Arequipa 71,5370 | 16,3988 | 37847
10 | Yanahuara _71.5429 -16.3871 26512
11 | Mariano Melgar _71.5056 -16.4070 63899
12 | Miraflores _71‘5223 -16.3942 62895
13 | Chiguata 713922 | 16.4008 | 3128
14 iite(;;re e 715217 | 16.3855 | 88056
15 | Cerro Colorado -71.5604 -16.3767 207114
16| Cayma 71,5456 | 16,3815 | 29908
17] Vitor 71.9354 | 164657 | 4198
18| Yura 71.7060 | 16.2468 | 264%
19| Uchumayo 716727 | 164252 | 1539
20 | Characato _71.4839 -16.4685 14047
2 3?;535”“ B 72.1016 | 163207 | 77!
22 | Pocsi 713895 | 16,5189 | 493
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23 Sguasman b 72,1270 | 163491 | !
24 | Polobaya 713689 | 16.5662 | %!
25 | Yarabamba _71.4752 -16.5472 1458
2| Tt | 710605 | 16,1837 | 1490
27| Quequea 714513 | 165574 | 3043
28 | Mollebaya 714666 | 16,4875 | 5208
29 | Sabandia 714946 | 16.4567 | ¥511

This province has a population of 1,137,087 inhabitants and 1,553 towns, according to the latest census by the
National Institute of Statistics and Informatics (INEI) in 2017 [13].

D. ArcGIS

It is a Geographic Information System (GIS) software that allows for the management, analysis, and visualization
of geographic data. It offers advanced tools for creating maps, performing spatial analysis, and managing
geodatabases [14]. ArcGIS is used in various fields, such as cartography, public service planning, and scientific
visualization [15]. In this research, we used this software for locating the towns and interpolating the CO distribution
across the entire Arequipa province.

E. Air Pollution Data

To extract CO records, the twenty-nine district capitals of the Arequipa province listed in Table 1 were evaluated.
The numbering of these capitals is shown in Figure 3.
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Fig. 3 Location of the capitals and district boundaries in the Arequipa province. Own elaboration.
F. Google Earth Engine (GEE)
It is a cloud computing platform launched by Google, designed for access to and processing of large-scale geospatial
data [16]. GEE is essential for environmental monitoring and analysis as it processes geospatial data from satellites
such as Sentinel and Landsat. It offers free services, benefiting developing countries. It is the most popular platform
in Earth system science, used in fields such as agriculture, water management, and disaster assessment, and plays a
key role in addressing current environmental challenges [17].
This information is collected through various satellites orbiting the Earth, from sources like the National Aeronautics
and Space Administration (NASA) and the European Space Agency (ESA). Through this platform, records of
accumulated CO measurements were obtained for the capitals and district areas of the province of Tacna [18].
It is important to note that GEE has a download limit of 5,000 records, so this must be taken into account when
setting date ranges in the developed codes. Another aspect to consider is the noise in the data, where negative values
are often detected in the vertical columns, especially in regions with low CO emissions or clean areas. It is
recommended not to filter these values unless they are outliers, specifically vertical columns below -0.001 mol/m?
[19].
G. Sentinel-5P
It is a polar satellite orbiting at an altitude of 817 km, crossing the equator at 13:30 LT with a 17-day repetition
cycle. Its mission is to continue the data from previous missions such as SCTAMACHY and GOME-2, and pave the
way for Sentinel-5. It provides daily global information on trace gases, aerosols, and clouds that affect air quality
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and climate [20]. Its main instrument, TROPOMLI, is a spectrometer that captures images in 8 bands, ranging from
ultraviolet (UV) and visible to near-infrared (NIR) and shortwave infrared (SWIR), with a spatial resolution of
7%3.5 km, ideal for monitoring sources of pollutant emissions [21].

Sentinel-5P is the first Copernicus mission specifically designed to observe the atmosphere, monitoring air
components such as ozone (O3), nitrogen dioxide (NO2), carbon monoxide (CO), sulfur dioxide (SO2), methane
(CH4), formaldehyde (CH20), aerosols, and clouds [22].

In Table 11, the image collections used and the selected bands for calculating the contaminant measurement data,
which were downloaded through the GEE platform, can be seen.

TABLE II Image collections used and selected bands for downloading data on pollutant measurements with GEE.

Image Collection | Selected Descripti | Resolutio
(ID GEE) Band on n (m)

CoO
COPERNICUS/S | CO_column | column
SP/OFFL _number density 1113.2
/L3_CO _density vertically

integrated.

Subsequently, a new variable was created with a function that generated the corresponding average image through
code, based on a start and end date input by the user. Additionally, the geographic coordinates of the point from
which the information needed to be extracted were inserted. Finally, the downloaded data was exported to a
spreadsheet in Excel, with a geographic coordinate system (WGS84) and Geo TIFF format [23].

METHODOLOGY

This study used GEE as the sole information source due to the lack of local records for measuring pollutant gases
in the study area. Upon downloading CO data, the annual quantities were summed, and the obtained values were
compared at the coordinates of each district in the province of Arequipa. In this way, districts with the highest and
lowest CO emissions were identified, and the results are presented below.

For the research, several scripts in JavaScript were developed to extract the variables of the analyzed pollutant gas.
These codes are linked to raster images captured by the Sentinel-5P satellite.

H. Scripts for Extracting CO Data in District Capitals

In this research, a code was developed in JavaScript to download records from the gridded database of the Sentinel-
5P satellite. For this purpose, a shapefile database was used, containing the locations of district, provincial, and
departmental capitals in Peru, from which the ones presented in Table 1 were selected.

Below is the detailed code developed for this purpose.

Enter the study dates.

var startyear =2019;
var endyear = 2023;

Create list of months to use in functions.

var months = ee.List.sequence(1,12);

Establish the beginning and end of the study.

var startdate = ee.Date.fromYMD(startyear,1,1);
var enddate = ee.Date.fromYMD(endyear,12,31);
Create list for variable years.

var years = ee.List.sequence(startyear,endyear);

The geometry must be loaded in shapefile format, which can represent a watershed or a specific area. In this case,
the lines of the script load the shapefile of the district capitals of Peru and filter it according to the province of study.

var area_estudio = ee.FeatureCollection('projects/ee-dannavera/assets/capitales Peru')
filter(ee.Filter.eq('PROV',/AREQUIPA"))
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After this, the lines of code call the raster image collection corresponding to the gas being evaluated.

var P = ee.ImageCollection("COPERNICUS/S5P/OFFL/L3_CQO")
.select('CO_column_number_density')

filterDate(startdate, enddate)

//.sort('system:time_start', false)

filterBounds(area_estudio);

Next, the part of the code is developed that will sum all the pixel concentrations at the specific location of each
district capital listed in Table I.

var precipitacion_anual acum = ee.ImageCollection.fromImages(
years.map(function (year) {

var annual = P filter(ee.Filter.calendarRange(year, year, 'year"))
.sum()

.clip(area_estudio);

return annual

.set('year', year)

.set('system:time_start', ee.Date.fromYMD(year, 1, 1));

135

Finally, a section was included in the code to calculate the daily accumulated concentration of the studied gas for
each year, generating a graph that represents these data. Additionally, the option to download the results in CSV
format was enabled for further analysis.

var chartP_anual = ui.Chart.image.seriesByRegion({
imageCollection: precipitacion_anual _acum,
regions: area_estudio,

reducer: ee.Reducer.sum(),

band: 'CO_column_number_density',

scale: 1100,

xProperty: 'system:time_start',

seriesProperty: 'DIST'})

.setOptions({

hAxis: {title: 'Intervalo de tiempo'},

title: 'Concentracion acumulada anual de CO para cada area distrital’,
vAxis: {title: ' Concentracion (mol/m2)'}}

)

.setChartType('ColumnChart');

print(chartP_anual)

Similarly, lines of code were added to the script to replicate the calculation of the accumulated values on a monthly
basis. The script, developed by Mg. Sc. Abel Carmona Arteaga for this purpose, is presented below [24].

I Scripts to Extract CO Data in District Areas

This code will generate the annual and monthly cumulative sum of concentration across all district areas in the
province under study. This script is similar to the one presented in section 4.1, with only a few minor modifications.
In the following lines, the shapefile path was adjusted, and the field name for the province was changed to
'NOMBPROV' and for the districts to ' NOMBDIST".

var area_estudio = ee.FeatureCollection('projects/ee-dannavera/assets/areas_distritales')
filter(ee.Filter.eq('NOMBPROV',/AREQUIPA"))

After this, we modified the part of the code:

var chartP_anual = ui.Chart.image.seriesByRegion({
imageCollection: precipitacao anual acum,
regions: area_estudio,

reducer: ee.Reducer.sum(),

band: 'CO_column_number density’,

scale: 1100,
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xProperty: 'system:time_start',

seriesProperty: NOMBDIST'})

.setOptions({

hAxis: {title: 'Intervalo de tiempo'},

title: 'Concentracion acumulada anual de CO para cada area distrital’,
vAxis: {title: ' Concentracion (mol/m2)'} })
.setChartType('ColumnChart');

print(chartP_anual)

The developed script is shown here [25].

J. Script for the Distribution of Accumulated CO

Although both scripts provide valuable information about the accumulated CO concentrations in the capitals and
throughout the district areas, it is crucial to understand how CO is distributed across the entire Arequipa province.

Source files
SELECT

Please drag and drop or select files for this asset
Allowed extensions: shp, zip, dbf, prj, shx, cpg, fix, gix, sbn or shp.xml

DISTRITOS_Inel_geogpsperu_suyopomalia.dbf
DISTRITOS_ inel_geogpsperu_suyopomalia.pr)

DISTRITOS_ inel_geogpsperu_suyopomalia. shp

DISTRITOS_ Inel_geogpsperu_suyopomalia.shx

Asset ID

projects/ee-dannavera/assets/ « areas_distritales

Fig. 4 Shapefile of the districts in the provinces of Peru loaded. Own elaboration.

Therefore, a new code was developed to generate a raster file showing the accumulated CO distribution over a
specific period. The development of this code is described below.

The first step involves uploading the four shapefiles corresponding to the district areas of the Arequipa province in
the "Assets" section, as shown in Figure 4, and then proceeding with the "Upload" option.

Once the shapefile is uploaded

var param = {
P0:2019-01-01",// FECHA INICIAL
P1:2019-12-31"// FECHA FINAL

}

Subsequently, the lines of code call the raster image collection of the gas under study and apply a filter based
on the previously entered dates.

var CO = ee.ImageCollection(COPERNICUS/S5P/OFFL/L3_CQO").filterDate (param.P0,param.P1);

This section of the code calculates the total sum of the analyzed gas values for each pixel within the date range
between PO and P1, thereby displaying the gas distribution on the platform.

var SentinelCO = CO

.select('CO_column_number_density")

filterBounds (geometry);

var COData = ee.Image(SentinelCO.sum());

var COClip = COData.clip (geometry);

Map.addLayer (COClip, {

max: 10,

min: 0,

palette: ["black", "blue", "purple", "cyan", "green", "yellow", "red"]},'Monoxido _de Carbono-CO'");

Finalmente, se exporta un archivo raster en formato TIFF al Google Drive del usuario utilizando el siguiente codigo.
Export.image.toDrive({
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image: COClip.select("CO_column_number density"),
description: 'Monoxido_de Carbono-CO',

scale: 1100,

region: geometry});

The code is shown here [26]. Below, the results obtained are presented.
RESULTS

K. Total CO Accumulation in District Capitals
Figure 5 shows the total annual CO concentration for the districts of the Arequipa province from 2019 to 2023.

D R

[ ]

Fig. 5 Evolution of the annual CO concentration in the district capitals of the province of Arequipa between 2019,
2020, 2021, 2022, and 2023. Own elaboration.

Figure 6 illustrates the total monthly CO concentration for the years 2019, 2020, 2021, 2022, and 2023 for the
capitals in the Arequipa province.

CO - mei'm2

Years

2020, 2021, 2022, and 2023. Own elaboration.

L. Total CO Accumulation in District Areas

According to Figure 7, the monthly CO concentration for district areas between 2019, 2020, 2021, 2022, and 2023
is as follows.

100
N
o

COn millions of m*
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Fig. 7 Evolution of the monthly CO concentration in the districts of the province of Arequipa between 2019, 2020,
2021, 2022, and 2023. Own elaboration.

Figure 8 shows the total monthly CO concentration for the districts of the province of Arequipa between the years
2019, 2020, 2021, 2022, and 2023.

COin milbons of m*

Fig. 8 Evolution of the monthly CO concentration in the districts of the province of Arequipa between 2019, 2020,
2021, 2022, and 2023. Own elaboration.

M. Annual Accumulated Spatial Representation of CO

Using the script developed in section 4.3 and uploaded into GEE, the annual CO distributions for the years 2019,
2020, 2021, 2022, and 2023 were obtained, as shown in Figure 9.

Google EarthEngine  q . "
e N - ] W - 1 1 Nl

Lhrmtn (g, b0, par e #1 ],

Fig. 9 Operation of the code created to reﬁreéent the distribution of CO in the province of Arequipa. Own
elaboration.

The raster information of CO concentration in mol/m? can be seen in Figures 10, 11, 12, 13, and 14.
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Fig. 10 Annual accumulated CO distribution in the Arequipa province during 2019. Own elaboration.

As shown in Figure 10, in 2019, the southwestern part of the province of Arequipa recorded maximum CO values

of 7.98 mol/m?. This can be attributed to forest fires that devastated hectares of vegetation cover across various
districts in that year [27]. Meanwhile, in the central part of the province, average values of 5.47 mol/m? were
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observed, and the northeastern district displayed the minimum values, which were around 2.97 mol/m?.
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Fig. 11 Annual accumulated CO distribution in the Arequipa province during 2020. Own elaboration.

In 2020, CO concentrations ranged from minimum values of 3.09 mol/m?, averages of 5.8 mol/m?, to maximums of
8.51 mol/m?2. This year saw an increase in CO levels due to several fires caused by poor agricultural practices in the
Arequipa region [28]. However, due to the challenges posed by the COVID-19 pandemic, the fires could not be
controlled in a timely manner, resulting in significant increases in the concentration of this gas [29]. This is depicted
in Figure 11.
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Fig. 12 Annual accumulated distribution of CO in the province of Arequipa during 2021. Own elaboration.
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In 2021, SERFOR and regional governments joined efforts to improve the management of wildfire risks [30]. As a
result of this initiative, a reduction in CO concentration was observed, with minimum values of 2.67 mol/m?,
averages of 5.28 mol/m?, and maximum values of 7.9 mol/m?. The highest concentrations were located in the
southwest of the Arequipa province, particularly in the districts of Santa Rita and Vitor, as shown in Figure 12.

In 2022, based on initiatives such as workshops, training, and laws implemented by the Arequipa region to combat
wildfires [31], a significant reduction in CO levels was observed compared to previous years. This year also saw an
initiative to address the loss of wildlife, with over 4,000 trees being planted with the support of university students
and SERFOR [32]. Consequently, CO concentrations ranged from minimum values of 2.61 mol/m? averages of
4.15 mol/m?, to maximum values of 7.52 mol/m?, as shown in Figure 13.
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Fig. 13 Annual accumulated distribution of CO in the province of Arequipa during 2022. Own elaboration.
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In Figure 14, values below 2.42 mol/m? and above 8.07 mol/m? are observed, indicating an increase in CO
concentration in the higher areas of the district of Santa Rita de Siguas. This increase is believed to be related to a
huaico in 2023 that affected irrigation channels and 15 hectares of crops, leading to the use of heavy machinery,
causing intense rainfall, increasing soil erosion, and releasing particles into the air, thereby elevating CO levels in
the district [33].
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Fig. 14 Annual accumulated distribution of CO in the province of Arequipa during 2023. Own elaboration.
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In Figure 15, we can observe the total accumulated CO in millions of m® for each year across the entire area of the
Arequipa province, which covers 8,117.09 km?.
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w2021
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Fig. 15 Annual accumulation of CO in the province of Arequipa in millions of m?. Own elaboration.
CONCLUSIONS

This study indicates that CO emissions in the province of Arequipa peaked in 2020, coinciding with the pandemic
period. Additionally, the district of Santa Rita de Sigua was identified as the district with the highest CO
concentrations recorded over the last 5 years.

It can be observed that the CO concentrations during the 5-year study period are related to both low and high values
depending on the intensity of agricultural activities, natural phenomena, and poor crop burning practices. Districts
with less intensive activities exhibit lower CO concentrations.

In conclusion, the study on monitoring carbon monoxide in the province of Arequipa using satellite imagery can
serve as a foundation for future research focused on reducing gas emissions.
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