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This work aimed to analyze the temporal behavior of the concentration profiles of PM2s
(period 2014-2023) and PMuo (period 2010-2023) collected in five districts of the metropolitan
area of Lima (MAL). The year 2016 and 2021 showed the highest annual averages for PM2s
while PM1o reported higher concentrations in 2013, 2016, and 2021 for most stations. For
PMzs higher peaks were recorded between May and September and lower peaks between
January and March. For PMuo, higher peaks were found in March-May and August-October,
and lower peaks were observed between January and June. Daily minimum and maximum
values of PMzs ranged between 3.74 and 148 pg/m®, while PMyo ranged from 7.16 to 579
ug/md, respectively. For hourly variations were observed peaks that occur between 6:00 and
10:00 a.m. and between 6:00 p.m. and 11:00 p.m. for both PMs. The information obtained will
help to identify episodes of air pollution, pollution sources, monitor climate change, and can
be used to alert communities and take immediate action.

1. INTRODUCTION

Air pollution by particulate matter (PM) is a current
problem in worldwide. PM is a complex mixture of solids and
aerosols containing metals and metalloids, carbonaceous
species (elemental carbon and organic carbon), and ionic
species [1]. The PM is classified according to their
aerodynamic diameter in coarse or “inhalable” particles
(PMio, <10 pm (microns) in diameter) and fine or “respirable”

particles (PMzs, < 2.5 pm (microns) in diameter) [2]. PM10
and PM, s are widely monitored because their short or large
exposure time can have adverse health impacts and
environmental effects (visibility impairment, environmental
damage, and materials damage) [3].
particles can lead to reduced lung function, increased
hospitalization and emergency visits, reduced life expectancy,
and worsening of asthma and other respiratory diseases,
among others [4]. Exposure to PM: 5 is more dangerous due to
its ability to penetrate directly into the bloodstream, causing a
decrease in lung function, exacerbated asthma, intensification
of symptoms of diseases related to the circulatory,
cardiovascular, and respiratory systems, and even promotes
cancer (lung, throat and laryngeal) [5]. For instance, Vu et al.
[6] reported 103,974 cases of asthma during 2010-2016 across
39 districts in Lima associated with exposure to PM> s.

Exposure to PMjg

The World Health Organization (WHO) reported that 99%
of the world population still breathes air that exceeds air
quality limits based on particulate matter, putting its health at
risk [7]. Besides, a 2022 update of the WHO's ambient air
quality database (PMio and PM,5s) revealed that more than
6000 cities in 117 countries, all showing unhealthy levels of
fine particles [8]. WHO established air quality limits that PM5 s
should not exceed 5 pg/m? annual mean, or 15 pug/m? 24-hour
mean, while PM o should not exceed 15 pg/ms annual mean,
or 45 pg/m3 24-hour mean [9]. Likewise, the Peruvian air
quality standards (ECA), state maximum values for PM o and
PM s of 25 pug/m? and 50 pg/m? annual mean [10]. The worst
air pollution generated by PM is usually reported in big cities,
which originates mainly from anthropogenic activities related
to fossil fuel combustion that are used by the vehicular fleet
[11]. Besides, in urban areas, sources of PM are usually related
to emissions from residential biomass combustion, road
transport, vehicle traffic, industrial activities, and fossil fuel
combustion [12].

In Peru, MAL is the largest metropolitan area of this
country, the fourth largest in Latin America, and it is
positioned among the thirty largest in the world. Besides, it is
home to the largest population (around 11.3 million
inhabitants for 2024), showing an increase of 1.41% related to
2023. Besides, the MAL faces significant challenges related to
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air pollution, particularly concerning to particulate matter
(PM>s and PMo) such as traffic congestion (large number of
vehicles, many of which are older models), industrial activities
(many parts of lima are close to industrial areas such as
manufacturing, construction, and other), topography (Lima is
situated in a coastal desert region with surrounding mountains,
thus its topography can trap pollutants, preventing their
dispersion and leading to higher concentrations of PM) and
climate (the area's relatively dry climate and limited rainfall),
informal sector and dust sources (unregulated urban
development, construction dust), burning of waste, lack of
effective public policies (regulatory gaps, monitoring
challenges), and public health impacts.

Likewise, the Urban Transport Authority of Lima and
Callao (ATU) revealed that the vehicular fleet is responsible
for 58% of air pollution in the MAL [13]. The presence of PM
in the MAL may also be related to the construction of Metro
Lima, that started in 2014 and was planned to finish in 2019,
however, the slow advance and problems between the
Peruvian state and the concessionaire and the traffic chaos
originated by the enclosures of avenues are the main reason
for the delays so far [14]. These challenges are interrelated and
require a coordinated approach to effectively address the issue
of particulate matter pollution in Lima.

Several studies have reported levels of PMio and PM;s in
different cities around the world [15-17]. The metropolitan
area of Lima is not the exception [18, 19]. Likewise, exposure
to PM (PMjy and PM>s) and other toxic elements were
reported previously in the different districts of the MAL [20-
22].

Thus, this work aimed to analyze the temporal behavior of
the concentration profiles of the annual, monthly, daily, and
hourly average values of PM,s and PMjo as well as the
variabilities in the metropolitan area of Lima (MAL). This was
done by using data provided by the SENAMHI of PM:s
(period 2014-2023) and PM, (period 2010-2023) from five
monitoring stations installed around the MAL. This
information obtained will serve to make important social
decisions.

2. MATERIALS AND METHODS
2.1 Study area

The metropolitan area of Lima (AML) or Metropolitan
Lima (12°00'49" S and 76°51'18" W) is made up of a total of
50 districts belonging to the Province of Lima and the
Constitutional Province of Callao. It is the largest, most
extensive, and most populated urban area in Peru and one of
the five largest megacities in Latin America, with a territorial
extension of 2683 km? and an estimated population of 11.3
million inhabitants (population density of Lima 3620
inhabitants/km? and Callao 8050 inhabitants/km?) in 2023

[23]. According to the environmental quality bulletin of the
Urban Transport Authority (ATU), the AML owns 68.6%
(more than 2 million vehicles) of the light and heavy vehicle
fleet in Peru [24], which run mainly on petroleum, its
derivatives and natural gas liquids such as diesel (about 46%
of total liquid fuel consumption), LPG (24%) and
gasoline/diesel (20%) [25]. Fixed sources of air pollution in
AML include chemical, metallurgical, steel, textile, non-
metallic mining, and paper and printing industries. The climate
of the AML is subtropical, with an average annual temperature
of 19°C, relative humidity of 80% and with approximate
rainfall of 10 mm per year, and cloudy skies almost all year.

2.2 PMio and PM2;s air quality data

The AML has a network of real-time air quality monitoring
stations installed in 10 districts: Ate Vitarte (ATE), Huachipa
(HUA), San Juan de Lurigancho (SJL), Santa Anita (STA),
Puente Piedra (PP), San Borja (SBJ), Campo de Marte (CM),
Carabayllo (CRB), Villa Maria del Triunfo (VMT), and San
Martin de Porres (SMP) which are in charge of the National
Meteorology and Hydrology Service (SEHAMHI). These
stations are installed in urban environments and report the
concentrations of PM o, PM> 5, O3, and NO» every hour. PM> 5
data (period 2014-2023) and PM10 data (2010-2023) from
five monitoring stations (SBJ, STA, VMT, SJL, and CRB)
were provided by SENAMHI (Figure 1 and Table 1). PM o and
PM; s monitoring equipment were purchased in 2010 and
2014, respectively. Thus, PM;o monitoring began in 2010,
while PM,s monitoring began in 2014. The five stations
selected in this work were because have sufficient data
compared to the other monitoring stations that have a fairly
large number of missing data.

Figure 1. Map of localization of AML and the monitoring
stations network

Table 1. Localization of air quality monitoring station from the SENAMHI

Monitoring Station Latitude and Longitude Population _ Superficial Area (km?) Elevation (m.a.s.l.)
San Borja (SBJ) 12°6'31.1°’S, 77°0°27.9”°W 133328 11.5 128
Carabayllo (CRB) 11°54°7.9°°S, 77°2°1.1"W 426895 384.89 179
San Juan de Lurigancho (SJL)  12°1°’8.0”°S, 76°59°57.4”W 1240489 131.25 240
Santa Anita (STA) 12°2°35.9°°S, 76°58°17.0”°W 232739 10.69 253
Villa Maria del Triunfo (VMT)  12°9'59.0”’S, 77°55°12.0” 459010 70.57 292
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2.3 Statistical analysis

The PM,s and PM, data provided by SENAMHI were
sorted in MS Excel by station and year. After this, all data was
entered into the free software CRAN R version 4.2.1 [26].
Trend analyses (hourly, daily, monthly, and yearly) on PM o
(2010-2023) and PM,5 (2014-2023) concentrations of each
monitoring station and MAL were performed using the
openair [27], ggplot2 [28] packages, and TheilSen function of
the open air package. The R statistical software provides a
wide variety of statistical and graphical techniques, providing
facilities for data manipulation, calculation and graphical
display. The historical trends on the monitoring stations for
PM,o and PM, 5 were estimated through the TheilSen method
[29], which calculates slopes between all pairs of points, and
the median of the slopes is selected [30]. This method is the
most popular nonparametric technique for estimating a linear
trend, with advantages like, most notably its ability to yield
accurate confidence intervals, and its resistance to outliers.

3. RESULTS AND DISCUSSIONS

3.1 Annual variation of PMzs and PMio by monitoring
station

The annual average concentrations based on daily data of
each monitoring station for PM> s inside the metropolitan area
of Lima are shown in Figure 2. The results show that the daily
minimum and maximum values of PM; s ranged between 3.74
and 148 pg/m? at the SIL and CRB stations, respectively. The
annual averages of PM» s throughout the monitoring period
were higher in 2016 and 2022. For 2016, higher averages
values were observed in SJIL (32.6 + 11.5 pg/m®) and STA
(32.7 £ 10.8 pg/m?), and in 2022 the higher averages values
were observed in SJL (41.2 + 14.9 pg/m®) and CRB (38.2

75 ECA=25

14.6 ug/m?). The lower averages values were recorded in 2020
with minimums in SBJ (14.9 + 4.3 pg/m’) and CRB (18.8 =
6.3 pg/m®). Similar to our results, PM» s concentrations in the
city of Tabriz city (Iran) ranged from 25.7 ug/m?to 38.6 pg/m>.
This city is characterized by having commercial and trading
centers, lack of green space, and high traffic volume, which
environment is like the MAL.

Compared to the European Union (EU) quality standards
(red line) and Peru’s Environmental Quality standards (ECA)
(blue line) for PM» s (25 pg/m®), 2016 and 2022 were the years
with the highest limit value violations, with 774 and 1262
exceedances respectively. From the stations, the STA station,
SJL, and CRB were the ones that registered the highest
infractions, the lowest exceedances were recorded in SBJ, with
a total of 346 days of infraction in the entire monitoring period,
in the same way, the lowest average annular PM,s were
recorded compared to the other stations that ranged from 14 +
3.3 ug/m?3 (2019) to 26.4 £ 11 pg/m? (2021). The station with
the highest number of violations during the entire study period
was SJL with 1933 days exceeding the limit value, whose
averages ranged from 22.5 + 8.6 ug/m?® (2023) to 41.2 + 14.9
pg/m? (2022).

In the case of the average annual concentrations based on
daily data of each PM o monitoring station (Figure 3). The SBJ
station showed the lowest daily average PM o values for most
years (except 2020 to 2023), varying from 7.16 to 177 pg/m?,
while the VMT station showed the highest PM,o values
varying from 14.7 to 579 pug/m? for most years (except 2019,
2022, and 2023). The highest average annual peak of PM o was
found in 2015 (138 £ 59.0 ug/m?®) at the VMT station, while
the lowest average annual was reported in 2023 (34.3 = 10.4
pug/m?) at the STA monitoring station. In addition, it is
observed that in the years 2020 and 2021, there is a reduction
in the concentration of PM o compared to previous years. This
reduction is likely related to the COVID-19 pandemic, which
is based on several scientific articles [31-33].
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Figure 2. Annual average and distributions of PM, 5 based on daily data per monitoring station in the metropolitan area of Lima
during the period 2014-2023. Redline = EU limit value (25 pg/m?), Blue line = ECA limit (25 pg/m?)
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Figure 3. Annual average and distributions of PM o per monitoring station in the metropolitan area of Lima during the period
2010-2023. Redline = EU limit value (40 ug/m?3), blue line = ECA limit value (50 pg/m?)

The annual average of PM,¢ for each monitoring station
considering all years has the following order: VMT (106 + 28
ug/m*) > CRB (76.7 + 16.3 ug/m*) > SJL (73.1 + 15.4 pg/m>)
> STA (70.4 £ 17.0 pg/m®) > SBJ (54.5 £ 8.4 pg/m>). In this
case, VMT is home to the cement industry, which probably
influences the presence of particulate matter [34]. Likewise,
the Environmental Assessment and Control Agency (OEFA)
reported fifty critical points of accumulation of solid waste
distributed in different areas of the district. In contrast, the
lowest PM o concentrations found in SBJ may be attributed to
that the Municipality of San Borja in 2017, ratified its
participation in the Global Covenant of Mayors for Climate
and Energy, committing to implement policies and take
measures to reduce greenhouse gas emissions and particulate
matter [35]. Rainfall is an important factor for reducing air
pollution [36]. Lima is characterized by its arid and mild
conditions, which are primarily influenced by its subtropical
desert climate, geographical location, topography, and the
presence of the cold Humboldt Current (HC) off the coast. Its
subtropical desert climate results in low precipitation levels
and high levels of sunshine throughout the year. The HC
brings cold waters and cool air to the region, which contributes
to keeping mild temperatures and low moisture content in the
air, leading to arid conditions. Likewise, Lima is located in a
region situated between the Pacific Ocean and the Andes
Mountains where subtropical high-pressure systems dominate,
which leads to stable atmospheric conditions, inhibiting cloud
formation and precipitation. Thus, as rainfall is extremely rare
in Lima, the pollution of particulate matter is possibly not
reduced compared to other regions that have the presence of
precipitation.

Compared to the annual limit value of the EU (40 pg/m?),
2017 and 2022 were the years with the highest violations of
the limit value, with 1335 and 1253 exceedances respectively,
with the VMT stations (309) and CRB (304) registering the
highest violations in 2017, for 2022 they were SBJ (281) and
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SJL (281). The lowest exceedances in PM o were recorded in
SBJ, where the lowest mean annual ranged from 46.5 £+ 10.9
pg/m* (2015) to 79.8 + 33.2 ug/m? (2022). The highest
infractions were observed in STA, followed by VMT with
2624 and 2347 days exceeding the European standard during
the entire monitoring period. The year with the lowest number
of violations was 2010 when only the SBJ station was in
operation where 37 violations were registered, in 2011 PM10
monitoring began in STA, 2012 in VMT, and 2014 in SJL and
CRB.

3.2 Average annual of PM2.s and PMio for the metropolitan
area of Lima

There is a variable trend in the annual average of PM» s in
the metropolitan area of Lima and observed maximum peaks
in 2016, 2019, and 2022 and decreases in average values for
2015, 2020, and 2023. In 2022, the highest average value and
the highest number of violations of the limit values of the EU
and Peruvian ECA per year were recorded (Figure 4). The
difference between the average and the annual median of
PM; s was increased from 2014 to 2023, indicating the increase
in days with violations of the limit values, 2023 shows
decreases.

Similarly, for PM, there is a variable trend of the annual
average with peaks in 2013, 2018, and 2021 and decreases in
2014, 2019, and 2023. In 2010, there were higher average
values and violations of the limit values of the EU and the
annual Peruvian ECA (Figure 5). Solis et al. [37] reported
annual exceedances of the daily WHO guidelines for PMa s
and PMjo in 77% and 57%, respectively in Coyhaique city
(Patagonia Chile) in the period of 2014-2020. The difference
between the average and the annual median of PM, increased
from 2014 to 2023, indicating an increase in days with
violations of the limit values.
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Figure 5. Average annual variation and distribution of PM;
(2010-2023) inside the metropolitan area of Lima

Regarding the annual variation of PM»,s and PMj in the
metropolitan area of Lima, a variable trend was found in the
average values throughout the years of study. In both cases,
peaks were recorded in certain years followed by declines in
others. The year 2022 stood out for having the highest average
value and the highest number of violations of the EU limit
values for both particle sizes. In addition, a gradual increase in
the difference between the average and the annual median of
PM, s and PM,y was observed, suggesting an increase in the
number of days with violations of the limit values throughout
the period analyzed. For PM» s the SJL station stood out as the
one that registered the highest number of violations during the
entire study period, in the case of PMo it was observed that
the STA station had the highest number of violations during
the entire study period. It should be mentioned that for both
particle sizes, SBJ recorded the lowest infractions during the
entire study period.

The annual variation of PM,s and PM)y in Lima, Peru,
reflects a complex interplay between various variables,
including human activities, and meteorological and
geographic conditions. Maximum peaks in certain years
suggest the influence of temporal factors as the location of
AML such as its topography, climate, and its proximity to the
Pacific Ocean and because it is surrounded by the Peruvian
Andes, which act as barriers that protect it from humid winds
[38], e.g., the years 2016 and 2022 had the highest average
values and the highest number of violations of EU limit values
for both particle sizes. This could be related to an increase in
industrial activity, garbage, an increase in vehicular traffic
during those periods, and the last years the construction of
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Line 2 of the Lima Metro. Newer vehicles emit less air
pollution than older wvehicles [39]. Thus, higher PM
concentrations may be related a many old cars that circulate
(around 18 years) in the MAL without inspection and
informally, which are responsible for tailpipe pollution
because these produce higher amounts of lung-damaging
particulate pollution compared to modern automobiles. The
second largest source (26%) of PM emissions is related to the
cement and lime industries [40]. Another big problem that
increases pollution inside the AML is attributed to garbage,
because Lima produces around 23,000 tons per day, and
besides has 1400 garbage dumps where almost 90% of the
garbage generated daily is not recycled and processed [41].

3.3 Temporal behavior of PM:s and PMio at each
monitoring stations

Figure 6 shows the temporal variability of PM» s month and
weekday data (top), and hourly, m(bottom) by monitoring
stations within the metropolitan area of Lima.

In the case of the behavior of the daily averages within the
weekly cycle for PM; s, the amplitude of variation between the
days of the week (2 and 5 pg/m?) is not statistically significant
between the average concentrations on different days of the
week (p > 0.05). These results coincide with those recorded by
Silva et al. [42] who attribute those found results to the
permanence of PM; s for longer times due to its small size and
small mass. Hourly variations for PM» s in the stations under
study show that maximum concentrations occur at a peak
generally between 6:00 and 10:00 a.m. and a second peak
between 6:00 p.m. and 11:00 p.m. At these times, there is
usually more vehicle traffic because most of them leave for
work or school, which would explain the higher peaks of
particulate matter. Average hourly maximums are observed at
stations SJL (10:00, 44 pug/m?), STA (9:00, 43 pug/m?), CRB
(11:00, 39 pg/m®), followed by VMT (10:00, 36 pug/m?®) and
SBJ (10:00, 24 pg/m?). The records are similar to those
reported by Silva et al. [42], who give the transport of
passengers in the metropolis at peak traffic hours. Therefore,
the broadcasts occur at these times. In the case of the average
monthly variability of PM,s, the maximum concentrations
observed for PM> s per station, from highest to lowest, are SIL
(39 pg/m®), STA (36 pg/m?), CRB (32 pg/m®), VMT (32
pg/m?) and SBJ (24 pug/m?). Peak concentrations are generally
evident between May and September. Minimum PM;s
concentrations vary from season to season between 14 and 22
pg/m?, with absolute minimums generally observed between
January and March. The amplitude of variability (expressed as
the difference between the maximum and minimum monthly
concentrations) is in the range of 10 to 15 pg/m?, depending
on the season. Significant differences were observed between
the maximum and minimum values at 95% confidence (p-
value < 0.05).

The temporal variability of PM;o month and weekday data
(top) and hourly, m(bottom) by monitoring stations within the
metropolitan area of Lima are presented in Figure 7. In the case
of the behavior of the daily averages within the weekly cycle
for PM, the amplitude of variation between the days of the
week ranged between 5 and 16 pg/m?, which shows
statistically significant differences between the average
concentrations for Sundays (p < 0.05).
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Hourly variations show that peak concentrations occur at a
peak usually between 6:00 and 10:00 a.m. and a second peak
between 6:00 p.m. and 11:00 p.m. The hourly average
maximum is observed at the VMT station (10:00, 132 pg/m?)
followed by CRB (11:00, 100 pg/m?), SIL (9:00, 98 pg/m?),
STA (10:00, 88 pg/m?®) and SBJ (10:00, 66 pg/m®). The
records are similar to those reported by Silva et al. [42] who
reported also highest PM o concentrations in peak hours (peak
hours), which is characteristic when there is a heavy vehicular
traffic. Cipoli et al. [43] indicate that during nocturnal
campaign, the main contributions to the PM o concentrations
are related to biomass burning, followed by traffic, dust,
secondary inorganic aerosol and sea salt. Thus, high
concentrations of PMo found could be related to the burning
of biomass, traffic in a smaller proportion and sea salt, because
AML is bordered by the Pacific Ocean.

For weekdays it is observed that PM o concentrations have
a similar behavior from Sunday to Saturday, and a reduction
on Sunday for all monitoring stations. In urban areas, vehicular
traffic usually decreases because a large part of the population
prefers to be at home and others to travel to the interior of the
country. Therefore, this reduction observed could be attributed
to a lower number of vehicles circulating in the urban area,
specifically on Sunday days. Likewise, these results coincide
with those recorded by Silva et al. [42], who indicate that the
variability on Sundays is related to a decrease in traffic flow
and consequently the emissions of pollutants are reduced.
Likewise, Vinasco and Nastar [44] reported PM increasing
from Monday to Saturday when traffic flow in intense and
decreased on Sunday in Cali Colombia when traffic flow
decreased notably. These results are also comparable to those
previously reported in Lima [45] where PM o concentrations
decreased only on Sunday for most months.

In the case of the average monthly variability of PMo, the
maximum concentrations observed for PM g per station, from
highest to lowest, are VMT (148 pg/m?), SIL (90 ug/m?), CRB
(85 ng/m?), STA (76 pg/m®) and SBJ (62 pg/m®). Peak
concentrations are generally evident between March-May and
August-October. Minimum PMy concentrations ranged from
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46 to 70 pug/m?, with absolute minimums generally observed
between January and June. Similar trend was reported
previously by Encalada-Malca et al. [45] in the MAL for the
period 2017-2018.

The amplitude of variability (expressed as the difference
between the maximum and minimum monthly concentrations)
is in the range of 11 to 65 pg/m?, depending on the season.
Significant differences were observed between the maximum
and minimum values at 95% confidence (p-value < 0.05).

Regarding the monthly, daily, and hourly temporal
behavior, significant variability is observed in PM» s and PM o
concentrations throughout the day and year. Daily patterns
show peaks during peak human activity hours, especially
related to vehicular traffic and industrial emissions. In
addition, peak concentrations tend to occur during peak
industrial ~activity and traffic months, while peak
concentrations are recorded during off-peak months. These
results confirm that there were no effective policies and
strategies to reduce air pollution during the study period. Thus,
the importance of implementation of effective control policies
to improve ambient air quality of the metropolitan area of
Lima is vital.

Figure 8 shows the variability of mean annual PMjs
concentrations. The solid red line shows the estimate of the
trend, and the dashed red lines show the 95% confidence
intervals for the trend based on resampling methods. The
results of the analysis show non-significant trends in PMas
(p > 0.05) in all stations, which confirms a permanent potential
risk in the inhabitants almost constant in all the stations
evaluated.

In the case of PM o concentration variability (Figure 9). The
solid red line shows the estimate of the trend, and the dashed
red lines show the 95% confidence intervals. The results of the
analysis show significant negative trends of PMo (p < 0.001)
at the stations of SJIL (-5.15), VMT (-4.36), CRB (-3.15) and
STA (-2.67) places where there is a tendency to decrease. In
the case of SBJ, it did not show a significant trend, so PM
values have an almost constant behavior.
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Figure 8. Trends in annual PM, s concentrations (2014-2023) by monitoring stations in the Lima metropolitan area
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Figure 9. Trends in annual PM;o concentrations (2010-2023) by monitoring stations in the Lima metropolitan area

This suggests that pollution control actions may be having
positive effects in some areas in PMjo but it is urgent to
implement strategies and control in the case of PM» s, which
has more detrimental health effects and remains in the
atmosphere for a longer time. The limitation of the study is
that not all the stations were operating simultaneously in all
years, there are periods without data due to calibration and
maintenance of the same. Despite this limitation, the results
contribute to a better understanding of the behavior of PMa s
and PM in the city of Lima. The population hopes that when
the construction of the Lima metro is completed, it will be able
to reduce traffic congestion, decrease air pollution, and
improve the quality of life for Lima’s residents. The results
found will allow valuable information to be able to implement
policies and take measures to reduce (or limit when relevant)
the emission of particulate matter and prepare for the impacts
of climate change, seeking to increase access to sustainable
energy.

4. CONCLUSIONS

The results of this study showed that although there was no
clear and significant trend for PM, s and PM;, concentrations
between 2010 to 2023, the annual trend of PM ¢ had increased
from 2010 to 2013, and after a similar trend for the following
years (except 2020). The annual mean of the PM;;
concentrations was almost constant, except with and decrease
in 2020 and an increase in 2022. The years 2016 and 2022
stand out for having the highest annual averages of PM» s and
PM,, as well as the highest number of violations of the limits
established by EU and the Environmental Quality Standard
from Peru. Monitoring stations, especially SJL, STA, and
CRB, recorded the highest violations, while SBJ showed the
lowest annual averages and exceedances throughout the
period.

With respect to the trends with weekdays (annual, monthly,
daily and hourly) of both PM, it has been concluded that the
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problem has been compounded due to the lack of or ineffective
environmental regulations, lack of suitable public
transportation, older vehicles, increasing personal vehicles,
inadequate street spacing and insufficient parking facilities.

Therefore, the implementation of control policies and
strategies such as the development of public transportation
systems, land use integration, use of clean energy, and
dismantles of worn-out taxi and bus fleet may be useful to
prevent and reduce air pollution in the MAL.
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