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Abstract: The lockdown measures implemented due to the SARS-CoV-2 pandemic to reduce the
epidemic curve, in most cases, have had a positive impact on air quality indices. Our study describes
the changes in the concentration levels of PM2.5 and PM10 during the lockdown and post-lockdown
in Victoria, Mexico, considering the following periods: before the lockdown (BL) from 16 February
to 14 March, during the lockdown (DL) from 15 March to 2 May, and in the partial lockdown (PL)
from 3 May to 6 June. When comparing the DL period of 2019 and 2020, we document a reduction
in the average concentration of PM2.5 and PM10 of −55.56% and −55.17%, respectively. Moreover,
we note a decrease of −53.57% for PM2.5 and −51.61% for PM10 in the PL period. When contrasting
the average concentration between the DL periods of 2020 and 2021, an increase of 91.67% for PM2.5

and 100.00% for PM10 was identified. Furthermore, in the PL periods of 2020 and 2021, an increase
of 38.46% and 31.33% was observed for PM2.5 and PM10, respectively. On the other hand, when
comparing the concentrations of PM2.5 in the three periods of 2020, we found a decrease between BL
and DL of −50.00%, between BL and PL a decrease of −45.83%, and an increase of 8.33% between
DL and PL. In the case of PM10, a decrease of −48.00% between BL and DL, −40.00% between BL
and PL, and an increase of 15.38% between the DL and PL periods were observed. In addition,
we performed a non-parametric statistical analysis, where a significant statistical difference was
found between the DL-2020 and DL-2019 pairs (x2 = 1.204) and between the DL-2021 and DL-2019
pairs (x2 = 0.372), with a p < 0.000 for PM2.5, and the contrast between pairs of PM10 (DL) showed
a significant difference between all pairs with p < 0.01.

Keywords: PM2.5; PM10; air pollution; COVID-19; lockdown

1. Introduction

The World Health Organization (WHO) declared a global public health emergency
due to the identification and spread of the SARS-CoV-2 virus in January 2020, causing the
COVID-19 pandemic [1]. The WHO issued a set of recommendations on the restrictions to
be implemented, in which social distancing and lockdown policies are highlighted, in order
to avoid the massive spread of the virus [2] and with a goal of epidemiological control [3].
Social distancing restrictions varied in their implementation and duration in each country.
The restrictions can be summarized as isolation at home, schools and universities shut
down, economic and industrial activities reduced to the essentials, commercial activities
suspended except for the essential businesses required during the confinement, travel
within the country suspended, and, in some cases, international travel conditioned to
priority activities [4,5]. After the first few weeks of lockdown, various studies reported
a positive effect on air quality by reducing pollution levels due to restrictions on people,
businesses, and industry [6–9].

Most of these studies have focused on analyzing pollutants such as particulate matter,
specifically coarse and fine particles with aerodynamic diameters less than 10 µm (PM10)
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and less than 2.5 µm (PM2.5), carbon monoxide (CO), ozone (O3), black carbon (BC),
or nitrogen dioxide (NO2) between different periods considering previous values and
during the period of restrictions derived from the pandemic [10–13]. Variations in the
concentrations of pollutants have been evaluated using data at the local, city, regional, or
country level, considering each location’s characteristics, because air pollution levels can be
characterized according to the locality and its meteorological conditions [14]. Analysis of
pollution levels during the pandemic period has been estimated using the air quality index
(AQI) [15], a mass concentration [11,13,14,16,17], modeling programs [6,17–20], and data
collection through low-cost sensors [21], mapped using satellite data [22,23], and predicting
pollution levels using machine learning techniques [24].

Therefore, during the approximate 15 months of partial lockdown due to the COVID-
19 pandemic, different restriction stages influenced the pollution level in cities. In this
sense, the decrease in activities, as a consequence of the reduction in vehicular traffic,
has made it possible to identify the levels of pollution caused by domestic and industrial
sources [12,13,16]. Motor-vehicle emissions are one of the principal sources of PM2.5 [10],
and a correlation has been demonstrated between PM2.5 and sulfur dioxide (SO2), and
between PM10 and NO2, under certain conditions, which allows us to assume that the
principal source of particulate matter is vehicular traffic emissions [6,18]. In recent studies,
the effects of meteorological parameters and pollutant concentrations in the air have been
linked to the spread of COVID-19 [25–31]. In this sense, long-term exposure to particulate
matter pollution is related to respiratory, cerebrovascular, and chronic pulmonary diseases,
schematic heart disease, lung cancer, and mortality [32–35]. Particulate matter consists of
a heterogeneous mixture of organic and inorganic material, solid and liquid, suspended in
the air. The primary sources of emissions of particulate matter in Victoria City (Mexico)
are paved roads and unpaved roads for both PM2.5 and PM10 and domestic combustion
for PM2.5 [36]. The official standard of reference values in Mexico defines 30 µg/m3 for
PM2.5 and 50 µg/m3 for PM10 for a 24 h average, published by the Ministry of Health of
the Government of Mexico in the environmental health norm [37].

In Mexico, the confinement policies, in the first stage, were defined by the federal gov-
ernment for their application in each state, generating a COVID-19 traffic light monitoring
system (a color-coded mechanism) at the state level. This monitoring system determines
which activities are safe to resume and with which restrictions they can be implemented.
Following a second stage, this responsibility was transferred to the governments of the
states, which defined the confinement, mobility, and business reopening policies by the
municipality, publishing a COVID-19 traffic light monitoring system at the local level.
These policies are defined and updated considering the total number of confirmed and
suspected cases and deaths due to COVID-19 and the occupation of hospital services due
to COVID-19 (total hospitalized patients, patients in intensive care unit, patients with
artificial ventilation service), and other aspects. This pandemic management scheme has
gradually allowed the local economy to reactivate at the local level and the coexistence
between people. It is noted that the cumulative total of confirmed cases and deaths from the
COVID-19 epidemic in Mexico is very high, over 5.5 million and 319 thousand, respectively,
as of 28 February 2022.

Recent studies have been conducted to understand the effects of the pandemic and
social distancing policies on air quality. In this sense, Zareba and Danek [38] analyzed air
pollution migration during the COVID-19 lockdown in Poland. This study determines the
migration of PM10 according to the dominant wind direction, confirming the increase in
the concentration levels of PM10 at times when local vehicular traffic is very scarce. These
episodes occurred at night and with low ambient temperature, which characterizes pollu-
tion generated by solid fuel heating emitted in neighboring municipalities. Rudke et al. [39]
examine data on the concentration levels of primary and secondary pollutants and their
relationship with urban mobility during the COVID-19 lockdown in five Brazilian states
with high population levels. The concentration of air pollutants from the confinement
period of 2020 was compared with the average concentrations from 2015 to 2019. PM10
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presented a reduction of −23.0% during the first 30 days of confinement. However, from
the third month of confinement, an increase in the PM10 concentration was observed com-
pared to the levels recorded in the first few days of the pandemic. In this sense, ref. [40]
report a decrease in the AQI value. In particular, PM2.5 and PM10 during the post-COVID-
19 period decreased by −14.8% and −29.0%, respectively, compared to pollution levels
recorded in the lockdown period of 2020. The improvement in air quality is related to the
clean air policies implemented in the BTT region, China, and the favorable atmospheric
conditions for the dispersion of pollutants. Furthermore, ref. [9] studied the concentration
of PM10 in the Eastern Province, Saudi Arabia, considering the pre-lockdown, during the
lockdown, and a short post-lockdown (4 weeks between June and July 2020) periods. The
recorded data come from eight monitoring stations (three in an industrial area and one on a
high-traffic road) in six urban populations. A reduction in the concentration of PM10 stands
out only in four monitoring stations during the confinement period (−21.0% to −70.0%).
In the post-COVID-19 period, the reduction in PM10 levels was only maintained in two
monitored areas (industrial and high traffic). In [17], the authors examine the PM2.5 concen-
tration throughout 129 monitoring stations in the United Kingdom during the four weeks
of the lockdown period in 2020, when social distancing restrictions were at their highest
degree. There was a 69% reduction in general traffic and a −16.5% PM2.5 concentration
decrease compared to the same period from 2017 to 2019. Similarly, in [12], the authors
compare the concentrations of PM2.5 and PM10 recorded from March to May 2020 with the
concentrations corresponding to the same period from 2017 to 2019 in the metropolitan
area of Santiago, Chile. They report a decrease of −11.0% and −15.2% for PM2.5 and PM10,
respectively, and note that this reduction is related to changes in vehicle emission patterns
during the pandemic. These studies show that the reduction in urban pollution levels is
generally related to local activities [41]—that is, with the orientation of the business, service,
and industrial activities of the locality or region analyzed—as well as the degree of the
social distancing restrictions implemented, at different times of the pandemic.

This study aimed to investigate the changes in air pollution from particulate matter
(PM2.5 and PM10) during the period of social distancing after the COVID-19 outbreak in
Victoria City (Mexico), using air pollution data detected every hour in monitoring stations
at the neighborhood (residential) level. In particular, we focused on air pollutants PM2.5
and PM10 related to industrial activities and traffic. We evaluated the variation per the
period of these air pollutants at the local level between February 16 and June 6 of the
years 2020 and 2021, and considered the periods of total and partial lockdown of the year
2020 (social distancing due to COVID-19 began on 15 March 2020), as well as the different
periods of partial confinement of the year 2021. In addition, the difference in air pollution
per period is compared to the same period in the previous year.

2. Materials and Methods
2.1. Area of Study

This study was conducted in Victoria (23°44′0′′ N 99°08′0′′ W), a city located in
the State of Tamaulipas in Northeastern Mexico. Victoria City had a total population
of 350,000 inhabitants in 2020, within an area of 200 Km2. The population density per
Km2 in 2020 was 1845 inhabitants. The annual mean temperature (2020) was 26 °C, with
a minimum and maximum temperature of 0 °C and 42 °C, respectively. Data on ambient air
pollutants and meteorological factors were collected through the Air Quality IoT (AQ-IoT)
station project of the Autonomous University of Tamaulipas. The stations were installed
at the neighborhood level to monitor industrial, commercial, residential, downtown, and
suburban areas, considering the topographic conditions of the city, because it is located
next to a mountainous area (the Sierra Madre Oriental). The AQ-IoT-02 monitoring station
is located in the western center of the city, 6 m from a street with heavy traffic and 100 m
from a high-traffic flow boulevard that crosses the city from north to south and vice versa.
In addition, parallel to this avenue is a railway track, where freight trains circulate four
times a day. The AQ-IoT-03 station is located in the northeast of the city within a residential
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area with dense populations, 5 m from a street with medium traffic flow and 75 m from
an avenue with high traffic flow, which connects two fast-traffic boulevards. This site is close
to a new residential development where a large number of houses are under construction.
The AQ-IoT-04 station is located in the southeast of the city (close to the government district
and convention center) with dense populations, 6 m from a street with medium traffic flow,
50 m from a boulevard with high traffic flow, and 100 m from a boulevard with a high flow
and public transport. The AQ-IoT-05 station is located northwest of the city (close to the
mountainous area), 6 m from a highway with heavy traffic and 15 m from a street with
public transport traffic.

2.2. Data Collection and Statistical Analysis

The environmental pollution data used in our experiment were obtained from February
16 to June 6 of the years 2019, 2020, and 2021. The data were obtained from four stations
surrounded by residential areas and distributed in the city’s urban area, with a temporal
resolution of 24 h/7 d. Raw data were downloaded from a private cloud over the Internet, in
which values are transmitted directly from the stations in real time and stored automatically.
Each monitoring station incorporates a 9387-P low-cost sensor (LCS) for particulate matter
(Libelium Comunicaciones Distribuidas S.L., Zaragoza, Spain) marketed by Libelium
based on the Alphasense OPC-N3 sensor (Alphasense Ltd., Great Notley, UK), which
uses a laser beam to count the particles [42]. The OPC-N3 sensor measures particles from
0.35 µm to 40 µm and sorts them into 24 size bins, capable of measuring up to 2000 µg/m3

(PM2.5), with a max coincidence probability of 0.84% at 10,000,000 particles/L, and 0.24%
at 500 particles/L [42]. The OPC-N3 calculates the respective PM values according to the
method defined by European Standard EN 481. This sensor has achieved high performance
under laboratory conditions [43]; in PM2.5 and PM10 measurements, it showed a very strong
correlation with the reference instrument, with a determination coefficient of R2 > 0.99,
in a concentration range of 0–~300 µg/m3 for PM2.5 and 0–~200 µg/m3 for PM10 [44].
However, in field operation, LCS measurements can be affected by various meteorological
factors [45]. Therefore, the manufacturer recommends (if necessary) calibrating the sensors
with a reference instrument considering local meteorological factors. In our experiment,
PM sensors were calibrated locally before each study (R2 = 0.86 for PM2.5 and R2 = 0.75 for
PM10). Meteorological factors such as temperature and relative humidity can vary slightly
between monitoring station locations.

The mean and median levels of PM2.5, PM10, relative humidity, and temperature per
hour and per day were calculated from the four stations selected in Victoria City. Consider-
ing the phases published on the COVID-19 website of the Secretariat of Public Health of the
State Government of Tamaulipas for the contingency in 2020, we classified the measurement
periods as before lockdown (BL) from 16 February to 14 March, during lockdown (DL)
from 15 March to 2 May, and in the partial lockdown (PL) from 3 May to 6 June. Moreover,
the changes in pollutant concentration between periods were calculated to estimate the
relative change in air quality. A non-parametric Friedman test and Kruskal–Wallis test were
performed for the statistical verification of the concentration differences between periods of
the three years and among periods of the same year. When the differences were significant
(p-value < 0.05) in the Friedman test, a pairwise comparison between two-period data was
conducted to determine the significance values and further adjusted by the Bonferroni
correction for multiple tests. In the Kruskal–Wallis test, the mean rank was implemented
because there were differences between the distribution of the groups (periods), and the
Mann–Whitney U test was used to verify differences between periods within the same
phase. This method can test PM2.5 and PM10 concentration differences between detailed
periods. In addition, a descriptive analysis was performed by calculating the median,
interquartile range (IQR), minimum, and maximum values for the continuous variables of
concentrations of air pollutants and meteorological factors.
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2.3. COVID-19 Lockdown Phases

The Secretariat of Public Health of the State Government of Tamaulipas, Mexico,
chose to suspend all activities in schools, colleges, and universities as of 17 March 2020,
thus initiating the process of confinement derived from the health security measures
due to COVID-19. As of 23 March 2020, the temporary closure of shopping centers,
restaurants, recreational and sports centers, party rooms, mass events, and access to beaches
was to be implemented. Outdoor recreation and exercise activities in parks and squares
were suspended. Moreover, the mandatory use of face masks in outdoor activities was
applied, and family reunions were limited to a maximum of 20 people wearing face masks.
Government employees also suspended activities, and only essential tasks were performed
in a home-office scheme. In this sense, virtual classes were started through Internet services
at all levels of education. Most business enterprises and industries suspended activities or
reduced their operations to a minimum. Afterward, on 30 April 2020, the Tamaulipas State
Government updated the restrictions due to the pandemic, implementing a no driving day
program—one day per week, limiting the use of motor vehicles to six days a week, except
for essential services and emergency vehicles. Moreover, recreational activities and outdoor
exercise (in parks and squares) were authorized only on a restricted schedule, individually,
with the mandatory use of face masks and maintaining a minimum distance of two meters.
In addition, the opening of restaurants was authorized, limited to drive-through or delivery
services. Companies that provided services related to healthcare and essential services
maintained regular operation during periods of total and partial closure caused by the
COVID-19 pandemic.

3. Results

The relative changes determined by comparing the median concentration of PM2.5 per
period (BL, DL, and PL) between the years 2019, 2020, and 2021 are shown in Table 1. In the
BL period of 2020, the PM2.5 was reduced by −20.00% relative to 2019 (30 vs. 24 µg/m3). In
2020, the highest PM2.5 median value of 33.00 µg/m3 with an IQR of 3 was recorded in the
AQ-IoT-05 station. A reduction of −23.33% is observed in 2021 with respect to 2019, and
a very slight difference between 2020 and 2021 with a decline of −4.16% (24 vs. 23 µg/m3).
It is important to emphasize that in the 2021 period, there were active social distancing
measures. The coldest climate of the winter season was recorded in this period: the mean
temperature was 21 °C, with a minimum and maximum temperature of 0 °C and 29 °C,
respectively, and a mean relative humidity of 69%.

The median PM2.5 concentration during the lockdown period in 2020 (see Table 1) was
12(6) µg/m3, median (IQR), showing a significant drop compared with the same period
of the previous year. A decrease in the PM2.5 concentration of −55.56% was observed,
an average of the four monitoring stations. In stations AQ-IoT-02 and AQ-IoT-04, the
most significant reductions of −60.00% and −65.38%, respectively, were identified. The
AQ-IoT-05 station shows the lowest relative change in PM2.5 concentration of −32.14%.
A decrease of −14.81% in the levels of PM2.5 is observed when comparing the closure
period of 2019 and 2021. In station AQ-IoT-02, the most significant reduction of −24.00% is
presented, and in station AQ-IoT-05, a minimum relative change of −14.29%. Based on the
above, it can be concluded that the air quality improved considerably during the lockdown
period of 2020. However, in the same period of 2021 (see Table 1), there was a considerable
increase in PM2.5, but without reaching the measurements of 2019. This increase may have
been caused by the decrease in the social distancing restrictions in force in 2021.

In the period of partial lockdown of 2020, the average concentrations of PM2.5 of the
urban stations were −53.57% lower than the historical average of 2019. However, during
2021, there was a reduction of −35.71% in PM2.5, with absolute reductions of 10 µg/m3.
The PM2.5 decreases were statistically significant in all monitoring stations with p < 0.05.
At the AQ-IoT-02 station, a decrease of −46.43% or 13 µg/m3 was observed. Likewise, in
stations AQ-IoT-03 and AQ-IoT-05, there was a significant reduction in pollution levels,
with decreases of −39.29% and −35.48%, respectively. On the contrary, when comparing
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PM2.5 average levels between 2020 and 2021, in the period of partial lockdown, it showed
a significant increase in 2021 (38.46%). This increase is lower than that presented during the
lockdown period. Coincidentally, the monitoring area of the AQ-IoT-04 station shows the
most significant increase in PM2.5 levels in the two periods. The partial closure of 2021 was
characterized by several days of heavy rain, which was atypical for these months, helping
to mitigate the increase in PM2.5 in the city. The reference value defined in the standard for
PM2.5 [37] was exceeded in the AQ-IoT-04 (BL period of 2019) and AQ-IoT-05 (BL and PL
periods of 2019 and BL period of 2020) stations.

Table 1. Descriptive analysis and relative change in PM2.5 (µg/m3) between 16 February and 14 March
(BL), 15 March and 2 May (DL), and 3 May and 6 June (PL) in Victoria City, Mexico.

Before Lockdown (BL)

STATION 2019 2020 2021 Relative Change (%)

Median Min Max Median Min Max Median Min Max 2019–2020 2019–2021 2020–2021
(IQR) 1 (IQR) (IQR)

Total 30 (7) 5 42 24 (13) 17 38 23 (15) 3 49 −20.00 −23.33 −4.16
AQIoT02 26 (2) 8 31 19 (2) 17 22 22 (16) 3 45 −26.92 −15.38 15.79
AQIoT03 29 (5) 16 36 29 (5) 24 33 22 (15) 3 49 0.00 −24.14 −24.14
AQIoT04 32 (3) 26 38 19 (2) 17 23 23 (14) 6 48 −40.63 −28.13 21.05
AQIoT05 36 (12) 5 42 33 (3) 29 38 24 (15) 4 48 −8.33 −33.33 −27.27

During Lockdown (DL)

STATION 2019 2020 2021 Relative Change (%)

Median Min Max Median Min Max Median Min Max 2019–2020 2019–2021 2020–2021
(IQR) (IQR) (IQR)

Total 27 (7) 5 41 12 (6) 6 27 23 (23) 5 52 −55.56 −14.81 91.67
AQIoT02 25 (6) 5 32 10 (2) 7 14 19 (24) 5 47 −60.00 −24.00 90.00
AQIoT03 30 (8) 14 40 15 (2) 10 19 23 (25) 6 51 −50.00 −23.33 53.33
AQIoT04 26 (7) 19 41 9 (2) 6 13 22 (22) 7 52 −65.38 −15.38 144.44
AQIoT05 28 (9) 9 40 19 (6) 14 27 24 (24) 6 52 −32.14 −14.29 26.32

Partial Lockdown (PL)

STATION 2019 2020 2021 Relative Change (%)

Median Min Max Median Min Max Median Min Max 2019–2020 2019–2021 2020–2021
(IQR) (IQR) (IQR)

Total 28 (8) 7 40 13 (6) 7 21 18 (13) 3 50 −53.57 −35.71 38.46
AQIoT02 28 (8) 7 35 12 (2) 9 14 15 (11) 3 40 −57.14 −46.43 25.00
AQIoT03 28 (11) 8 37 17 (2) 13 20 17 (14) 4 46 −39.29 −39.29 0.00
AQIoT04 26 (4) 17 31 11 (2) 7 13 19 (15) 6 50 −57.69 −26.92 72.73
AQIoT05 31 (7) 20 40 17 (5) 12 21 20 (11) 3 46 −45.16 −35.48 17.65

1 interquartile range.

Figure 1 shows the behavior of the PM2.5 pollutant during the year 2020 in the three pe-
riods considered in the study for each air quality monitoring station. This figure clearly
shows the decrease in the contaminant concentration at the beginning of the confinement
period. In comparing the BL and DL periods, a total decrease of −50.00% was found, and
the total decrease between the BL and PL periods was −45.83%. However, between the DL
and PL periods, an increase of 7.69% in the concentration of PM2.5 was identified. When the
average PM2.5 concentration per monitoring station was analyzed between the BL and DL
periods, the highest decrease of −52.63% was observed in the AQ-IoT-04 station and the
smallest decrease of −42.42% in the AQ-IoT-05 station (see Figure 1). In the comparison be-
tween the BL and PL periods, the most significant decrease was −48.48% in the AQ-IoT-05
station, and the smallest decrease was −36.84% in the AQ-IoT-02 station, and in the other
two stations, the decrease was approximate −42%. In comparing the DL and PL periods,
an increase of 13.33% to 22.22% is observed in three monitoring stations. However, the
AQ-IoT-05 station presented a decrease of −10.53% in the concentration of PM2.5 pollutants.
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Figure 1. Daily (24 h) average concentrations of PM2.5 between February 16 and June 5 in Victoria,
Mexico (in highlighted sections, the different periods are indicated).

Although the median PM10 concentration before the lockdown of 2021 (26 µg/m3) was
21.21% lower than in 2019 (33 µg/m3), it was higher than 2020 by 3.85% (25 µg/m3); see
Table 2. In particular, during lockdown 2020, the median (IQR) of PM10 was 13(8) µg/m3,
which was significantly lower than the means of the previous year (2019): 29(6) µg/m3.
Compared to 2019, i.e., one year before, the total lockdown 2020 mean concentration
decreased by −55.17% for PM10. During the lockdown in 2021, the mean of PM10 was
26 µg/m3, which was significantly higher than all previous year. In the partial lockdown,
the concentration of PM10 decreased by −51.61% concerning the values of the same period
in 2019 (see Table 2). Similarly, there was a decrease of −35.48% in 2021 versus 2019. When
we compare the median concentration of PM10 between 2020 and 2021, an increase of 33.33%
can be observed. In the AQ-IoT-04 monitoring station, a substantial increase of 61.54% in
the recorded levels of PM10 was observed, with 13(2) µg/m3 versus 21(18) µg/m3, from
2020 to 2021.

Figure 2 shows the behavior of the daily average concentration of PM10 in the three
periods of 2020 per monitoring station. In the DL period, a decrease of −48.00% was
registered with respect to the BL period, and a reduction of −40.00% in the period PL
corresponding to the BL period of the same year. However, there is an increase in the
concentration of PM10 of 15.38% in the PL period to the DL period. The lowest concentration
levels were recorded at the AQ-IoT-04 station at the monitoring station level in the DL and
PL periods, as shown in Figure 2. The AQ-IoT-04 station registered a decrease of −54.54%
in the DL period, and the AQ-IoT-05 station had a decrease of −48.57% in the PL period,
both decreases corresponding to the level registered in the BL period. When comparing
the concentration between the DL and PL periods, increases of 27.27%, 11.76%, and 30.00%
were recorded at the AQ-IoT-02, AQ-IoT-03, and AQ-IoT-04 stations, respectively. However,
at the AQ-IoT-05 station, a decrease of −10.00% was recorded in the concentration of PM10.

The statistical analysis applying the Friedman test displayed a significant difference
between the BL periods when contrasting the three years for the concentration of PM2.5
in the couples 2020–2019 and 2021–2019 with a significance level of 0.000. In contrast to
the BL period of the 2020–2021 pair, there is no significant difference with x2 = −0.097
(p = 0.475). Similarly, the BL period of the PM10 concentration showed significant differ-
ences in the same pairs (p < 0.05), and the pair 2020–2021 was not significantly different
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with x2 = −0.139 and a significance level of 0.307. On the other hand, we noted a significant
difference in the comparisons of the 2020–2021, 2020–2019, and 2021–2019 pairs for the
DL period and the PL period with a significance level of 0.000, both for PM2.5 and PM10
concentration. Moreover, when the BL, DL, and PL periods of 2019 were compared with
PM2.5 concentration values, no significant difference was identified between the DL–PL
pairs (x2 = −0.065, p = 0.634). When contrasting the DL–BL and PL–BL pairs, there is a sig-
nificant difference at a significance level of 0.000. In the case of PM10 concentration, it does
not show a significant difference in the DL–PL pair (x2 = −0.181, p = 0.185). Furthermore,
there is a significant difference between the DL–BL and PL–BL pairs with p = 0.001. When
contrasting the three periods of 2020, PM2.5 and PM10 concentrations showed significant
differences among periods (DL–PL, DL–BL, and PL–BL) at a level of significance of p < 0.05
according to the Friedman hypothesis test. The previous behavior of PM2.5 concentration
changes when contrasted among the periods of 2021. No significant differences were identi-
fied in the DL–BL and PL–DL pairs, with an x2 = 0.148 (p = 0.276) and x2 = 0.287 (p = 0.105),
respectively. In contrast, the PL–BL pair shows a significant difference with a significance
level of less than 0.05. Similarly, in the PM10 concentration, the PL–DL and DL–BL pairs
do not show a significant difference (x2 = 0.324 and x2 = 0.074, p = 0.052 and p = 1.000,
respectively). The PL–BL pair displayed a significant difference in the concentration levels
of PM10, with a significance level of 0.010.

Table 2. Median, IQR, minimum and maximum concentration, and variation of PM10 (µg/m3) in the
BL, DL, and PL periods of 2019, 2020, and 2021.

Before Lockdown (BL)

STATION 2019 2020 2021 Relative Change (%)

Median Min Max Median Min Max Median Min Max 2019–2020 2019–2021 2020–2021
(IQR) 1 (IQR) (IQR)

Total 33 (9) 8 44 25 (12) 18 40 26 (20) 3 61 −24.24 −21.21 4.00
AQIoT02 29 (3) 11 34 21 (3) 18 24 24 (19) 4 56 −27.59 −17.24 14.29
AQIoT03 32 (6) 18 39 33 (5) 25 36 25 (21) 3 61 3.13 −21.88 −24.24
AQIoT04 37 (3) 33 42 22 (2) 20 25 26 (18) 7 60 −40.54 −29.73 18.18
AQIoT05 38 (12) 8 44 35 (2) 32 40 26 (21) 5 60 −7.89 −31.58 −25.71

During Lockdown (DL)

STATION 2019 2020 2021 Relative Change (%)

Median Min Max Median Min Max Median Min Max 2019–2020 2019–2021 2020–2021
(IQR) (IQR) (IQR)

Total 29 (6) 9 43 13 (8) 7 28 26 (29) 5 65 −55.17 −10.34 100.00
AQIoT02 28 (6) 9 35 11 (2) 8 15 23 (29) 5 59 −60.71 −17.86 109.09
AQIoT03 32 (7) 16 41 17 (2) 11 21 29 (32) 6 63 −46.88 −9.38 70.59
AQIoT04 30 (5) 22 43 10 (2) 7 14 27 (28) 9 65 −66.67 −10.00 170.00
AQIoT05 31 (9) 11 42 20 (6) 15 28 26 (30) 7 63 −35.48 −16.13 30.00

Partial Lockdown (PL)

STATION 2019 2020 2021 Relative Change (%)

Median Min Max Median Min Max Median Min Max 2019–2020 2019–2021 2020–2021
(IQR) (IQR) (IQR)

Total 31 (7) 9 42 15 (6) 9 23 20 (14) 3 60 −51.61 −35.48 33.33
AQIoT02 31 (9) 9 38 14 (2) 11 16 16 (12) 3 48 −54.84 −48.39 14.29
AQIoT03 30 (10) 11 40 19 (2) 17 22 18 (17) 5 57 −36.67 −40.00 −5.26
AQIoT04 31 (5) 21 36 13 (2) 9 15 21 (18) 7 60 −58.06 −32.26 61.54
AQIoT05 33 (7) 22 42 18 (5) 14 23 22 (13) 4 56 −45.45 −33.33 22.22

1 interquartile range.

Next, the statistical analysis results of the Kruskal–Wallis H test are displayed, which
presents the statistically significant differences between the periods. In the contrast be-
tween the concentrations of PM2.5 (2019) for DL–BL and PL–BL pairs, there are significant
differences with a significance value lower in all cases than 0.05, except for the DL–PL pair,
for which no significant differences were found, with an x2 =−17.003 and significance level
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of 0.691, as shown in Figure 3. Similarly, for the PM2.5 concentration in 2020, there is no
significant difference between DL and PL, with an x2 = −23.159 and a significance level of
0.316. In the other comparisons (DL–BL and PL–BL), there are significant differences less
than 0.05, favorable to the concentration in the BL period, because the median of PM2.5 has
a higher value (see Figure 3). In the concentration of PM2.5 for the periods in 2021, there
are statistically significant differences between the two pairs, with a significance level of
less than 0.05, as shown in Figure 3. On the other hand, there is no difference between
the medians of the PM2.5 concentration of the DL and BL periods, with x2 = 6.515 and
a significance level of 1.000 (see Figure 3).

Figure 2. Daily (24 h) average concentrations of PM10 between February 16 and June 05 in Victoria,
Mexico (in highlighted sections, the different periods are indicated).

Figure 3. Comparison of PM2.5 concentration by period (BL, DL, and PL) and year, using the
Wilcox test.
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In all periods of 2019, outliers are observed in the 25th percentile (see Figure 3), which
corresponds to cases with values more than 1.5 lengths away from the 25th percentile box.
Similarly, extreme cases are identified in the same percentile in the BL period. These values
are more than three lengths away from the 25th percentile box. It is essential to mention
that these values should be considered favorable for air quality from the point of view of
environmental pollution because they display low values in the presence of fine particulate
matter (2.5 µg/m3) on several days of the monitored months. The north wind with a value
close to between 1° and 360°, characteristic in the periods of BL and DL in the study area
(in the winter and first weeks of the spring seasons), helped to present this condition of
atypical values in the 25th percentile. The minimum average daily wind speeds recorded
in the BL, DL, and PL periods are 8.8 km/h, 7.9 km/h, and 7 km/h, respectively. The
maximum gust wind recorded in each period was 59.3 km/h, 55.6 km/h, and 51.9 km/h,
respectively. On the other hand, in the PL period of 2021 (see Figure 3), some outliers are
observed in the 75th percentile, corresponding to the daily average of instances far from
the rest of the values. These outliers are within the limits of the 75th percentile of the two
previous periods of the same year.

The results obtained in the Kruskal–Wallis test applied on the PM10 concentration
dataset in 2019 showed that a non-significant contrast was identified in the DL–PL pair,
with a statistical x2 value of −26.542 and a significance value of 0.183, as shown in Figure 4.
Furthermore, the data analysis of 2020 showed statistically significant differences between
the medians in the PM10 concentration contrast of all pairs, with a significance level < 0.05
(see Figure 4). Finally, in the DL–BL comparisons, the boxplot graph of the PM10 concen-
tration in 2021 shows no significant differences between this pair, with an x2 = 3.385 and
significance values of 1.000 (see Figure 4); in the rest of the pairs, there are significant
differences of less than 0.05.

Figure 4. Contrast of PM10 concentration by period (BL, DL, and PL) and year, using the Wilcox test.

Similarly, in the non-parametric statistical analysis of the concentration of the PM10
pollutant in 2019 (see Figure 4), several outliers are presented in the BL and PL periods
and to a greater extent in the DL period (these cases are observed in the 25th percentile
limits). The atypical cases in the 25th percentile (PM10 concentration) in the three periods
of 2019 are related to the constant winds that occurred on several days of these periods. In
the PL of 2021, behavior contrary to that identified in 2019 is observed—that is, atypical
values in the 75th percentile (see Figure 4). These values are within the levels registered in
the previous periods of 2021, within the limit of percentile 75. The four observed outliers
farthest from the 75th percentile correspond to the daily average of each monitoring station
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collected on 10 May 2021. On this date, Mother’s Day is celebrated in Mexico, a holiday
characterized by the great movement of people and vehicles, with celebrations in all parts of
the country. In 2020, this celebration was not allowed due to the limitations implemented by
the contingency of the COVID-19. The four outliers close to the limit of the 75th percentile
corresponded to 15 May 2021. On this date, Teacher’s Day is celebrated throughout the
country. The festivities that were held possibly caused an increase in PM2.5 particles
and PM10 in all monitored areas of the city due to the large flow of people and vehicles
that characterizes this day, coupled with the recorded meteorological conditions on these
two days.

4. Discussion

A decrease in pollutant environment levels during the years 2020 and 2021 has been
observed in many cities on all continents due to the reduction in industrial, economic,
and tourism activities, driven by the confinement caused by the pandemic of COVID-
19 [13,30,46]. The authors of [47] conclude that air quality improved during the confinement
periods implemented due to the different waves of COVID-19, reporting a reduction of
−28% and −26% for PM2.5 and PM10, in the city of Madrid, Spain, during the period
from 15 February to 15 June, 2020, concerning the values recorded in the pre-confinement
period studied, which comprises 1 January to 15 February, 2020. Similarly, in [48], the
authors analyze the impact of contingency measures during the pandemic on air quality in
a medium-sized city in Thailand, reporting a decrease of −21.8% in PM2.5 and −22.9% in
PM10. This decrease was identified during the total closure period from March 25 to April
14, 2020, compared to the levels registered three weeks prior to the closure declaration. In
addition, an increase in particulate matter measurements (PM2.5 and PM10) was observed
in May and June 2020. Lange et al. [49] identified a significant reduction in PM2.5 and
PM10 (−22.13% and −28.74%, respectively) in an industrial city (Pittsburgh, PA, USA)
when comparing the values recorded in April 2020 with the values in April from four
previous years. In the analysis of particulate material, data from different monitoring
stations distributed in the city were used. The most significant decrease in PM2.5 occurred
in the industrial zone (−29.24%), which suggests that industrial sources contribute to
a greater extent to the generation of particulate matter than vehicular transportation.
Likewise, in [50], the authors report a reduction in the concentration of PM2.5, throughout
the year 2020, in the city of Sao Paulo, Brazil; firstly, on the main highways that connect
the city, a decrease in the average concentration of PM2.5 was observed from −15.88% and
−15.2% in the first and second quarter of the year compared to the same periods in 2019.
Furthermore, in the five urban air quality monitoring stations, there was a decrease in the
concentration of the same pollutant of −3.4% to −26.5%, and from −8.4% to −20.8%, in
January to March from April to June 2020, concerning the concentrations of the previous
year. Similarly, in [11], the authors report a decrease in the concentration of PM2.5 and
PM10 of −45% and −35% during the total lockdown period in Korea. On the other hand,
Al-Hemoud et al. [51] noticed a reduction in the concentration of PM2.5 of −21% during
the period from March 22 to May 10, 2020, compared to the same period in 2019. In
Barcelona, ref. [52] document a decrease of −28% and −31% in the registered levels of
PM10 in traffic and urban background stations, respectively, during the first two weeks of
the lockdown. Similarly, in [53], the authors report a reduction of −21.0% and −21.5% in
the average concentration of PM2.5 and PM10, respectively, registered on Sundays during
the confinement in the city of Arequipa, Peru.
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The results discussed in the previous paragraphs confirm the effects on air pollution
due to the COVID-19 lockdown in various cities around the world, where the improvement
in air quality induced by control measures during confinement varies in time. These
positive changes in the concentration of particulate matter are associated with industrial
activities, the local economy, and social activities. In most cases, returning to normal life or
with fewer restrictions on activities increased the concentrations of PM2.5 and PM10. The
analysis of restrictions and their relationship with the decrease in pollution levels can help
to define public policies to mitigate the emission of pollutants into the air.

In our study, we note that the primary source of PM2.5 and PM10 is vehicular traffic
and, to a lesser degree, fugitive dust, given the characteristics of the city, which has
a limited presence of industrial activity. Economic activities focus on trade and government
management. The decrease in the concentrations of PM2.5 and PM10 in the total confinement
stage allows a strengthening of the hypothesis of vehicular traffic as the first source of
pollution, confirmed by the mobility restrictions applied in this period. Consequently,
during the partial closure stage, the concentration levels of PM2.5 and PM10 increased
considerably, which is related to the enabling of commercial and entertainment activities
(restaurants, pubs) with limited hours and capacity, increasing vehicular traffic on all
city streets.

5. Conclusions

This paper presents a study of the effects caused by the COVID-19 confinement on the
concentrations of PM2.5 and PM10 pollutants in Ciudad Victoria, Mexico. The comparisons
between periods (BL, DL, PL) made it possible to identify the benefit of the social distancing
policies implemented and their effect on air quality, and their relation to the policies applied.
On the one hand, the average concentration of PM2.5 and PM10 for the same period but
different years (2019, 2020, and 2021) was compared, considering pre-lockdown, lockdown,
and post-lockdown. On the other hand, the average concentrations of PM2.5 and PM10
were contrasted between the three periods (BL, DL, and PL) of 2020.

The aforementioned allowed us to determine the percentage decrease in the PM2.5
and PM10 concentration between periods and years. We observed an increase in the daily
average concentration when social distancing policies decreased or relaxed; for example,
in the comparison of the DL and PL periods of 2020, there was an increase of 4.07% and
10.58% in the PM2.5 and PM10 concentration, respectively. Furthermore, an analysis of
the daily average concentration of PM2.5 and PM10 at the monitoring station level was
presented, enabling us to locate the areas of the city that present the highest concentration
levels of particles. Moreover, the increase in the concentration of pollutant levels identified
during the holidays of May 2021 allows us to assume that the primary source of particulate
matter is vehicular traffic in the city.
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Abbreviations

The following abbreviations are used in this manuscript:

WHO World Health Organization
PM10 Particulate matter 10 micrometers or less in diameter
PM2.5 Particulate matter 2.5 micrometers or less in diameter
CO Carbon Monoxide
O3 Ozone
BC Black Carbon
NO2 Nitrogen Dioxide
AQI Air Quality Index
SO2 Sulfur Dioxide
BL Before Lockdown
DL During Lockdown
PL Partial Lockdown
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