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Abstract: The COVID-19 pandemic has caused several millions of deaths and forced the world
population to a new normality. This study aims to analyze the air quality variation of several gaseous
pollutants (CO, NO2, SO2, O3, PM10, and PM2.5) during the pre-lockdown, lockdown, and unlock
period in the city of Monterrey using ground-based measurements. In this research, we proposed
to use a control period of previous years to identify parameter variation due to local climate. The
results showed a drastic decrease in measured contaminants during the lockdown period as follows:
SO2 (−41.9%) > PM10 (−30.5%) > PM2.5 (−25.6%) > NO2 (−14.9%) > CO (−9.8%) compared to
the control period (2017–2019). The O3 was the only air pollutant that showed an opposite trend,
increasing during lockdown (+15%) and unlock (+2.2%), whereas CO (−16.6%) and NO2 (−30.6%)
were further decreased. Moreover, using OMI/AURA satellite data, we detected a NO2 tropospheric
column reduction by −1.9% during lockdown concerning the same period in the control interval.
Moreover, we found a significant improvement in the Air Quality Index (AQI) due to the lockdown.
Our findings indicate an association between air pollutants and economic activity and can be used in
future strategies to improve urban air quality.

Keywords: SARS-CoV-2; air quality; environmental pollution; lockdown; nitrogen dioxide; particu-
late matter; monterrey

1. Introduction

Air pollution has become a global concern, mainly in developing countries (e.g., Mex-
ico) and industrialized areas. According to the World Health Organization (WHO) [1],
every year, millions of people suffer premature death caused by air pollution [2,3]. At-
mospheric particulate matter (PM) is one of the most harmful pollutants deteriorating
urban air quality and public health [4]. Airborne PM is characterized by different sizes
and chemical compositions, as well as a mixture of a solid and liquid phase in suspended
particles [5]. Several acute and chronic problems are related to PM exposure, including
allergic symptoms [6] and lung disease [7]. In Mexico, due to its rapid expansion, industri-
alization, and economic growth, air pollution is one of the most relevant environmental and
social concerns [8]. Romero-Lankao et al. [9] studied different megacities and found similar
pollution conditions and associated health risks regardless of the area and socioeconomic
status. Specific actions focused on improving air quality have been implemented over
the years [10,11], such as vehicle emissions and maintenance controls, the use of catalytic

Sustainability 2023, 15, 642. https://doi.org/10.3390/su15010642 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su15010642
https://doi.org/10.3390/su15010642
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-0882-0404
https://orcid.org/0000-0002-8934-0321
https://orcid.org/0000-0003-1388-0660
https://doi.org/10.3390/su15010642
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su15010642?type=check_update&version=1


Sustainability 2023, 15, 642 2 of 21

converters, the substitution of fuel oil in industry and power plants with natural gas, and a
“no driving day” program. Despite implementing the environmental policy plans in Mexico
City, Morton-Bermea et al. [12] reported a rising trend of PM10 (i.e., particulate matter
with aerodynamic particles less than 10 µm) from 2004 to 2014; therefore, more effective
actions need to be taken into consideration [13,14]. While the COVID-19 pandemic caused
a reduction in mobility, it represents a unique opportunity to understand the effectiveness
of these environmental policies.

The novel coronavirus COVID-19 disease caused by SARS-CoV-2 was reported for
the first time in Wuhan, Hubei province of China, at the end of December 2019 [15]. Its
rapid expansion around the world forced the WHO to declare the outbreak of a global
pandemic on 11 March 2020 [16]. Many governments of different countries, following
the WHO statement about COVID-19 global health concern, started with the coronavirus
containment strategy by declaring significant shutdown/lockdown periods. The restriction
included reducing non-essential services and industrial activities, tourism, mass congrega-
tion, working travel, and mobility flow to mitigate the COVID-19 infection rate. Lockdown
periods have globally affected the production sectors causing severe socioeconomic com-
plications [17,18]. On 13 July 2022, the global number of confirmed coronavirus number
cases was 568,045,618, including 539,261,494 recovered and 6,388,488 deaths reported from
250 countries worldwide [19]. The development of the pandemic in Mexico is described as
follows: at the end of January 2020, the Mexican government proposed a national Prepara-
tion and Response plan intending to prepare for the imminent arrival of the pandemic [20].
In Mexico, the first confirmed COVID-19 cases were reported in Mexico City and in the
northern state of Sinaloa on 28 February. A few days later, many more cases were confirmed
in various states of Mexico [21]. The first death of a patient diagnosed with COVID-19 was
acknowledged on 18 March 2020. By 30 March 2020, a total of 1094 cases and 28 deaths
were registered in the country. Due to COVID-19 disease, the General Health Council de-
clared a sanitary emergency with the suspension of all non-essential activities starting from
1 April 2020. Furthermore, the Mexican Secretary of Health launches the social distance
healthy program to prevent coronavirus infections. The government announced a “new
normality time” by mid-May 2020 and a reopening of all activities by 1 June 2020 [22].

While the COVID-19 pandemic forced the entire world to change their everyday
lifestyle, a drastic decrease in pollution levels has been observed due to coronavirus control
actions and a mobility reduction [23]. In addition, the different confinement policies
implemented in countries around the world allow the understanding of the effect of human
activities on air quality. In Mexico, such policies are restricted to megacities such as Mexico
City. Despite the unique opportunity that the lockdown provided to understand the effects
of mobility reduction, limited studies have been conducted in Mexico for air quality during
the lockdown period [24]. Kutralam-Muniasamy et al. [25] described the air quality of
Mexico City with a focus on PM2.5, PM10, nitrogen dioxide (NO2), sulfur dioxide (SO2),
carbon monoxide (CO), and ozone (O3). Compared to the control period (2015–2019),
Mexico City reported an estimated reduction between 16–36% of PM2.5, PM10, NO2, SO2,
and CO). On the contrary, O3 concentration registered an increase in 14%.

It is relevant to assess to what extent these variations are unique to a megacity. To
answer this, we chose the city of Monterrey, which has particular climatic characteristics
since it is located in a semi-desert area. In this paper, we analyzed the variations in air
quality using ground-based data and satellite measurements in the Monterrey Metropolitan
Area (MMA), the second-largest urban center and the economic engine of Mexico. The
pollutant variation during the lockdown period in metropolises located in the desert area
is relatively few studied. MMA is a megacity located in a desert area where the variety of
contaminants can have a component that depends on anthropogenic and natural emissions
(desert contribution). Furthermore, MMA is affected by the Mexican monsoon, which brings
intense winds and heavy rains, which can locally alter the concentration of contaminants in
the atmosphere. The main objective of this study is to investigate the impact of imposed
lockdown on MMA air quality using criteria pollutants including CO, NO2, SO2, O3,
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PM2.5, and PM10, retrieved from 10 air quality monitoring stations situated around the
city. We seek to identify the pollution sources and help municipal governments implement
environmental policy programs to minimize human health risks. Furthermore, data were
compared to the same period in the previous 3 years (control period) to understand the
potential effects and relative emissions change during the lockdown in 2020. Finally, the
obtained results are compared to those found in Mexico City.

2. Methodology
2.1. Site Overview

The city of Monterrey is located in Nuevo Leon state (25◦40′17′′ N 100◦18′31′′ W), in
the northeast of Mexico, with an average altitude of 550 m.a.s.l. (Figure 1). Due to the
orographic formations, the city is surrounded by mountains, the Sierra Madre Oriental
at the south (2400 m.a.s.l. of altitude) and the Sierra de la Silla at the west (between
1200 and 1800 m.a.s.l.). According to the 2020 statistical census [26], the population was
approximately 1,142,953.
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Figure 1. Location map of the Monterrey Metropolitan Area (MMA), Mexico. Green circles indicate
the site of the air quality monitoring stations.

On the other hand, 5,341,174 inhabitants were registered in the MMA, converting it to
the second most populated city in Mexico. The study area is characterized by urbanization,
high traffic density, and an important industrial district. The industrial activities are situated
in specific areas of the city, principally in the east and south. Instead, the residential and
commercial areas are condensed close to the city center with a high traffic index. In
Monterrey, following the Köppen climate classification [27], the climate is semiarid (warm
and dry), classified as BSh. The seasons are well-defined, primarily during summer, which
features a meteorological phenomenon called “Canicula,” characterized by no rainfall,
heavy drought, and elevated temperature. The average annual temperature ranges between
16 and 28 ◦C with an average daily temperature of ~22 ◦C. The warmest months are July
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and August, with average and absolute recorded temperatures of about 29 and 35 ◦C,
respectively. The average annual precipitation is approximate 600 mm, mainly in late
summer and fall. The rainiest month is September, with an average precipitation of 150 mm
and a relative humidity of 70%.

2.2. Air Quality Data Collection

The integrated environmental monitoring system (SIMA, Sistema Integral de Moni-
toreo Ambiental) has been operating since 1992, determining the levels of environmental
contamination and air quality in the MMA. Currently, the network has 14 fixed monitoring
stations for gas pollutants and selected meteorological parameters. Raw data provided
by SIMA stations are automatically transferred to a central database, stored for quality
control (i.e., statistical treatment, control, and validation), presented through monthly re-
ports, and available upon explicit request. The location of the network monitoring stations
(Figure 1) and the air quality status is available on the SIMA website (http://aire.nl.gob.mx/
(accessed on 10 October 2022)).

In this study, the hourly average concentrations of six air pollutants criteria (CO, NO2,
SO2, O3, PM10, and PM2.5) at ten monitoring stations (Table 1) in the city of Monterrey
were obtained from SIMA. The concentrations of PM10, PM2.5, and CO were measured at
all stations. Instead, O3 and NO2 were measured at seven stations, and SO2 was measured
at eight stations. Data reported by SIMA monitoring stations were not continuous, and in
some cases, no records were registered in a certain period for a given gas pollutant. For
this reason, during the whole study period, not all stations were considered. In the case
of CO and O3, the daily maximum 8-h moving average has been considered, following
the Mexican legislation [28,29] and WHO guideline value [30]. The Federal Government
of Mexico establishes permissible air concentration limits for each criterion pollutant to
protect public health [31–35]. Mexican Official Regulations (NOM) publish the standard
air quality applicable at a national scale. Specific reference values of air quality standard
limits are described in Table 2. Furthermore, the days exceeding the WHO limits for each
pollutant are also calculated [36]. According to WHO guideline limits of CO, NO2, SO2, O3,
PM10, and PM2.5 for 24-h (8-h for O3) are 3.5 ppm, 13 ppb, 15 ppb, 50 ppb (daily maximum),
45 µg m−3, and 15 µg m−3, respectively. Instead, the annual limits for NO2, PM10, and
PM2.5 are 5 ppb, 15 µg m−3, and 5 µg m−3, respectively [37].

Table 1. Summary of selected air quality stations situated in the Monterrey Metropolitan Area (MMA),
used in the present study.

Stations Code Latitude Longitude Air Pollutants Site Description

Escobedo N 25.745 100.255 PM10–PM2.5–CO Urban area with a low impact of
industrial activities.

San Bernabé NW 25.757 100.366 PM10–PM2.5–O3–CO–SO2

Urban area with medium flow of
vehicular traffic and low impact of
industrial activities.

Obispado CE 25.670 100.338 PM10–PM2.5–NO2–O3–CO–SO2

Urban area with vehicular traffic in the
neighborhood and without
industrial impact.

Universidad N2 25.729 100.309 PM10–PM2.5–NO2–O3–CO–SO2

High impact of vehicular and industrial
traffic, urban density north of
the station.

La Pastora SE 25.668 100.249 PM10–PM2.5–O3–CO–SO2
Commercial activities and vehicular
flow, urban density west of the station.

http://aire.nl.gob.mx/


Sustainability 2023, 15, 642 5 of 21

Table 1. Cont.

Stations Code Latitude Longitude Air Pollutants Site Description

San Nicolás NE 25.769 100.379 PM10–PM2.5–NO2–O3–CO–SO2

Urban area, with low vehicular activity,
industrial activity to the north and east
of the station.

Apodaca NE2 25.777 100.188 PM10–PM2.5–NO2–CO
Commercial and industrial activities,
with a high impact of vehicular traffic
and neighborhood areas.

Pueblo Serena S 25.574 100.248 PM10–PM2.5–O3–CO–SO2

Urban area with high vehicular traffic
in the neighborhood and without
industrial impact.

Juárez SE2 25.646 100.096 PM10–PM2.5–NO2–CO–SO2

Commercial activities and vehicular
flow, urban density in the around, to
east is ubicated a refinery oil.

Santa Catarina SW 25.676 100.464 PM10–PM2.5–NO2–O3–CO–SO2

Industrial activities to west and north,
urban areas and commercial activities
in the around, vehicular traffic in the
neighborhood.

Table 2. Mexican air quality norm, standard limits, and instrumental techniques for each
pollutant criterion.

Pollutant Mexican Norm Limit Description Instrumental Technique

CO NOM-021-SSA1-2021 Hourly mean: 26 ppm
8-h moving average: 9 ppm

Infrared photometry, Model 48C
Operational range: 1–1000 ppm

Detection limit: <0.5 ppm
Flow rate: 0.5 L min−1

NO2 NOM-023-SSA1-2021 Hourly mean: 106 ppb
Annual mean: 21 ppb

Gas phase chemiluminescence, Model 42C
Operational range: 0.05–20 ppm

Detection limit: <0.40 ppb
Flow rate: 0.6 L min−1

SO2 NOM-022-SSA1-2019 24 h mean: 40 ppb
Annual mean: 75 ppb

Ultraviolet fluorescence, Model 43C
Operational range: 0.05–100 ppm

Detection limit: <1.0 ppb
Flow rate: 0.5 L min−1

O3 NOM-020-SSA1-2021 Hourly mean: 90 ppb
8-h moving average: 65 ppb

Ultraviolet spectrophotometry, Model 49C
Operational range: 0.05–200 ppm

Detection limit: <1 ppb
Flow rate: 1 to 3 L min−1

PM10 NOM-025-SSA1-2014 24 h mean: 50 µg m−3

Annual mean: 35 µg m−3

β-radiation attenuation, Model BEM 1020
Operational range: 0–1000 µg m−3

Detection limit: <1.0 µg m−3

Flow rate: 16.70 L min−1

PM2.5 NOM-025-SSA1-2014 24 h mean: 30 µg m−3

Annual mean: 10 µg m−3

β-radiation attenuation, Model BEM 1020
Operational range: 0–1000 µg m−3

Detection limit: <1.0 µg m−3

Flow rate: 16.70 L min−1

In addition, we determined the Air Quality Index (AQI) to evaluate the health benefit
related to the lockdown period. The AQI is a helpful tool that allows accessible communi-
cation with the population, warning about the quality of the air and the potential health
effects in a specific urban area. The AQI of the air pollutants was classified into six different
levels and calculated as the following equation [38]:

I =
Ihigh − Ilow

Chigh − Clow
× (C− Clow) + Ilow (1)
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where I is the AQI for a specific air pollutant, C is the concentration of the air pollutant,
Chigh and Clow are the breakpoint (BP) of upper (≥C) and lower ((≤C) concentrations, and
Ihigh and Ilow are the BP index corresponding to Chigh and Clow. AQI values range from 0
to 500: 0–50 indicating good air quality, 51–100 indicating that air quality is moderate, and
101–150 indicating unhealthy for sensitive groups (i.e., children, older adults, and people with
co-morbidity). Moreover, values in the range of 151–200, 201–300, and 301–500 indicate
unhealthy, very unhealthy, and hazardous air quality conditions, respectively [39,40].

2.3. Instrumentations

Table 2 shows the details about detection limits, operational range, and other technical
specifications of the instruments. The measurement instruments used in the SIMA air
quality monitoring stations follow standard methods and principles by The United States–
Environmental Protection Agency (U.S. EPA). The primary devices used in this work are
the Infrared photometry for CO, gas phase chemiluminescence for NO2, ultraviolet fluores-
cence, and spectrophotometry for SO2 and O3, respectively, and β-radiation attenuation for
PM10 and PM2.5.

The analyzer model 48C measures CO concentrations using infrared light in a wave-
length of 4.6 microns. The sample enters the instrument and passes through an optical
setting until it reaches a gaseous filter composed of CO and nitrogen (N). The artificial in-
frared radiation passes through the filter and makes contact with the sample. The radiation
is absorbed by the CO at a specific wavelength and then is identified by infrared detectors,
which convert it into concentration value. Calibration of the 48C model requires a CO
standard reference material (SRM) by the National Institute of Standards and Technology
(NIST) and a zero-air generator with a CO concentration of less than 0.01 ppm.

The gas phase chemiluminescence model 42C is based on the chemical principle by
which the nitric oxide (NO) and the O3 react, as expressed with the following formula:

NO + O3 → NO2 + O2 + hν (2)

Once the reaction is complete, a characteristic luminescence is produced whose in-
tensity is linearly proportional to the NO concentration. The sample flows through a
particulate filter and a solenoid valve. The solenoid valve directs the sample to the reaction
chamber with a mode to measure NO and NOx. The difference between the concentrations
is used to calculate the NO2 concentration. Furthermore, with the possibility of injecting
dry air into the device, the ozonator generates the necessary concentration for the chemi-
luminescence reaction. Ozone reacts with NO from the ambient air sample to produce
electronically excited NO2 molecules. A photomultiplier tube placed in a thermoelectric
cooler detects the luminescence of NO2 and converts the signal to concentration. The
analyzer requires a zero-air source and no contamination by NO, NO2, and O3 for the
calibration and dilution procedure. The molecules of SO2 absorb fluorescence ultraviolet
(UV) light, get excited at a specific wavelength in a range of 190–230 nm, and after passing
to a lower state of energy, emit UV light in a different wavelength, as described by the
following formula:

SO2 + hν1 → SO2
* → SO2 + hν2 (3)

The sample enters the analyzer model 43C by flowing through a kicker that blocks hy-
drocarbons. Afterward, the sample enters the fluorescence chamber, where SO2 molecules
are excited by pulses of UV light. Finally, excited SO2 molecules are passed by the band
filter and return to their normal state emitting UV light proportional to the SO2 concentra-
tion. An initial calibration by model 43C is needed to obtain the quality assurance required
for the measuring network. A zero-air source with a concentration of SO2 < 0.0005 ppm is
required to achieve an adequate calibration.
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The spectrophotometry analyzer model 49C used UV light at a defined wavelength of
254 nm, which is absorbed by O3 molecules. The level of UV absorption is related to O3
concentration as described by the Beer-Lambert law [41]:

I
I0

= e−KLC (4)

where I is the intensity of UV light in the sample, I0 is the intensity of UV light in the
reference material, K is the absorption coefficient (308 cm−1), L is the length of the cell
(38 cm), and C is the O3 concentration (ppm). Once the sample is obtained, it separates
into two streams inside the analyzer. One flow passes through an O3 scrubber and is
used as a reference, and the other is directed toward the solenoid valve. Both gases are
analyzed by detectors A and B, which measure the light’s intensity and convert it into the
O3 concentration. No contaminated zero-air generator is necessary for device calibration.

The concentrations of PM10 and PM2.5 were measured using an automatic analyzer
BAM-1020 based on the physical principle of beta ray attenuation. The beta rays are
generated by a 14C (carbon-14) source, which emits a constant flux of high-energy electrons.
During an hour, the vacuum pump collects a controlled amount of ambient dust. The
dust, once placed between the beta rays’ source and the detector, causes the attenuation of
the beta ray’s signal. The attenuation is used to determine the PM mass and estimate the
volumetric PM concentration in the air. The calibration of BAM-1020 consists of an accurate
flow rate control with a traceable flow audit standard.

The analyzed gas pollutants follow rigorous quality assurance and control (QA/QC),
and calibration protocols established by USEPA. The instruments used in the monitoring
network are synchronized and have a temporal resolution of 1-h. The anomalous values
were filtered based on lognormal distribution. The measurement accuracy of all instruments
was approximately 95%.

2.4. Study Period

Although Mexico detected its first coronavirus case in late February, the restricted
lockdown period (characterized by the shutdown of non-essential activities) was imple-
mented on 1 April 2020. Furthermore, to compare pollutant concentrations during the
lockdown to historical data, the same period of data from 2017 to 2019 was considered to
compare pollutant concentrations during the lockdown to historical data. Therefore, the
study period before lockdown, lockdown, and unlock phases during 2020 is described as
follows:

1. Pre-Lockdown (PL): from 1 January to 31 March 2020 (normal economic and business
activities, continuous monitoring of the coronavirus infection, and occasional reports
on the local and global spread of COVID-19).

2. Lockdown (L): from 1 April to 30 May 2020, significant public policy changes were
implemented (substantial restrictions were imposed, such as stopping non-essential
activities (mobility, industry, and school, among others).

3. Unlock (UL): from 1 June to 31 July 2020 (restart normal economic activities with some
restrictions: people with co-morbidities continue with remote working, and schools
have a hybrid condition, presential and online classes. Therefore, social distancing
and using a face mask are strongly recommended).

The relative change (RC) between years and lockdown phases of air pollutants was
calculated using the following equations:

Di f f erence between years (%) =
GC (2020)− AGC (2017− 2019)

AGC (2017− 2019)
× 100 (5)

Di f f erence between lockdown phases (%) =
GC (L)− GC (BL)

GC (BL)
× 100 (6)
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where GC (2020) is the gas concentration of pollutants during 2020, AGC (2017–2019) is the
average gas concentration during 2017–2019, GC (L) is the gas concentration during the
lockdown period in 2020, and GC (BL) is the gas concentration before lockdown period in
2020. This study calculates percentage (%) change for L concerning the PL phase. Spatial
and temporal variations were considered in the estimation of the RC.

2.5. Mobility Data

For this work, mobility data were downloaded and processed to evaluate Monterrey´s
mobility trends within the studied periods. Daily mobility data were collected from
“COVID-19 Mobility Reports” prepared by Google in February 2020 [42] for public health
and used to analyze changes in mobility and how they affected the air quality in urban areas.
Google reports mobility data (availability on https://www.google.com/covid19/mobility/
(accessed on 15 October 2022)) of the lockdown, before and after the lockdown period, from
different countries worldwide, including Mexico. Google mobility data are divided into
six different categories [42]: (i) retail and recreation, (ii) park, (iii) pharmacy, (iv) transit
station, (v) workplace, and (vi) residential. The mobility percent changes in each category
are estimated considering a baseline, the median value from the five weeks from 3 January
to 6 February 2020. The mobility data were retrieved using the geolocation present in the
most common mobile device.

2.6. Satellite Data Collection

Satellite-based remote sensing is widely exploited to simultaneously monitor different
trace gas in the atmosphere simultaneously on a global scale [43]. Recently, during the
COVID-19 pandemic, the retrieval of contaminated gases from satellite data has been
widely used for creating concentration maps, comparison with control periods, and vali-
dation with ground-based measurement [44,45]. Since October 2004, Ozone Monitoring
Instrument (OMI) has been located onboard the NASA AURA satellite. In the normal oper-
ation mode, the OMI ground pixel size varies from 13 km × 24 km with a sun-synchronous
polar orbit. AURA/OMI monitoring satellite data (https://daac.gsfc.nasa.gov/ (accessed
on 15 November 2022)) has been used to assess air quality changes of tropospheric con-
taminating gases during studied periods over Monterrey city. In order to retrieve the NO2
(molecules/cm2) concentrations, satellite data with the following characteristics were used:
level 3 (global OMNO2 v003) tropospheric column, 30% cloud screened, with a resolution
of 0.25 × 0.25 degree.

2.7. Statistical Analysis

Basic statistics calculation was used to describe daily average concentrations, variation,
and relative changes (%) during, before, and after each studied pollutant´s lockdown phase
in 2020. Additionally, a statistical comparison with the control period (2017–2019) was
reported for the same study period and stations. The time series plot of air contaminants and
people mobility was performed using Python programming language, version 3.7.10 [46]. A
Pearson correlation (r) was conducted between variables in the study period. Furthermore,
a statistically significant difference was tested using a t-test (two-tailed) at a 95% confidence
level (ρ < 0.05). Pollutants that reported r values lower than 0.5 are considered weakly
correlated.

3. Results and Discussion
3.1. Mobility and Transport Variation during the Study Period

Mobility is a fundamental part of life and allows social interaction and human cogni-
tive development [47]. Globally, the recent pandemic caused a considerable reduction in
population mobility, as reported by several of the published literature [48–50]. A drastic
reduction in mobility trends and social gatherings was registered in the MMA during the
outbreak of COVID-19 (Figure 2). The mobility restriction intends to reduce the transmis-
sion rate of acute respiratory syndrome due to coronavirus diffusion. Nouvellet et al. [51]

https://www.google.com/covid19/mobility/
https://daac.gsfc.nasa.gov/
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reported a correlation between mobility reduction and decreasing COVID-19 cases. The
analyzed categories, described in Section 2.5, show a similar variation during L, except
residential, which increased by about 20.2%. The same trends are reported in different parts
of the world [50,52]. This difference can be explained by considering a more significant
amount of time spent in own residence. The restrictions strongly impacted the transit sta-
tions, followed by recreation, parks, and workplaces, with an average decrease compared
to baseline of −59.5%, −54.1%, −49.4%, and −42%, respectively. Due to the need to find
necessities and medicines, the mobility trends to groceries and pharmacies were higher
than other categories, with a decrease in −16.7%. The workplace mobility, even recording
a sharp decrease, shows a substantial variability during the study period, mainly due to
the continuity of some essential activities during L, such as public health (e.g., hospital),
emergency services (e.g., police and fireman), food and agriculture, energy production, and
government operations. Excluding residential, mobility decreased by about −44.3%.
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According to Google Mobility, once the substantial restrictions were over on 1 June,
mobility slowly returned to growth but did not reach the levels before the pandemic. Com-
pared to the baseline, the percentage of mobility during the UL phase was −51.6%, −41.5%,
−37.8%, −30.7%, and −9.4% considering public transport, recreation, parks, workplaces,
and grocery and pharmacy, respectively. As reported during L, UL has registered an oppo-
site trend in residential mobility, with an increase in 14.8%. Concerning the L phase, the
difference between residential mobility shows a decrease in 5.4% due to the resumption
of activities. During the UL phase and considering all categories, excluding residential,
the mobility decreased by about −34.2%. Moreover, the mobility in UL compared to the L
phase increased by 10.1%.

3.2. Air Pollutant Variation during COVID-19 Pandemic

Table 3 shows the descriptive statistics of the average air pollutant concentrations
at all monitoring stations for the long-term (control interval, 2017–2019) and short-term
(pandemic year, 2020) period. Temporal variation of all studied contaminants was observed
in air quality data collected daily for seven months from January to July (Figure 3). During
the entire study period in 2020, the range concentration of CO, NO2, SO2, O3, PM10, and
PM2.5 were 0.2 to 1.3 ppm (mean of 0.47), 0.6 to 22.6 ppb (mean of 7.05), 3.3 to 14.5 ppb
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(mean of 5.77), 6.5 to 66.7 ppb (mean of 31.93), 16.6 to 125.4 µg m−3 (mean of 46.96), and 4.5
to 51.7 µg m−3 (mean of 19.72), respectively. The average concentration of CO, NO2, SO2,
O3, PM10, and PM2.5 during the L phase from 1 April to 30 May 2020, was 0.42 ppm, 5.1,
4.9, 40.1 ppb, 39.6, and 18.7 µg m−3, respectively. On the other hand, during the PL phase
from 1 January to 31 March 2020, the average concentration of 0.58 ppm, 13.1, 7.1, 26.9 ppb,
56.5, and 22.7 µg m−3 were respectively recorded. Lastly, the average concentrations of
CO, NO2, SO2, O3, PM10, and PM2.5 during the UL phase from 1 June to 30 July 2020 were
0.36 ppm, 4.6, 4.6, 31.1 ppb, 40.2, and 16.4 µg m−3, respectively.

Table 3. Average concentration of air pollutants during Pre-Lockdown (1 January to 31 March), Lock-
down (1 April to 31 May), and Unlock (1 June to 31 July) phases in 2020 and 2017–2019 control period.

2020 Pre-Lockdown Lockdown Unlock a Diff (%) b Diff (%)

CO (ppm) 0.58 0.42 0.36 −27.6 −14.1

NO2 (ppb) 13.1 5.1 4.6 −61.1 −9.4

SO2 (ppb) 7.1 4.9 4.6 −31.1 −6.2

O3 (ppb) 26.9 40.1 31.1 49.2 −22.5

PM10 (µg m−3) 56.5 39.6 40.2 −30.1 1.5

PM2.5 (µg m−3) 22.7 18.7 16.4 −17.5 −12.6

2017–2019

CO (ppm) 0.62 0.46 0.43 −24.8 −7.0

NO2 (ppb) 13.3 6.0 6.7 −54.8 11.1

SO2 (ppb) 9.5 8.5 6.9 −11.1 −17.9

O3 (ppb) 25.0 34.9 30.4 39.4 −12.8

PM10 (µg m−3) 67.6 56.9 53.1 −15.8 −6.7

PM2.5 (µg m−3) 25.6 25.2 17.3 −1.7 −31.3
a Percent of the difference between the Pre-Lockdown and Lockdown periods. b Percent of the difference between
the Lockdown and Unlock period.
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Comparing the difference between PL and L phases in the 2020 period, a significant
decrease in the concentrations of contaminants is evident, except for O3. NO2 had the most
significant decrease among the pollutants monitored at about −61%. An expected relative
change is due to the reduction in vehicle circulation, the primary source of NO2 emissions
in urban areas [53]. NO2 in MMA is also emitted to generate electricity, commercial activity,
industry (manufacturing and mining activity), combustion of gas and oil, and aviation.
CO is another contaminant gas emitted by anthropogenic sources such as incomplete
combustion of motor vehicles and plant waste burning [54], which registered a reduction
by −27.6%. SO2 and PM10 show a decrease in −31.1% and −30.1%, respectively, mainly
due to the deceleration of industrial processes and petroleum combustion [55,56]. SO2, in
addition to being emitted by oil refinery and vehicular traffic, is released by an industrial
process, which had a ~30% decrease locally (−33% construction and −31% manufacturing).
The restrictions affected economic activities and industrial processes and led to a decrease
in PM2.5 of −17.5%. Besides, possible local source appointment of PM2.5 could be domestic
and biomass burning emissions. However, diesel gasoline combustion from vehicles and
energy production are the dominant sources of PM2.5.

The PM10 variations in the atmosphere can also be affected by long-range transport
from remote areas, principally in cities situated in arid and semiarid environments [57],
instead, PM2.5 is more likely to come from a local source [58]. O3, a secondary pollutant,
exhibits a completely different behavior than the other gases, increasing by 49.2%. The
pollutant, such as NO2 and NOx compounds, joined with the presence of volatile organic
carbon (VOC), emitted from chemical and power plants, industrial refineries, and traffic,
react with sunlight to form tropospheric O3 [59]. The isolation period and high temperature
might have intensified the O3 atmospheric concentration. Although O3 increase has been
reported in various parts of the world [60,61], its chemical complexity and formation pro-
cess in the atmosphere under different conditions need to be investigated more in-depth.
Moreover, comparing L with UL phases in 2020, a further decrease in gas concentration
was recorded, except for PM10. The reduction in CO, NO2, SO2, and PM2.5 were −14.1%,
−9.4%, −6.2%, and −12.6%, respectively. Although the strongest restrictions were over, the
resumption of activities took a long time. In the UL phase, remote working was strongly
recommended for businesses and public administration. Moreover, the schools and univer-
sities continued to carry out regular teaching activities through online connections. The
concentration of O3 shows a decrease compared to the L phase, expressed by a difference
of −22.5% between phases. In this case, several factors can affect the variation of O3 in
the urban environment, such as the presence of a high concentration of nitric oxide (NO)
and NOx compounds that favor its partial depletion [62]. In this phase, PM10 was the
only pollutant that recorded a slight increase in 1.5%, probably due to partially restarting
some activities such as industrial, agricultural, and construction sites, a typical source in
urban environments.

Pearson’s correlation coefficient (r) was calculated to emphasize the relationships
between the studied pollutant [63]. The results of the correlation matrix are shown in
Figure 4 through an annotated heatmap. A significant positive correlation at p < 0.05 was
found between several atmospheric gases. In the study period, from January to July 2020,
analyzed gases significantly correlate with each other, indicating similar pollution sources
and interactions. CO positively correlated with NO2, SO2, PM10, and PM2.5 (0.79, 0.53, 0.67,
and 0.67, respectively). Besides, NO2 was strongly correlated with SO2, PM10, and PM2.5
(0.72, 0.73, and 0.61, respectively). SO2 was strongly correlated with PM10 (0.62) and weakly
correlated with PM2.5 (0.43). A significative correlation (0.82) between PM10 and PM2.5 are
also observed. On the other hand, as seen in Figure 4, O3 shows a negative significative
correlation with CO, NO2, SO2, PM10, and PM2.5 (−0.33, −0.28, −0.26, −0.25, and −0.25,
respectively). The negative correlation of O3 may be due to the opposite concentration
trend concerning other contaminants recorded during the various periods considered in
this work.
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3.3. Comparison with the Control Period

The control period, which starts in January 2017 and finishes in July 2019, was used
as a background level to distinguish the anthropogenic signal in the urban environment
during COVID-19 restrictions. Therefore, the difference between the measured period and
background for a given time interval is considered as the changes in the anthropogenic
contribution of the observed gas concentrations.

During the entire control period (Table 3), the range concentration of CO, NO2, SO2,
O3, PM10, and PM2.5 were 0.3 to 1 ppm (mean of 0.52), 2 to 21 ppb (mean of 9.27), 5.6
to 13.7 ppb (mean of 8.47), 11.6 to 46.1 ppb (mean of 29.4), 30 to 116.4 µg m−3 (mean of
60.3), and 8.6 to 63.2 µg m−3 (mean of 23.1), respectively. The average concentration of CO,
NO2, SO2, O3, PM10, and PM2.5 during the L phase from 1 April to 30 May 2017–2019 was
0.46 ppm, 6, 8.5, 34.9 ppb, 56.9, and 25.2 µg m−3, respectively. On the other hand, during
the PL phase from 1 January to 31 March 2017–2019, an average concentration of 0.62 ppm,
13.3, 9.5, 25 ppb, 67.6, and 25.6 µg m−3 were recorded, respectively. Lastly, the average
concentrations of CO, NO2, SO2, O3, PM10, and PM2.5 during the UL phase from 1 June to
30 July 2017–2019 were 0.43 ppm, 6.7, 6.9, 30.4 ppb, 53.1, and 17.3 µg m−3, respectively. The
comparison between the L phase in 2020 and the same period in 2017–2019 (Table 4) also
shows a strong decrease for SO2, followed by PM10, PM2.5, NO2, and CO. Instead, O3 is
the only contaminant that registers an increase. Reductions are significant for PM10, PM2.5,
and SO2 with an average depletion of −30.5%, −25.6%, and −41.9%, respectively. Instead,
a slight reduction was reported for CO and NO2, with an average depletion of −9.8% and
−14.9%, respectively. On the contrary, O3 shows an increase in 15.0% compared to the
same interval in the control period. In general, the recorded reductions are mainly due
to the shut-off of industrial activities, sources of SO2, NO2, and PMx emissions, and road
traffic sources of NO2, CO, and PM2.5. Therefore, considering the air pollutants studied,
excluding O3, the total contamination reduction was 24.5%. The PL phase shows a reduction
in atmospheric contaminant compared to the control period, especially evident for SO2
(−25%) and followed by PM10 (−16.3%), PM2.5 (−11.4%), CO (−6.2%), and NO2 (−1.2%).
The slight reduction in NO2 may be due to the partial decrease in non-essential activities in
March 2020, before L restrictions. Considering only the months of January and February
2020, the variations of concentrations are very similar, and no reduction has been recorded.
Again, the O3 shows an opposite trend compared to the other compounds, growing by
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7.4%. The contaminants, excluding O3, decreased by about 12% when comparing the PL
phase between 2020 and the control period. Finally, the comparison between the 2020
and 2017–2019 background period during the UL phase shows an interesting trend of
air pollutants. The increase in O3 is due to the fact that its production depends on the
concentration of its precursors, such as CO, NO2, and VOCs. Observing that CO and NO2
decreased their concentrations, VOCs had to be the main ozone precursor gases. In the
absence of emissions, NO2 is rapidly depleted, and the OH radical preferentially react
with VOCs to form O3. Sanitation measures during the pandemic period may have led to
increased use of cleaning products, which contain reactive VOCs, alcohol, and chloride. In
addition, VOC emissions by evaporation must be taken into account since March and April
have been warmer in recent years. The same can be said of biogenic VOCs [60].

Table 4. Comparison of relative change (%) during 2020 Pre-Lockdown, Lockdown, and Unlock
phases and the same time interval in the control period of 2017–2019.

CO NO2 SO2 O3 PM10 PM2.5

Pre-Lockdown
(1 January to 31 March) −6.2 −1.2 −25.0 7.4 −16.3 −11.4

Lockdown
(1 April to 31 May) −9.8 −14.9 −41.9 15.0 −30.5 −25.6

Unlock
(1 June to 31 July) −16.6 −30.6 −33.6 2.2 −24.4 −5.4

As reported by PL and L phases, SO2 presents the most significant reduction, followed
by NO2, PM10, CO, and PM2.5. The SO2, PM10, and PM2.5 decrease by−30.6%,−24.4%, and
−5.4%, respectively, even in smaller quantities than the restriction period, a sign of a slight
recovery of activity (e.g., coal combustion, natural gas processing, and commercial activity,
among others) which produce these types of emissions. On the other hand, the CO and NO2
variation indicate a further reduction compared to the L phase, about −16.6% and −30.6%,
respectively. The O3 shows an increase in 2.2%, lower than the percentage registered in
prior phases. Hence, considering total pollutants, except O3, contamination decreased by
about 22.1% compared to the same period of 2020 and the control interval period.

3.4. Comparison with Literature

The results observed in MMA are in line with the recently published literature. Re-
ducing human and industrial activities during 2020 has improved air quality worldwide
due to decreased pollution emissions [38,64–67]. In Tehran City, the most reduction was
registered for NO2 (1–33%) and CO (5–41%), followed by PM10 (1.4–30%) and SO2 (5–28%).
The most important result concerns the O3, which had an increase in up to 103% [64].
In London, Vega et al. [24] describe various pollutants, such as NO2 and PM2.5, which
achieve a decrease by 45%. Kurami and Toshniwal [68] described a significant decrease
in concentration, between 19% and 60%, of PMx, NO2, and SO2 in Delhi, India. In five
highly polluting regions of India, significant decreases have been reported, especially
for PM10 and PM2.5, 31 and 43%, respectively [65]. Meanwhile, in the megacity of Sao
Paulo, Brazil, the concentration of PMx and NO2 also decreased by approximately 45% and
58%, respectively [69]. Among the world capitals, Bogotá registered a significant PM2.5
reduction in approximately 50% [70]. In some cases, O3 has shown an opposite trend
compared to other contaminated gases [48,71–73], increasing between 20 and 30%. This
result shows the complexity of O3 related to its formation, dispersion, and reaction with
another air pollutant. Rodríguez-Urrego and Rodríguez-Urrego [70] reported an average
reduction by 12% in contamination emissions by analyzing several cities (~50) around the
world. Results from satellite [74] and ground-based data show an air quality improvement
of 20–40% by selected pollutant (PM2.5, PM10, and NO2) in European cities during the
lockdown period [75,76].
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A different evaluation is related to air quality studies in Mexico during the 2020
pandemic. Important gaps of data are present in the existing literature regarding the
variations of air contaminants in Mexican megacities during the lockdown. To date, Mexico
City was the only megacity covered by air quality studies in the period of several restrictions
(i.e., lockdown due to the COVID-19 outbreak). Vega et al. [24] reported a significant
decrease in several air pollutants during the lockdown period. CO registered the most
significant decrease, of about −44.8% in both lockdown periods take into consideration,
followed by NO2 (−36.8%), PM2.5 (−17.1%), and PM10 (−16.3%). As reported in our
work, O3 in Mexico City was the only contaminant that recorded an increase during the
confinement period of about +6.5%. Compared to Mexico City, in MMA, the variation of
pollutants registered a relatively minor decrease. On the contrary, O3 had a larger increase
in MMA than Mexico City, which may be due to various factors, especially local differences
such as climate and source of pollutants.

3.5. Evaluation of Air Quality

As shown in the previous sections, air quality in the Monterrey area has improved
considerably during the lockdown. Considering the normativity established by the Mexican
government, reported in Table 2, the CO and SO2 show relatively low concentrations and do
not exceed the limits of the Mexican norm during 2020. Furthermore, the concentrations are
lower than the WHO recommendations on an average value of 24 h. Especially for SO2, this
result is due to energy policies agreement by governments worldwide, reducing the content
in fuels and consequently its emissions into the atmosphere [77]. NO2 concentrations do
not exceed the Mexican norm’s limits but show values higher than the recommendations
released by WHO. On the 24 h average, NO2 exceeds the limits of 10 days only during
the PL phase. In addition, the annual mean of NO2 is 1.4 times higher than the limit
value suggested by WHO. Following the norm provided by the Mexican government,
O3 exceeds the average hourly limit 46 times. On the other hand, considering the 8 h
average, O3 surpassed the limit 9 and 58 times in the entire period, according to the
Mexican norms and WHO recommendations, respectively. The PM10 concentrations exceed
the 24 h limit of the Mexican norms and WHO on several occasions, about 86 and 102,
respectively. Moreover, the annual limit was 1.3 times higher according to the Mexican
norm and 3.1 times higher than WHO recommendations. The variations of PM2.5 follow
the same trend as PM10, exceeding the limit of 24 h in 26 days, according to the Mexican
norm, and 136 days, conforming to WHO suggestion. Compared with the annual limit
established by the Mexican norm and WHO, the concentration of PM2.5 was 1.9 and
3.9 times higher, respectively.

The average AQI based on the concentrations of CO, NO2, SO2, O3, PM10, and PM2.5
in MMA is shown in Table 5. Considering the average AQI values reported for the entire
period (1 January to 31 July 2020), all pollutants, except PM2.5, are in the range of 0–50,
which returns a good air quality. Instead, PM2.5 obtained an average value of 67, which
means moderate air quality. The AQI results of CO, NO2, SO2, and O3 in different pandemic
phases (i.e., PL, L, and UL) showed good air quality with values less than 50. The PM10 also
exhibits a moderate AQI with a value of 51 in the PL phase. On the other hand, good air
quality was determined during L and UL phases. The evaluation of PM2.5 concentrations
returns a moderate AQI during all studied periods with values in the range of 51 and
100. The AQI analysis showed a significant improvement in the air quality of studied
contaminants in the L and UL phases compared to PL. During the control period, the values
of AQI were similar in the PL, whereas, in L, a drastic decrease was observed. Comparing
the AQI average value between the 2020 and 2017–2019 periods during the L phase, the
improvement was around 16.6%, 45.4%, 29.4%, and 17.7% for NO2, SO2, PM10, and PM2.5,
respectively. CO did not show a difference between 2020 and the control period. Instead,
the AQI values for O3 record an increase in 19.3%. In previous studies, as reported in this
work, a significant decrease in the AQI during restriction periods implemented to prevent
the spread of COVID-19 was observed [38,69,78].
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Table 5. Comparison of average AQI values distribution of several pollutants during Pre-Lockdown,
Lockdown, and Unlock.

CO NO2 SO2 O3 PM10 PM2.5

2020

Pre-Lockdown 6 12 10 24 51 73

Lockdown 5 5 6 37 36 65

Unlock 3 4 6 29 37 60

2017–2019

Pre-Lockdown 7 12 13 23 57 79

Lockdown 5 6 11 31 51 79

Unlock 5 6 9 28 49 62
AQI = Good: 0–50; Moderate: 51–100; Unhealthy for a sensitive group: 101–150.

3.6. Satellite Measurements

The satellite product of NO2 tropospheric column density was considered to com-
pare and validate ground-based monitoring stations in the MMA. The column density of
NO2 in the entire period (Figure 5), from January to July 2020, shows an average value of
1.43 × 1015 molecules cm−2 and ranges between 4.30× 1014 and 3.49 × 1015 molecules cm−2.
Before the restrictive measures were implemented in the first analyzed period (from
1 January to 31 March), the average highest tropospheric column was obtained with the
value of 2.02 × 1015 molecules cm−2. The most important difference was found in the
intermediate period (from 1 April to 31 May), in which severe cautionary measures were
activated, estimating an average tropospheric column of 1.53 × 1015 molecules cm−2. After
the end of preventive measures, the last period (from 1 June to 31 July) presented a lower
average column density of 1.43 × 1015 molecules cm−2. A remarkable decrease in NO2
tropospheric column density during the L and UL phases was found, probably due to traffic
and industrial activity reduction. A reduction by around −24.2% was observed in the L
compared to the PL phase, while a relatively low decrease in −6.5% was detected between
L and UL phases. Comparing the satellite and ground-based measurements during L, the
NO2 level was estimated to be 2.5 times lower than the data reported by fixed stations;
instead, it was 1.4 times lower than the value in the UL phase. Represa et al. [79] and
Rendana [45] also reported a decrease in levels of NO2 total column by remote sensing
analysis in areas where quarantine for coronavirus was applied. Furthermore, the analyzed
data revealed that: (i) comparing the value of NO2 in the 2017–2019 period during the
PL phase (1.98 × 1015 molecules cm−2) and 2020, an increase in 2% was recorded; (ii) the
average NO2 tropospheric level in the control period during L phase (1.56× 1015 molecules
cm−2) show a decrease in −1.9% compared to the same period in 2020; and (iii) a further
decrease in−4.6% was recorded between the average NO2 column density in control period
(1.50 × 1015 molecules cm−2) and 2020 during UL phase.

Satellite data retrievals of NO2 showed substantial reduction mainly from the first days
of L and the UL phase, evidencing the effects of the limitation in mobility (i.e., vehicular
traffic) and social interactions in atmospheric pollutant elimination. Moreover, the decrease
in industrial and commercial activity favored the improvement in air quality, also recorded
with the satellite. A substantial difference in NO2 reduction was found between satellite
based-data retrieval and ground-measured data. The stations located on the surface return
punctual values of the concentration of contaminants while the satellite analyzes an area
with a given extension. In general, satellite data were used to validate data coming from
ground stations, mainly due to satellite data having a high error component. The main
errors concern the size of the pixel, the distance of the satellite from the earth’s surface, the
type of orbit, and the presence of clouds.
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4. Limitations of the Study

This study has the following limitations:

• Many studies have reported the connection between air contamination and the spread
of COVID-19 cases [80,81]. Therefore, we investigated the variation of pollutants in the
atmosphere of MMA during three periods (PL, L, and UL). However, it was impossible
to implement the study by relating the incidence of COVID-19 cases in the population.
Nevertheless, Zhu et al. [82] reported a significative correlation between confirmed
cases and CO, NO2, O3, and aerosols.

• Atmospheric contamination and its dispersion depend on local meteorological con-
ditions (temperature, pressure, intensity of radiation, wind speed, and direction).
Therefore, its crucial to correlate air pollutants with meteorological data, which play a
significant role in the chemical reaction in the atmosphere and could favor the increase
in contamination. Furthermore, seasonal variations of contaminations and climate
conditions during the COVID-19 outbreak must be analyzed in more detail.

• Comparing ground-based measurements and satellite data is an essential part of stud-
ies on atmospheric contamination. In this work, as reported by many authors [48,68,83],
only NO2 was used for the validation, being considered the main compound for de-
termining the degree of contamination in urban environments. However, satellite
validation with other compounds, such as SO2 and PM, must be implemented to
improve air quality monitoring and retrieval of pollutant concentration.

5. Conclusions and Recommendations

This work investigated the variation of atmospheric pollutants and urban air quality
improvement due to recent COVID-19 pandemic measures was investigated in Monterrey
city. The substantial mobility reduction, around −44%, and industrial activity shutdown
allowed us to evaluate the atmospheric baseline of specific pollutants directly associated
with anthropogenic emissions. Time series of CO, NO2, SO2, PM10, and PM2.5 during the
2020 quarantine phase showed a drastic reduction in their concentrations in the atmosphere
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concerning the 2017–2019 control period. On the contrary, O3 registered an opposite trend
compared to other contaminants, increasing during the lockdown. The concentration of
air pollutants increased during the unlock phase when severe preventive measures were
removed. However, the levels of contaminant gases remain lower than in the same period
in 2017–2019. The AQI recorded a significant improvement, especially for NO2, PM10, and
PM2.5, during the lockdown and unlocked phases in 2020 and compared to the 2017–2019
control interval in the same period. The atmospheric levels of NO2 obtained from the
ground-based measurement were also validated with tropospheric OMI/AURA satellite
data. Tropospheric NO2 showed the same descending trend as the fixed stations during
the lockdown phase, demonstrating the compatibility between ground-based and satellite
measurements for air quality monitoring.

The lockdown period should be used as a baseline for air quality mitigation strate-
gies. The period of restrictions has taught the whole world how reducing atmospheric
contamination is possible by applying effective strategies. Future strategies must take into
account a balance between economic activities and green public policies in favor of the
environment. Local government should promote technological infrastructure, the creation
of smart cities, work from home (e.g., online classes and virtual conferences), and the public
diffusion of information related to environmental sustainability and public health. The use
of renewable sources, such as solar and wind power, would be a first step towards relatively
reducing anthropogenic emissions into the atmosphere. The next step could be to promote
cyclist infrastructure and social programs for a non-motorized mode of transportation.
This is considering that in the MMA, the main cause of contamination is vehicular traffic,
approximately 45%. This scenario was a unique opportunity to determine the air pollutant
emissions in urban areas and implement green social initiatives and mobility policies to
reduce air pollution levels.
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