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Abstract: During the period of the COVID-19 pandemic, the air quality reached the best levels to
be recorded in large cities in Spain. To analyze and demonstrate this improvement in air quality
levels, the evolution of the average nitrogen dioxide (NO,) levels in 78 Spanish cities with more
than 50,000 inhabitants during the pre-COVID-19 years (2017-2019), the period of the COVID-19
lockdown, and the post-COVID-19 year (2021) was analyzed. The results show an improvement in
the air quality in most of the cities analyzed for 2020 due to the COVID-19 restrictions. In addition, in
2021, without the COVID-19 restrictions, the air quality levels of the largest cities in Spain showed
important improvements in terms of NO; concentration compared to the levels in the pre-COVID-19
years (2017-2019). Nevertheless, in 2021, only 11 cities were below the average annual limit of
10 pg/ m?3 NO; established by the World Health Organization (WHO). In addition, no cities with
more than 500,000 inhabitants achieved NO, levels below the WHO limit. Finally, a detailed monthly
analysis indicated that the pre-COVID-19 levels were reached again during the last months of the
monitored period.
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1. Introduction

Despite the considerable progress in recent decades, air pollution remains the lead-
ing environmental cause of premature death in the European Union (EU), with around
659,000 deaths annually [1]. In addition, air pollution has a negative impact on the health
of citizens by, for example, increasing the incidence of oncological diseases, increasing
the frequency of asthmatic attacks, or increasing the incidence of lower respiratory tract
infections [2]. Additionally, air pollution damages ecosystems, since more than half of
the EU territory is exposed to excess concentrations of nitrogen oxides (NOy) and ozone
(Os) [3]-

Among the existing air pollutants, the two main outdoor air pollutants present in
cities worldwide are nitrogen dioxide (NO;) and fine particulate matter (PM2.5) [4,5]. In
fact, the exceedances of the current limit values in the air quality regulations of the World
Health Organization (WHO) guideline and the 2008/50/EC Directive [6] remain important
political challenges [7] for most EU cities.

Exposure to elevated concentrations of NO; in the air is linked to a range of respiratory
diseases, such as bronchoconstriction, increased bronchial reactivity, and airway inflam-
mation, as well as decreases in immune defenses, leading to an increased susceptibility to
respiratory infection [8]. Therefore, recently, the limit value for NO; in the WHO guidelines
on outdoor air quality was revised and reduced from 40 to 10 ug/ m3 [9].

On the other hand, the impact of COVID-19 restrictions on air quality has been
extensively studied [10-12]. However, the analysis of the evolution of air quality after the

Sustainability 2022, 14, 5613. https:/ /doi.org/10.3390/s5u14095613

https:/ /www.mdpi.com/journal/sustainability


https://doi.org/10.3390/su14095613
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/0000-0003-3766-1198
https://orcid.org/0000-0003-2842-7834
https://orcid.org/0000-0002-0433-7204
https://doi.org/10.3390/su14095613
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su14095613?type=check_update&version=2

Sustainability 2022, 14, 5613

2 0f9

end of the restrictions and the recovery of productive activities at the urban level has not
been studied in depth.

Thus, in this work, an analysis of the average NO, levels in 78 Spanish cities with
more than 50,000 inhabitants during the pre-COVID-19 years (2017-2019), the period of the
COVID-19 lockdown, and the post-COVID-19 year (2021) was carried out to determine the
evolution and patterns of the air quality in these years.

2. Materials and Methods
2.1. Air Quality Monitoring Network

Monitoring of NO, concentrations was carried out through a network of official air
quality stations with the methods and requirements described in EU Directive 2008/50/EC.

The air quality stations considered for the study belong to the regional and local air
quality networks of the Ministry for the Ecological Transition and the Demographic Chal-
lenge. The following link contains all of the information for each individual station (coordi-
nates, altitude, environment, measured pollutants, etc.): https://www.miteco.gob.es/en/c
alidad-y-evaluacion-ambiental / temas/atmosfera-y-calidad-del-aire/calidad-del-aire/ev
aluacion-datos/redes/ (accessed on 7 April 2022).

The daily averages calculated for each calendar week of the years 2017, 2018, 2019,
2020, and 2021 were used to perform the analysis. In addition, in each city, the average
of all the stations located within the geographic area of the city was calculated. The NO,
data calculated by city and week can be consulted in the Supplementary Materials. The
measurement method used by the official air quality stations is the reference method for the
measurement of nitrogen dioxide and nitrogen oxides. The reference method is described
in the EN 14211:2012 standard “Ambient air—Standard method for the measurement of
the concentration of nitrogen dioxide and nitrogen monoxide by chemiluminescence”.

2.2. Spanish COVID-19 Restrictions Per Period

The Spanish government followed a strategy that was divided into different measures
and phases to limit people’s movement. The limitations to people’s mobility led to a drastic
reduction in urban mobility, transport, and industrial activity. Table 1 shows a summary of
the different measures, phases, and durations.

Table 1. Spanish and regional government strategies against COVID-19.

Strategy Stage Measure Period
Resili Total lockdown 15 March-26 April 2020
Z estience Flexible lockdown 27 April-3 May 2020
2
o 8 Phase 0 4-17 May 2020
> Phase 1 18-31 May 2020
8 8 Recovery Phase 2 1-14 June 2020
— Phase 3 15-21 June 2020
New normality 22 June 2020—-present

The restrictions to industry, services, and transport under the different measures are
described below:

e  The “total lockdown” measure affected all movement of people, except in critical or
specific situations, such as those involving emergency vehicles (ambulances, police,
firefighters, etc.), public services (public transportation, postal mail, etc.), and other
minimal services that were highly necessary (hospitals, medicine manufacturing, etc.).

e  The “flexible lockdown” measure had similar restrictions in terms of mobility, but al-
lowed activity in further sectors and services (public administration services, cleaning
services, etc.).


https://www.miteco.gob.es/en/calidad-y-evaluacion-ambiental/temas/atmosfera-y-calidad-del-aire/calidad-del-aire/evaluacion-datos/redes/
https://www.miteco.gob.es/en/calidad-y-evaluacion-ambiental/temas/atmosfera-y-calidad-del-aire/calidad-del-aire/evaluacion-datos/redes/
https://www.miteco.gob.es/en/calidad-y-evaluacion-ambiental/temas/atmosfera-y-calidad-del-aire/calidad-del-aire/evaluacion-datos/redes/

Sustainability 2022, 14, 5613

30f9

“Phases 0 to 3” involved the progressive reincorporation of the service and produc-
tive sectors of society that were not considered highly necessary (education, leisure,
technology centers, etc.).

“New normality” is the situation representing the absence of such severe and gener-
alized limitations. However, economic restrictions in different activity sectors (the
activity of restaurants and bars was limited; depending on the number of infections, a
night curfew was established) or the so called “perimetral locks” in certain municipali-
ties led to eventual disruptions in normal activity and mobility.

2.3. Monitored Cities

A total of 78 cities in Spain with more than 50,000 inhabitants were monitored

(Figure 1). Thus, the population of the monitored cities was about 19 million inhabitants,
making up more than 40% of the total population of the national territory.
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Figure 1. Location of the Spanish cities by cluster.

In addition, a clustering of the 78 cities based on their population was carried out to

improve the level of detail of the analysis:

Cluster 1 (between 50,000 and 100,000 inhabitants): 25 cities;
Cluster 2 (between 100,000 and 250,000 inhabitants): 37 cities;
Cluster 3 (between 250,000 and 500,000 inhabitants): 10 cities;
Cluster 4: (more than 500,000 inhabitants): 6 cities.
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The names, altitudes, and air quality data of the cities that were monitored and
analyzed can be consulted in the Supplementary Materials. In addition, the general weather
conditions of cities can be consulted in the Supplementary Materials (adapted from [13]).

2.4. Analysis of Impact

The analysis of the impact of the COVID-19 lockdown and the post-COVID-19 recovery
on the air quality in the cities was carried out by using the analysis of variance test
(ANOVA). Thus, this analysis allowed the identification of significant differences among
the different periods that were monitored and among the sizes of the cities. ANOVA tests
were performed between:

e  The pre-COVID-19 years (2017-2019), pandemic year (2020), and post-COVID-19
year (2021).

e  The different clusters in the different periods analyzed. This allowed the evaluation of
the differences in the impact of the COVID-19 restrictions on the air quality according
to city size, as well as the identification of differences in recovery during the post-
COVID-19 period.

e  The months of the different monitored periods. This allowed a detailed evaluation of
which months had significant differences between the periods analyzed.

3. Results and Discussion
3.1. Air Quality Analysis

Table 2 shows the average NO, concentrations of the 78 analyzed cities classified
by cluster from 2017 to 2021—during the pre-COVID-19 period and during the COVID-
19 lockdown. The average concentration of NO; in the 78 cities during the 2017-2021
period was 19.8 ug/ m3 NO,. However, the average NO; concentration was reduced from
24.0 pug/m? NO, in 2017 to 16.3 pg/m3 NO, in 2021. In addition, a clear relationship was
observed between the amount of population (cluster) and the concentration of pollution.
An average concentration of NO, that was 61.6% higher was observed in cities with more
than 500,000 inhabitants compared to cities with between 50,000 and 100,000 inhabitants.

Table 2. Average NO, concentrations in pg/m? NO, in the 78 analyzed cities classified by cluster

and period.
Annual Average Period Average  Pre-COVID-19 Period ~ COVID-19 Lockdown
Cluster 2017 2018 2019 2020 2021 (2017-2021) (2017-2020) (March-May 2020)
1 202 178 171 133 137 16.4 184 74
2 245 221 214 169 170 20.4 22.7 9.6
3 261 255 236 179 171 22.0 25.1 10.8
4 331 293 278 218 214 26.7 30.1 12.8
Total 240 217 208 163 163 19.8 2.2 9.3
Average

The general evolution of the NO; concentration levels from 2017 to 2021 can be
seen in Figure 2. The figure demonstrates that the pre-COVID-19 years showed a very
similar sequence with a very marked seasonality, displaying a higher concentration in
winter (redder cells) and a lower concentration in summer (greener cells). This seasonality
was due to the influence of meteorological conditions that could significantly change
the concentrations of NO; in situ [14]. Specifically, the meteorological variables that
primarily influence the concentration of NO, are wind speed [14] and temperature, as high
temperatures cause the oxidation of atmospheric N into NO and then into NO; [15,16].
Thus, the ANOVA tests carried out in the following sections were conducted between
periods of time where these conditions were normally equivalent to avoid biases caused by
these factors.
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Figure 2. Evolution of the NO, concentration from 2017 to 2021 in 78 large cities in Spain.

However, the period of the COVID-19 lockdown reflected a clear improvement in
air quality, showing a greater number of green cells in all cities. Then, the year 2021
recovered the seasonality, but maintained a marked improvement with a greater weight of
green tones.

Finally, Figure 2 shows some records with missing data (white cells); the total data
recorded were 98.9%. The amount of missing data does not affect the results of the study.
Only two cities (of the 78) had less than 90% of the recordable data, and 70 cities had more
than 98%. The data missing for each city can be consulted in the Supplementary Materials.

The impact of restrictions for curbing COVID-19 infections on air quality was reflected
independently of the cluster (Table 2). The air quality in the COVID-19 lockdown period
improved by 58% compared to that in the pre-COVID-19 period. In addition, the return to
consolidated normality during the year 2021 increased the concentration of NO; in the air,
but did not result in a return to the levels of the pre-COVID-19 period (Table 2). Specifically,
the air quality improved in all clusters by between 20% and 27% during 2021 compared to
the year before the pandemic (2019) and by between 25% and 31% compared to the average
of the pre-COVID-19 period (2017-2019).

The analysis of the results shows that, in 2021, only 11 cities (nine from cluster 1 and
two from cluster 2) were below the average annual limit of 10 jtg/m> NO, established by
the WHO, which is intended to protect the population from the harmful health effects of
NO,. However, the trend was positive, since in 2017, there were only three (from cluster 1),
in 2018 and 2019, there were eight (six from cluster 1 and two from cluster 2), and in 2020,
there were 13 (10 from cluster 1 and three from cluster 2). Finally, during the COVID-19
lockdown period, 46 cities (19 from cluster 1, 20 from cluster 2, and seven from cluster 3)
achieved a reduction in their NO, concentrations below 10 ng/ m3 NO,. However, no cities
belonging to cluster 4 (>500,000 inhabitants) achieved NO, concentration levels below the
WHO limit. These results imply that, during the year 2021, 18 million inhabitants were
living in cities that were above the NO, concentration level recommended by the WHO for
the protection of human health.

3.2. Impact of the COVID-19 Lockdown

The ANOVA tests between the different periods made it possible to identify the
existence of significant differences or the lack thereof in order to statistically demonstrate
the real impact of the COVID-19 lockdown, as well as that of the return to normality in
productive and social activities. Thus, the periods analyzed were the years 2017, 2018, 2019,
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2020, and 2021, the average of the pre-COVID-19 period, and the average of the COVID-19
lockdown months.

3.2.1. Variations in Air Quality Levels between Different Monitored Periods

The results of the ANOVA tests between the different periods analyzed can be seen
in Table 3. There were significant differences between the different periods analyzed.
However, there are no significant differences in the air quality for the years 2017, 2018, and
2019 (corresponding to the pre-COVID-19 years). In addition, significant differences were
found in the ANOVA between 2019 and 2020, between 2019 and 2021, between 2020 and
the COVID-19 lockdown average, and between 2021 and the COVID-19 lockdown average.
Finally, it was found that there were no significant differences in the monitored air quality
between 2020 and 2021. These results indicate that the concentration levels of NO, during
the pre-COVID-19 years did not vary significantly. However, in 2020, with the COVID-19
lockdown restrictions, the concentration levels of the pollutants were significantly reduced,
and despite the return to normality, the concentration levels in 2021 were still significantly
lower than the pre-pandemic levels. This indicates that, despite the absence of restrictions,
which affected the emission of pollutants, new habits were acquired in society that led to
fewer emissions of pollutants (for example, teleworking).

Table 3. The results obtained in the ANOVA of the NO, concentrations in the different monitored periods.

Are There Significant Differences?
Period Analyzed Yes No
2017, 2018, 2019, 2020, 2021, pre-COVID-19 average,

and COVID-19 lockdown average X
2017, 2018, 2019, and pre-COVID-19 average X
2017, 2018, and 2019 X

2019 and 2020 X

2019 and 2021 X

2020 and COVID-19 lockdown average X
2020 and 2021 X

2021 and COVID-19 lockdown average X

3.2.2. Variations in Air Quality Levels between the Clusters and Monitored Periods

Firstly, in all of the periods analyzed, there were always significant differences between
the clusters. In addition, in all clusters, significant differences were obtained between 2017,
2018, 2019, 2020, 2021, pre-COVID-19 average, and COVID-19 lockdown average. However,
it was found that, between 2020 and 2021, there were no significant differences in any of the
clusters. Finally, significant differences were obtained between 2019 and 2020 and between
2019 and 2021 in all clusters. This statistically demonstrates that the impact of COVID-
19 restrictions led to statistically significant reductions in NO, concentration regardless
of the size of the city, and this further confirms that, in 2021, the improvements in NO,
concentration that were recorded in 2020 were maintained, despite the restrictions not
being active.

3.2.3. Variations in Air Quality Levels between Months

The ANOVA between months that was applied to the 78 cities demonstrated the non-
existence of significant differences in most months during the 2017-2019 period. However,
starting in March 2020 (the starting month of the COVID-19 lockdown), practically every
month showed significant differences compared to the same month in 2019, evidencing the
impact of the COVID-19 lockdown restrictions (Table 4). Furthermore, the ANOVA between
2020 and 2021 offered interesting results. First, January and February showed significant
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differences because they were pre-COVID-19 months. Then, practically every month of
the COVID-19 lockdown also presented significant differences because of the impact of the
restrictions on air quality. In addition, from the end of the COVID-19 lockdown restrictions,
there are no significant differences in any month, except in December, which coincided
with another period of restrictions that were implemented for the Christmas holidays.
Finally, the ANOVA between 2019 and 2021 showed that, from January to September,
significant differences were found due to a reduction in the concentration of NO,. However,
from October to the end of the year, there were no significant differences (Table 4). This
more detailed monthly analysis seems to indicate that the end of the restrictions and the
recovery of production imply that the pre-COVID-19 concentration levels of pollutants
were gradually being reached again, despite the fact that the analysis of the average annual
values (Section 3.2.1) indicated the opposite.

Table 4. Results obtained with the ANOVA tests between the NO, concentrations of each month and
those of the same month in the different monitored periods.

Are There Significant Differences between the Same Months of These Periods?

22001; 6,2;)11(81'225)2119 ! 2019 and 2020 2020 and 2021 2019 and 2021
January Yes No Yes Yes
February Yes No Yes Yes
March ! Yes Yes Yes Yes
April ! Yes Yes Yes Yes
May ! Yes Yes Yes Yes
June ! Yes Yes No Yes
July Yes Yes No Yes
August Yes Yes No Yes
September Yes Yes No Yes
October Yes Yes No No
November Yes No No No
December 2 Yes Yes Yes No

1 COVID-19 lockdown months during 2020. 2 COVID-19 restrictions for Christmas in December 2020.

4. Conclusions

In this work, an analysis of the evolution of the average NO, levels in 78 Spanish cities
with more than 50,000 inhabitants during the pre-COVID-19 years (2017-2019), the period
of the COVID-19 lockdown, and the post-COVID-19 year (2021) was presented. First, the air
quality improved by 58% compared to that in the pre-COVID-19 period due to the impact
of the restrictions caused by COVID-19. In addition, the return to economic normality and
the end of COVID-19 restrictions caused NO, concentration levels to rise again, though
they still showed an improvement over the last pre-COVID-19 records by 27%. Thus,
improvements in air quality affected the large cities of the four clusters analyzed. However,
it was observed that the average value for cities with more than 500,000 inhabitants was
60% higher than the average value for cities with between 50,000 and 100,000 inhabitants
in all of the years monitored. In addition, the results obtained in 2021 show that 67 of the
78 large cities analyzed (where 18 million inhabitants live) are above the NO; limit value
recommended by the World Health Organization (WHO) for human protection.

Finally, the significant differences between the annual averages of the different mon-
itored periods were statistically evaluated. The results indicate that there really were
significant differences between the pre-COVID-19 period and the post-COVID-19 period,
as well as between the different sizes of the cities analyzed. These analyses also statistically
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demonstrate that the year 2021 maintained part of the improvement in air quality achieved
by the COVID-19 lockdown. However, a more detailed monthly analysis indicates that the
pre-COVID-19 levels were reached again during the last months of the monitored period.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su14095613/s1, Supplementary Material File S1: Weather and
altitude maps. Supplementary Material File S2: Data.
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