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HIGHLIGHTS GRAPHICAL ABSTRACT

e Hourly levels of pollutants were jointly
analysed with wind direction and speed.

° T‘}le highest levels Of PM and black car- Impact of COVID-19 restrictions u:u::::aynl:;l:li::‘:r::;:x;i and black carbon at an industrial
bon were found during night hours. JICAMELNG JOCATION RESULTS

e SW winds associated with high levels,
pointing to industries in that direction.
o The lockdown period considered affects
the conclusions on the level variations.
¢ PM10 may vary by —39% or 8.7%;
PM2.5 by —21% or 31% and BC by

—42% or 7.4%.

ARTICLE INFO ABSTRACT

Keywords: Due to the COVID-19 pandemic, lockdown restrictions were established around the world. Many studies have
Air quality assessed whether these restrictions affected atmospheric pollution. Comparison between them is difficult as the
Lockdown

periods of time considered are generally not the same and thus, different conclusions may be reached. Besides,
most of them consider mean daily pollutant concentration, despite differences being observed according to the
time of day. In this study, the hourly levels of PM10, PM2.5 and black carbon (BC) in an industrial suburban area
in the north of Spain were analysed from May 2019 to June 2020 and compared with those from the literature,
using the same period in each case. In general, the highest concentrations were reached when the wind direction
came from the southwest (where a steelworks, a coal-fired power plant and other industries are located) and
during the night-time, both before and during the lockdown. The highest concentrations of PM10, PM2.5 and BC
were observed from December to February (on average: 45, 17 and 1.3 pg m™S, respectively). The decrease/
increase in those pollutants levels during the lockdown were found to be highly dependent on the period
considered. Indeed, PM10 can be found to decrease by up to 39% or increase by 12%; PM2.5 can decrease by
21% or increase by up to 36%; and BC, although it generally decreases (by up to 42%), can increase by 7.4%.

Meteorology
Particulate matter
Wind direction

* Corresponding author.
E-mail address: U0266706@uniovi.es (R. Lara).

https://doi.org/10.1016/j.atmosenv.2023.119781

Received 6 October 2022; Received in revised form 2 March 2023; Accepted 11 April 2023

Available online 11 April 2023

1352-2310/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nec-nd/4.0/).


mailto:UO266706@uniovi.es
www.sciencedirect.com/science/journal/13522310
https://www.elsevier.com/locate/atmosenv
https://doi.org/10.1016/j.atmosenv.2023.119781
https://doi.org/10.1016/j.atmosenv.2023.119781
https://doi.org/10.1016/j.atmosenv.2023.119781
http://crossmark.crossref.org/dialog/?doi=10.1016/j.atmosenv.2023.119781&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

R. Lara et al.

1. Introduction

Particulate matter is considered one of the most problematic pol-
lutants for human health. PM10 and PM2.5 fractions include inhalable
particles that are small enough to penetrate the thoracic region of the
respiratory system. PM2.5 can penetrate the lung barrier and enter the
circulatory system (WHO, 2021) and hence, spread to the whole body
(Feng et al., 2016; Megido et al., 2016). The smaller the particles are, the
greater impact they may produce. Li et al. (2018) found that when the
PM2.5 concentration increased, so did susceptibility to respiratory dis-
eases, including acute respiratory distress, asthma, chronic obstructive
pulmonary disease, and lung cancer.

Based on numerous epidemiological studies and clinical observa-
tions, PM2.5 has been considered as the main cause of the adverse
cardiovascular effects of air pollution on human health (Du et al., 2016).
Moreover, Hayes et al. (2020) reported that after a long-term exposure
to fine particulate matter, air pollution is associated with ischaemic
heart disease and stroke mortality, with excess risk occurring in the
range of and below the present US annual average standard (12 pg m™>)
for ambient exposure to PM2.5.

Data on cancer hospitalizations and annual PM2.5 concentrations
were collected from 1814 Brazilian cities during 2002-2015 by Yu et al.
(2021). They estimated that 34% of total cancer hospitalizations could
be attributed to PM2.5 exposure in Brazil during the study time.
Long-term exposure to ambient PM2.5 was positively associated with
hospitalization for many cancer types in Brazil (Yu et al., 2021).

The World Health Organization (WHO) updated its Global Air
Quality Guidelines in September 2021. Table S1 shows the comparison
between the values recommended by the WHO (WHO, 2021) and those
set as maximums in Spanish legislation. There are several differences
between them, for example, the WHO recommendation for annual mean
concentrations of PM2.5 is not exceeding 5 pg m >, whereas in Spain the
maximum annual mean allowed is 25 pg m~.

One of the major contributors to PM2.5 in the air is black carbon
(BC), which is small enough to be easily inhaled into the lungs and has
been associated with adverse health effects. BC not only has a negative
impact on local and regional air quality, but also warms the regional and
global climate (von Schneidemesser et al., 2017). Indeed, it is the
second-largest contributor to Arctic warming (Shapovalova, 2016).

First cases of COVID-19 were reported in the Wuhan region of Hubei
(China) at the end of 2019. Consequently, WHO declared the COVID-19
pandemic on 11,/03/2020 (WHO, 2020). From 14/03/2020 to
21/06/2020, the Spanish Government declared a state of alarm, which
imposed severe restrictions on industrial activities, traffic, and urban
mobility (Querol et al., 2021). Based on local circumstances and the
evolution of the pandemic, the restrictions were gradually reduced by
phases. In Gijon, phases 0 and 1, where most restrictions continued in
force, were established on 04/05/2020 and 11/05/2020, respectively;
meanwhile, phases 2 and 3 were established on 25/05/2020 and
08/06/2020, with partial reopening of activities with capacity limita-
tions and reduction of mobility restrictions. Phase 3 ended on
21/06/2020, coinciding with the end of the alarm state and the begin-
ning of new normality (GPA, 2020).

The number of movements decreased substantially in all Spanish
autonomous communities, ranging from 40 to 50% compared to the pre-
pandemic baseline, being those reduction more than 75% for trips
related to workplace or public transport journeys (Radics and Christidis,
2022). Therefore, those reductions were also associated to a large
reduction in the industrial activity. The emissions into the atmosphere
registered by industrial complexes in the region of Asturias also reflect
these variations. PM10 emissions were reduced from 917 t in 2019 to
634 t in 2020 (PRTR, 2023). After the relaxation of most of the re-
strictions, the movements were increasing to 70-80% compared to the
pre-pandemic values in the summer of 2020 (Radics and Christidis,
2022). Some studies have compared situations with and without the
lockdown restrictions due to the COVID pandemic by analysing different
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periods of time. Some of them have compared the levels observed during
the lockdown with those in the previous period (Tobias et al., 2020;
Rojas et al., 2021), whereas others made comparisons with the same
period as the lockdown in previous years (Briz-Redon et al., 2021; Sokhi
et al., 2021; Toro et al., 2021; Shakoor et al., 2020; Jephcote et al.,
2021). However, most of these studies did not take into account the
effect that the meteorology of the area could have had on the increa-
se/decrease observed in the concentrations of PM10, PM2.5 and BC
during the periods analysed, an aspect of great relevance.

The objective of this study was to analyse the variations of the hourly
levels of PM10, PM2.5 and BC over time before and during restrictions
due to the COVID-19 pandemic. To do so, hourly, daily (distinguishing
between weekday and weekend) and monthly average concentrations
were assessed. Furthermore, to compare them with the different studies
found in the literature, the same periods of time were used in each case,
finding that the decrease/increase in the levels of these three pollutants
were highly dependent on the period of time considered.

The site of study was the western area of the city of Gijon (northern
Spain), which is affected by nearby urban and industrial activities (a
steelworks, coking plant, coal-fired power station, heavy traffic road ...)
and is highly contaminated by settleable particulate matter (Lara et al.,
2021; Negral et al., 2021).

Most of the studies in the literature use mean daily pollutant con-
centrations, despite differences being observed in these levels depending
on the hour of the day. Besides, the variability in the levels may depend
not only on the pandemic situation, but also on the meteorology of the
analysed area, the activity of the pollution sources in the surroundings,
etc. Thus, in the present study, a joint analysis of wind direction, wind
speed and the hourly levels of the three air pollutants was conducted for
both periods of time (before and during lockdown). The effect of wind
was assessed to better understand its relevance and whether its influence
was enough to explain the variations observed in the levels recorded.
Likewise, the mobility restrictions and the reduction of industrial ac-
tivities during the COVID-19 pandemic were considered.

2. Materials and methods
2.1. Studied area

The present study was carried out in an industrialized area in the
western neighbourhoods of Gijon, a city on the northern coast of Spain.
According to the Koppen-Geiger climate classification (Kottek et al.,
2006), Gijon is classified as Cfb (west coast maritime, oceanic,
temperate climate with cool summers, with abundant and
well-distributed rainfall throughout the year). This region has a mean
annual temperature of 14 °C and a relative humidity of 75%.

Fig. 1 shows the location of the sampling site and the meteorological
station (43°32'47.9”°N 5°42'14.5”W, 13 m AMSL), as well as the main
industrial activities therein. The industries with the highest emissions of
particulate matter during 2019-2020 (2-3 km around the sampling site)
were: a steelworks, a coal-fired power plant and a cement factory. In the
vicinity there is an industrial estate where other smaller industries are
located that produce aluminium, refractory products, metallic struc-
tures, and wires etc., a galvanizing plant, a plant that manufactures iron
castings, etc. In addition, there is a Port of 4.2:10% m2. Seaports have
been reported to be a major source of PM due to the handling of mate-
rials, which causes the resuspension of loose materials (Wirth et al.,
2022). Indeed, the Port of Gijon moves a large quantity of bulk com-
modities (mainly coal, iron ore and cement), which are handled and
stored in the open air, and thus, it can give rise to important diffuse
emissions of particles due to the action of the wind. During 2019 and
2020, the Port loaded and unloaded 8.6-10° and 9.9-10° t of dry bulks,
respectively (Port of Gijon, 2021).
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Fig. 1. Location of the sampling site and industrial activities in the area, polar
plot representing mean concentration of PM10 observed (in pg m~>) depending
on wind direction and wind speed (indicated as concentric circles, in m sH.

2.2. Sampling of PM10, PM2.5 and BC

PM10, PM2.5 and BC were measured at the air quality mobile
control station located in the western area of Gijon, from 17/05/2019 to
21/06/2020 for PM10 and PM2.5 (n = 382 days) and from 28/05/2019
to 21/06/2020 for BC (n = 375 days). Due to maintenance procedures
the sampling was stopped from 07,/02/2020 to 20/02/2020.

The determination of the level of the pollutant was carried out by
recording hourly measurements. The equipment used for PM10 and
PM2.5 was a Met One Instruments BAM 1020 continuous particulate
monitor, whose operation is based on the absorption of beta radiation. In
the case of BC, a Magee Scientific Aethalometer, model AE31, was used.
The equipment was installed inside a van and the sampling heads and
the weather monitoring station were on the roof of the van.

2.3. Statistical analysis and data treatment

The software used for data analysis was R version 4.1.2: openair
package version 2.9-2 (Carslaw and Ropkins, 2012) and summary tools
package version 0.6.5. From the mean hourly values, the daily mean
value concentration for PM10, PM2.5 and BC were determined,
considering only the days when it had been possible to carry out more
than 75% of the hourly readings. Season-separated average has been
also calculated, subsetted as 3-month data corresponding to: JJA
(June-July-August) and SON (September-October-November), DJF
(December-January-February), MAM (March-April-May). Data from
01/06/2019 to 31/05/2020 were used in this analysis to compare
complete seasons.

The hourly and daily variation in pollutant levels were followed to
obtain information about pollutant level patterns. Reductions/in-
crements observed in pollutant levels during the period of the COVID-19
restrictions were calculated as the difference between the mean con-
centration during restrictions compared to the mean concentration
previously registered, using the same periods used by other authors in
the literature to determine the variability of the results. The Mann-
Whitney U test (Fagerland and Sandvik, 2009) was used to determine
if there were significant differences (p < 0.05) between the means of the
samples collected before and during the COVID-19 restrictions.

In order to consider the temporal aspects of pollutant concentration
according to wind direction, polar annulus plots were also performed
using hourly data. Polar plots have been widely used to support the
identification of the origin of the emission sources (Carslaw et al., 2006;
Beddows et al., 2015; Grange et al., 2016; Bodor et al., 2021). These
plots provide important information with respect to the sources of the
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particles, showing hourly and monthly variations depending on the
wind. Bivariate polar plots are constructed by dividing data into wind
speed/hour/month-wind direction bins and the mean concentration for
each bin is calculated. Furthermore, the Kruskal-Wallis test (Kruskal and
Wallis, 1952; Mann, 1945) was also used to assess significant differences
(p < 0.05) depending on the wind direction of each sample collected to
support these results.

3. Results
3.1. Levels of PM10, PM2.5 and BC

3.1.1. PM10

The mean PM10 concentration throughout the whole sampling
period was 31 pg m~>, which was below 40 pg m~ (the legal Spanish
limit value of the annual mean per calendar year), although it exceeds
the value recommended by the WHO (15 pg m > annual mean). The
maximum and minimum values registered were 138 and 4.1 pg m 3,
respectively. Fig. S1 shows the PM10 levels recorded during the period.

The daily Spanish legal limit value for PM10 is 50 pg m~> and must
not be exceeded on more than 35 occasions per year. During the sam-
pling period, it was exceeded on 38 occasions: 1 in JJA (2019), 1 in SON
(2019), 26 in DJF (2019-2020), with maximum values at the end of
February, and 10 in MAM (2020), with maximum values in March. In
short, the daily average value was exceeded mainly in DEF and in March.
In Chungcheong province, Korea, Cha et al. (2019) obtained mean PM10
values of 37 ug m~° in SON 2015, 48.8 pg m 2 in DJF 2015/2016, and
66.4 g m~> in MA 2016. These authors indicated that these results were
affected by the wind direction. They linked the high concentrations
found in MA and DJF with W winds, which transported pollutants,
whereas the low concentrations in SON were probably observed because
of increased wind variations, which drove turbulent mixing. In the
present study, the highest PM10 concentrations were also found in DJF
and MAM (mean values of 45 and 31 pg m™>, respectively).
Season-averaged mean values for PM10, PM2.5 and BC can be consulted
in Table 1.

In a previous study carried out in this area to assess the impact of
restrictions on the dry atmospheric deposition fraction, Lara et al.
(2022) reported a high influence of wind speed and wind direction on
the atmospheric pollutant levels registered. In the present study, the
highest values of PM10 were generally associated with SW winds,
blowing from where the integral steel industry is located (Figs. 1 and 2).
Nonetheless, high values were also found under the influence of winds
from other directions. The largest contribution of SW winds to PM10
compared to the other directions is also reflected in Fig. 3, which shows
that both mean and maximum concentration values occurred under
winds from this direction, finding significant differences (p < 0.05) with
respect to the levels registered under winds from different directions.
The assessment of the significance of the differences in PM10, PM2.5
and BC concentrations with respect to the wind direction is provided in
the Supplementary Material.

The highest concentrations occurred at night, with maximum mean
values being reached between 22:00 and 08:00, this contrast between
day and night being even higher in DEF (consult Figs. S2 and S3). This
may be explained by thermal inversion, which mainly occurs during the
night and prevents the dispersion of PM10 particles (Czarnecka and

Table 1
Season-averaged concentration levels of PM10, PM2.5 and BC.

Mean concentration (ug m~>)

Season PM10 PM2.5 BC

JJA 2019 25 + 24 8.3+ 6.4 0.56 + 0.57
SON 2019 26 + 22 9.0 £ 5.7 0.67 + 0.70
DJF 2019-2020 45 + 41 17 £ 11 1.3+1.1
MAM 2020 31 +£29 13+7.9 0.53 + 0.53
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Fig. 2. Temporal diagram of the variation of PM10, PM2.5 and BC (ug m~>) during the whole sampling period depending on the wind direction: hourly average (left)

and monthly average (right).

Nidzgorska-Lencewicz, 2017).

In a previous work carried out in the eastern area of Gijon to assess
the human health hazard of potentially toxic elements in PM10, the
results showed that potential risks of As and Pb should not be overlooked
(Megido et al., 2017b). Moreover, in the western area of Gijon, the re-
sults of studies related to settleable particulate matter showed that the
highest levels of risk seemed to be associated with the presence of As, Pb,
Sb and Fe (Lara et al., 2021; Negral et al., 2021).

3.1.2. PM2.5

The mean concentration of PM2.5 was 11 pg m™>, lower than the
Spanish legal annual mean value, which is 25 pg m™>. The temporal
variation of the levels of PM2.5 can be consulted in Fig. S1. The
maximum level registered was 38 pg m~° (coinciding with the day on
which the maximum value for PM10 occurs), while the minimum value
was 2.9 ug m~3. In Korea, Cha et al. (2019) obtained mean PM2.5 values
of 31 pg m ™~ in SON 2015, 38 pg m ™~ in DEF 2015/2016, and 42 pg m ™3
in MA 2016. As in PM10 (Table 1), PM2.5 concentrations were higher in
DEF (17 pg m~>) and MAM (13 pg m~3) than in SON (9.0 pg m~>) and

JJA (8.3 pg m™>).

Higher concentrations of PM2.5 occurred under SW winds, as
observed with PM10, although in this case there was not such a marked
contrast with respect to the rest of the directions (Figs. 2 and 3). In the
same way, the mean and maximum concentrations were higher in this
direction, presenting a significant difference with respect to the values
associated to other wind directions. The highest concentrations were
observed between December and February and during the night-time
(22:00-08:00).

PM10 and PM2.5 levels correlated to some extent (R? = 0.67). In the
study carried out by Gong et al. (2015) at a station located in an urban
area in Wuhan affected by industrial activity (steel production), the
correlation between PM10 and PM2.5 was higher, R of 0.89. In
Chungcheong province, Korea, the studies carried out by Cha et al.
(2019) obtained R? values of 0.45 and 0.47 in SON (2015) and DEF
(2015-2016), respectively. Correlations between PM10 and PM2.5 were
higher in our study, reaching values of 0.70 and 0.44 in DEF and SON,
respectively.
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percentiles, respectively. The square represents the arithmetic mean. Error bars outside the box represent 1.5-times the interquartile range and outliers are depicted

by circles.

3.1.3. BC

BC is formed during the incomplete combustion of carbon-based
fuels (Seita, 2018), is composed of solid particles, and is emitted by
diesel engines, biomass burning, domestic heating, coal-fired power
plants, gas flaring and maritime shipping, among other sources. Ac-
cording to Viidanoja et al. (2002), who studied BC in PM2.5 and PM10 in
Helsinki, more than 90% of BC is part of PM2.5. In this study, BC values
were relatively low (Fig. S1), the mean value being 0.70 pg m >, a value
lower than that found by Viidanoja et al. (2002) in Helsinki, which was
1.2 pg C:m > in PM2.5 and 1.3 pg C-m ™2 in PM10. It was also lower than
values recorded in Jakarta by Santoso et al. (2020), with a mean BC
value of 3.8 ug m3. However, Milinkovic et al. (2021) found at a site on

Before March 15, 2020

the Central Adriatic coast, near the town of Sibenik (~34000 in-
habitants) and its port (~2 km from the site) during February-July
2019, a mean value for BC of 0.60 + 0.60 pg m >, slightly lower than
those found in Gijén.

In line with the PM10 and PM2.5 results, the highest concentrations
of BC appeared under SW winds (Fig. 2). In that direction the integrated
iron and steel industry was located (Fig. 1). Although the BC concen-
trations associated to SW winds were significantly higher than those
observed in the rest of directions (Supplementary Material), the
maximum values were found linked to NE winds (Fig. 3) and greater
variability in the levels was found for other wind directions.

BC concentration was much higher in DEF (1.3 pg m~3) than in the

I From March 15, 2020
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Fig. 4. Hourly averaged concentration of PM10, PM2.5 and BG (in pg m~>) before and after March 15, 2020, shading showing 95% confidence intervals of the mean.
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Table 2

Mean and standard deviation of daily levels (ug m~>) of PM10, PM2.5 and BC in different periods of time.

Comparing the same period as in Tobias et al.

(2020)

Comparing the same period as in Rojas et al.

(2021)

Corresponding periods

Whole sampling Whole sampling

Pollutant

14/03/20-30/03/20

N=17

16/02/20-13/03/20

16/03/20-30/04/20

17/05/20-21/06/20 01/02/20-15/03/20

17/05/19-21/06/19

N =35

15/03/20-21/06/20

17/05/19-14/03/20

17/05/19-21/06/20

Date

22

46

N=30

35

98

N = 284

N =382

42 +£17

46 + 31

31 +18 28 +14 25 +12 28 £10 48 + 31 29 +£17

31+17

PM10

18 £5.8

17 £ 7.6

11 £ 6.0 12+52 8.8 +4.1 12 £ 45 18 £7.5 13 £5.9

11 +£5.8

PM2.5

14/03/20-30/03/20

16/02/20-13/03/20
N=17

N=22

16/03/20-30/04/20

N =46

15/03/20-21/06/20 28/05/19-21/06/19 28/05/20-21/06/20 01,/02/20-15/03/20

N =098

28/05/19-21/06/20 28/05/19-14/03/20

N

Date

N=30

N=25

N =25

N = 276

=375

0.73 £ 0.39

0.68 + 0.41

0.72 £+ 0.55 0.81 + 0.58 0.47 £ 0.31 0.54 + 0.32 0.35+0.25 0.76 = 0.47 0.55 + 0.35

BC
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other periods studied, when mean values ranged from 0.53 to 0.67 pg
m ™2, The variation of the concentration with respect to the time of day is
also very clear. In contrast with the patterns observed in PM10 (Fig. S3)
and PM2.5 (Fig. S4), the highest concentrations in BC appeared from
04:00 to 08:00 and from 18:00 to 00:00 and (Fig. 4 and Fig. S5).

The correlations found between BC and PM2.5 (R2 = 0.52 for the
whole period and 0.64, 0.53, 0.51 and 0.25 in SON, DEF, MAM and JJA,
respectively) were similar to those found in Chungcheong province,
Korea, by Cha et al. (2019): SON 2015 (R2 = 0.47), DEF 2015-2016 (R2
= 0.45), and MA 2016 (R2 = 0.58). Those values indicated the impor-
tance of other pollutants in PM2.5, such as secondary pollutants (sul-
phates, nitrates and ammonium) or metals/metalloids, generated from
primary emissions from industrial plants or as long-distance pollution.
Megido et al. (2017a) analysed the influence of secondary inorganic
aerosols (sulphates, nitrates and ammonium) on PM10 in the eastern
area of Gijon, finding that these accounted for an average of 17% of the
total. The correlation between BC and PM10 was R? = 0.48, slightly
lower than that found for BC and PM2.5.

Major contribution of the pollutants studied occurred under SW,
highlighting especially the PM10 levels registered. The source appor-
tionment studies carried out in this area (Lara, 2023) and in other zones
of the conurbation (Megido et al., 2017a) suggest an important indus-
trial contribution.

3.2. Influence of the lockdown — comparison with literature

To analyse the influence of the lockdown due to the COVID-19
pandemic, mean values for different periods of time before and during
lockdown for the three pollutants are shown in Table 2. Different
methods have been used to assess the effect of COVID-19 restrictions on
pollution levels. Some of them compared data obtained during re-
strictions with the period before restrictions while others compared it
with similar periods from previous years (Rodenas et al., 2022). Air
quality data from the sampling site, available only from 17,/05/2019
because sampling was carried out in a mobile control station, were very
different from other areas studied in Gijon. Therefore, the data from
other stations would not be helpful for this analysis. Given the available
data, variation in pollutant levels during the restrictions were calculated
by first determining the mean values for the whole sampling period, and
secondly comparing these with the corresponding period in 2019.
Rigueira et al. (2022) studied PM10 variation during COVID-19 re-
strictions comparing with data collected from 2015 in a station located
in the western area of Gijon. They concluded that reductions observed in
PM10 concentration during the lockdown were nothing extraordinary.

Over the whole sampling period, PM10 and BC underwent re-
ductions of 9.7% (non-significant reduction, p > 0.05) and 42% (sig-
nificant reduction, p < 0.05), respectively, while PM2.5 experimented
an increase of 9% (non-significant increase, p > 0.05). Fig. 5 represents
the hourly variation during these periods. As stated before, the highest
concentrations of PM10, PM2.5 and BC were produced during the night-
time. In the case of PM10 and PM2.5, in the morning the concentrations
were slightly higher during the lockdown than before the lockdown, and
just the opposite occurs in the afternoon. With respect to BC, the con-
centrations were higher before lockdown regardless of the time of day.

However, variations observed when comparing corresponding pe-
riods differ drastically from those found when a comparison was made
between the COVID restriction period and the period immediately
before it. On examining increases during the same period sampled in
different years, values of 12% (non-significant increase, p > 0.05) and
36% (significant increase, p > 0.05) were found for PM10 and PM2.5,
respectively, while BC underwent a reduction of 35% (significant
reduction, p < 0.05). Although in the 2020 period studied there were
still restrictions, these were no longer so limiting and therefore some
mobility and industrial activity had already been resumed. Results of the
daily, hourly and monthly averages comparing those periods can be
consulted in Fig. S3, S4 and S5.
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Fig. 5. Comparison of PM 10, PM2.5 and BC con-
centrations measured before and during COVID-19
restrictions depending on the period considered
(colour code is explained in the legend). Fig. 5A:
Boxplot of concentrations measured before and dur-
ing COVID-19 restrictions. The top, middle, and bot-
tom lines of the box represent the 75th, median, and
25th percentiles, respectively. The black square rep-
resents the arithmetic mean. Error bars outside the
box represent 1.5-times the interquartile range and
outliers are depicted by circles. Fig. 5B: Increments
(positive values) and reductions (negative values)
observed during COVID-19. Significant differences (p
< 0.05) between periods are indicated by an asterisk.
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In a global and regional overview of the changes in ambient con-
centrations of air-quality-related species, Sokhi et al. (2021) observed
reductions of between 30% and 40% in mean PM2.5 concentrations
during the 2020 full lockdown as compared to the same period in
2015-2019. However, they found that PM2.5 exhibited increases in
some Spanish cities, which they attributed mainly to the long-range
transport of African dust and/or biomass burning. Some Chinese cities
showed similar increases in PM2.5 during the lockdown periods, but in
this case, it was likely due to secondary PM formation (Sokhi et al.,
2021).

Other authors studied this influence, comparing different time pe-
riods; for example, Toro et al. (2021) analysed the effects of the mea-
sures taken during the COVID-19 pandemic (school closures,
confinement, etc.) on PM10 and PM2.5 in Santiago de Chile in MAM of
2017, 2018, 2019 (without confinement) and 2020 (during confine-
ment), at various sampling stations. The results obtained showed that
PM10 concentrations decreased by 5.2% during lockdown in 2020,
while PM2.5 decreased by 11%. Although PM2.5 decreases during
confinement, the decrease is much less than that obtained by Sokhi et al.
(2021).

Eleven of Spain’s largest cities were considered in the study of
Briz-Redon et al. (2021): Barcelona, Bilbao, Lleida, Madrid, Pamplona,
Santander, Santiago de Compostela, Seville, Valencia, Vigo and Zar-
agoza. One traffic station was selected by them for data collection and
analysis in each of the cities studied. The period analysed, for each
station and day, was from 17/03/2019 to 31/03/2019 and from
15/03/2019 to 29/03/2020. During the lockdown, PM10 decreased in
all the stations studied except in Bilbao, Santander and Vigo. These three
stations are in the north of Spain. Gijon, the city studied in this work, has
similar weather conditions to those three and is on the coast, as are
Santander and Vigo.

In the city of Milan, Italy, similar results to those obtained by Tobias
et al. (2020) have been reported by Collivignarelli et al. (2020). Sig-
nificant reductions were observed for PM10 and PM2.5 (up to 47%) and
BC (up to 71%). It was probably attributable to the significant reduction
in vehicular traffic caused by the lockdown, considering that means of
transport represents the main source of PM10 in Milan.

In states in the USA significantly affected by COVID (California,
Florida, Louisiana and North Carolina), Shakoor et al. (2020) studied the
effect of lockdown on PM10 and PM2.5 levels by comparing the results
obtained in the first quarter of 2019 and the first quarter of 2020. PM10
and PM2.5 decreased in 2020, with the exception of Louisiana, where
PM10 increased in 2020 (a 25% increase in comparison with the

previous year). The increase in the concentration of PM10 might be due
to the contribution of diverse anthropogenic sources (Shakoor et al.,
2020).

An increase in PM2.5 concentrations during lockdown was observed
by Benchrif et al. (2021) in Addis Ababa and Jakarta. Patel et al. (2020)
analysed the influence of the lockdown on PM10 and PM2.5 in three
fixed-site air quality monitoring sites within the Auckland urban area
(New Zealand), which is largely unaffected by long-range pollution
transport or industrial sources of air pollution. The time periods studied
were from 27/03/2020 to 17/04/2020 (lockdown) and comparable
periods in the historical air pollution record. The reductions observed in
PM2.5 and PM10 were 8-17% for PM2.5 and 7-20% for PM10.

Using the WRF-CHIMERE modelling system, Menut et al. (2020)
determined the impact of the measures to contain the Covid-19
pandemic on air quality during the month of March 2020 in the west
of Europe, for 799 stations for PM10 and 399 stations for PM2.5. Re-
ductions in PM2.5 concentrations ranged between 5 and 10%. The
sources of primary particle emissions from residential heating and
emissions from the agricultural sector contributed to the formation of
secondary fine particles in the atmosphere.

At the same time, other periods of time were considered to compare
the results of the present study with other studies from the literature. In
the seven sampling stations located in the metropolitan area of Lima
(Peru), the concentrations of PM10 and PM2.5 decreased during the six
weeks of lockdown compared to the previous six weeks. PM10 and
PM2.5 levels were reduced by 24-45% and 14-45%, respectively (Rojas
et al., 2021). In the present study, for the same period of time, PM10
decreased by 39% and PM2.5 by 21% (significant reductions, p < 0.05),
falling between the values obtained by Rojas et al. (2021).

Tobias et al. (2020) collected PM10 and BC data from 16,/02/2020 to
13/03/2020 (before lockdown) and during lockdown (from
14/03/2020 to 30/03/2020), at the urban background and traffic air
quality monitoring stations in the city of Barcelona, Spain. Comparing
the two periods, they found that the mean concentrations of PM10
decreased by 28%-31%, during the lockdown period compared to pre-
vious weeks without lockdown; for BC, the reduction oscillated between
45% and 51%. In the present study, analysing the same period, the
decrease in PM10 was 9.2% (non-significant reduction, p > 0.05), much
lower than that found by Tobias et al. (2020). And for BC there was an
increase of 7.4% (non-significant reduction, p > 0.05).

These abovementioned results indicate that the decrease/increase in
PM10, PM2.5 and BC will largely depend on the period of time analysed
before and during the lockdown (Fig. 5). The variations (increases or
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decreases) found between both periods, in PM10, PM2.5 and BC, also
depend on the emission sources and the weather conditions in the area
where the station is located. The area studied here is strongly influenced
by industrial activity, which did not stop during the lockdown, while in
other places analysed emissions depend mainly on traffic, which
decreased considerably during the lockdown (Collivignarelli et al.,
2020; Tobias et al., 2020; Rojas et al., 2021, etc).

4. Conclusions

In the present study, PM10, PM2.5 and BC were analysed in a sub-
urban area in the North of Spain affected by nearby industrial activities.
The influence of the lockdown restrictions due to the COVID-19
pandemic (from May 2019 to June 2020) and wind speed and wind
direction were considered in the assessment.

- The highest concentrations of PM10, PM2.5 and BC occurred in DEF
(2019-2020). The highest diurnal concentrations occurred at night.

- The highest concentrations of PM10, PM2.5 and BC were associated

with SW winds, blowing from where the integrated steel industry is

located. Indeed, the statistical analysis has confirmed that those
levels were significantly higher than the ones recorded under
different wind directions.

Correlations between the pairs PM10-PM2.5, PM10-BC and PM2.5-

BC were R? = 0.67, R> = 0.48 and R? = 0.52, respectively. The

relatively low values between PM2.5 and BC compared with those in

the literature might indicate the presence of secondary pollutants
that contributed to PM2.5 such as sulphates, nitrates, and
ammonium.

- The variations in the levels of PM10, PM2.5 and BC during the
lockdown are highly dependent on the period of time analysed (i.e.,
the dates stablished as the period “before restrictions” and the period
“during restrictions”). Some authors considered the period “before
restrictions” as the previous year(s), whereas others used data from
the previous months of the same year, when restrictions had still not
been stablished. In the present study, PM10 was found to decrease by
39% or increase by up to 12% depending on the period considered.
Likewise, PM2.5 decreased by 21% or increased by up to 36% and BC
decreased by 42% or increased by up to 7.4%. These results highlight
the degree of complexity when comparing with other studies of the
literature.
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