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Abstract: The effect of COVID-19 lockdown (LD) on many ambient air pollutants (NO,
NO2, PM2.5, PM10, O3 and SO2) was assessed for the first time in the Western Balkans
with an innovative approach that evaluates a variety of factors including the stringency
of the LD measures, the type of location, the pollution sources, the correlation with traffic
fluxes and the meteorology. To that end, observations from 10 urban sites were compared
with historical time series. The time window 1 February–30 May 2020 was classified in
sub-periods on the basis of the stringency of the circulation restrictions. NO2 and O3 are the
pollutants most affected by restrictions to population circulation due to lockdown during
the first phase of the COVID-19 pandemic, and are well correlated with traffic fluxes. A
reduction in fine particulate matter (PM2.5 and PM10) concentrations is observed in all sites
only during the full LD periods, while the relation between SO2 average and maximum
hourly concentrations and LD periods in industrial and traffic sites vary from site to site.
The reduction in NO2 concentrations during the LD resulted in a reduction in mortality
associated with air pollution in the largest cities, while the interpretation of the changes in
O3 and particulate matter is less clear.

Keywords: air pollution; COVID-19; mortality

1. Introduction
The epidemic of the coronavirus disease that was first identified in Wuhan, China, in

late December 2019 receives the name of COVID-19. On 11 March 2020, the World Health
Organization declared COVID-19 a pandemic. In Europe, the first outbreaks of COVID-19
were registered in Italy in February 2020 and led to sanitary isolation measures by public
health authorities to combat the disease spread. The limitation to the circulation of the
population, so called lockdown (LD), was progressively extended to all the world. The
consequence was a dramatic reduction in displacements, and, more generally speaking, in
most human activities, including trade and industrial production. The studied effects of the
COVID-19 epidemic on the stock markets revealed that the stock exchanges in the Balkan
countries were affected at the same rate as those of other countries [1]. Aside from the
emerging economic and health crisis, COVID-19 also had positive aspects, such as reduction
in noise and greenhouse gases (GHG) emissions and an unprecedented abatement in the
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emission of pollutants [2,3]. However, indoor air quality remained poor during the LD,
due to the increased domestic activities [4], and in certain cases working from home might
have a detrimental health impact, causing the need for interventions to employees working
from home [5].

To assess the variation in the concentrations during the LD it is necessary to con-
sider the stringency of the circulation limitation measures and the extent of inter-annual
variations in the level of pollutants and the influence of meteorology and atmospheric
chemistry [6–8]. Previous studies on the changes in air pollution concentrations during
LD using different reference periods and considering different controlling factors show
that nitrogen oxides and particulate matter concentrations decreased during the COVID-19
LD, while ozone prevalently increased, although the response varies considerably between
sites [9–12]. De-weathered COVID-19 LD pollution levels, to account for meteorological
influences, were analysed with the aim of predicting air quality improvements in scenarios
where fleets are dominated by electric vehicles. To that end, 2020 NO2 and O3 concen-
trations were compared with those of pre– (2016–2019), as well as recovery (2021) and
post–COVID-19 (2022) years [13]. According to this study, significant decreases in NO2

concentrations are to be expected, while considerable increases in O3 concentrations are
unlikely, due to vehicle electrification. The influence of air traffic has the largest impact on
ultrafine particle concentrations increase in ambient air at, and around the vicinity of, the
airport. This was determined in a study that analysed the periods with no air traffic during
airport reconstruction, COVID-19 LD, with limited airport operation and the peak summer
holiday travel season [14].

Some studies claim that while the lockdown contributed to reducing the emissions
from road transport, those from residential heating increased [15]. Moreover, it has been
estimated that lockdown contributed to reducing the emissions of black carbon by 23 kt
in Europe (20% in Italy, 40% in Germany, 34% in Spain, 22% in France) compared to the
same period in the previous five years [16]. The comparison of emissions in 2020 with the
historical five-year period in the Western Balkan (WB) region and analysis across the three
sectors is provided in Table 1 [17,18]. The SO2 emissions originate predominantly from the
coal power plants using lignite to generate electricity, and increased by 19% in this sector,
while they decreased by 9% in the residential sector from the solid fuel combustion [17].
By comparison, PM2.5 and NOx emissions decreased from the electricity generation sector,
and increased from both residential and road transport sectors.

The WB is one of the air pollution hotspots in Europe, because the levels of important
regulated pollutants (PM2.5, PM10, and SO2) are among the highest of the entire conti-
nent [19] and their impact on health (mortality and morbidity) and related costs for the
society are considerably higher than surrounding areas located in EU Member States [20].
This region is considered economically the least developed of Europe, with a substantial
dependence on lignite for electricity generation [21], thus making the decarbonisation and
depollution of the power sectors in the region challenging. Even in urban areas (cities), sig-
nificant emissions of pollutants originate from the residential sector, due to the combustion
of solid fuels [22,23]. Moreover, the scarcity of reliable air quality measurements and their
fragmentation, both in space and time, is an obstacle for analysis of long-term trends in this
region [18,24,25]. The absolute number of premature deaths attributable to the exposure
to PM2.5 annual average concentrations are above 5 µg/m3, which is the WHO guideline,
shows a decrease from 45.9 thousand in 2005 to 36.7 thousand in 2021 [26]. Still, in 2005, the
mortality rates in individual WB countries were between 1.7 and 3.1 times higher than in
the EU27, and in 2021 the gap grew to 2.9–4.2. Previous studies have reported a reduction
in mortality associated with air pollution during the LD [27,28].
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Table 1. Pollutant emissions in the Western Balkans region.

2015–2019 Average 2020 2020 vs. 2015–2019 Average

Sector Contribution, % Sector Contribution, % Relative Change, %

PM2.5

Overall 100.0 Overall 100.0 3.7
Public power 8.7 Public power 6.2 −26.2
Residential 67.9 Residential 74.0 12.9

Road transport 5.3 Road transport 5.3 4.8

NOx

Overall 100.0 Overall 100.0 −5.1
Public power 38.2 Public power 35.9 −10.7
Residential 5.4 Residential 5.9 4.1

Road transport 28.0 Road transport 30.8 4.5

SOx

Overall 100.0 Overall 100.0 16.4
Public power 90.5 Public power 92.4 18.9
Residential 2.4 Residential 1.9 −8.9

Road transport 0.4 Road transport 0.5 35.9

Although the response of pollutants to changes in emission during the COVID-19 LD
present similarities across different locations, specificities at regional or city level in terms
of emission sources, meteorological conditions and stringency of the LD measures may
lead to significant differences. The objective of this study is to investigate the situation in a
region with intensive emissions of pollutants, especially PM and SOx, from the energy and
residential sectors. Therefore, the present study aims to (a) assess the effect of COVID-19
LD on ambient air quality by comparing observations in 2020 before and during the LD
with the corresponding time of the year in historical time series, considering the influence
of different explanatory variables, and (b) to quantify the impacts of the concentration
changes on health.

2. Materials and Methods
The time window selected for this study is 1 February–30 May 2020, to include

the period when the circulation of the population was partially or completely restricted
(lockdown, LD) and the weeks previous to such restrictions. The LD periods considered in
the present study varied between countries. In North Macedonia, the period with lockdown
used in this study lasted from 22 March to 26 May, in Serbia from March 18th to May 7th
and in Montenegro from 20 March to 30 May.

The days of the studied time window were classified in four sub-periods, on the basis
of the duration of the circulation restrictions: (a) Full lockdown (LD full), when restrictions
lasted for 24 h, (b) Partial lockdown day and night (LD part. D&N), for restrictions below
24 h involving part of the day and the night, (c) Partial lockdown night (LD part. N), only
night-time restrictions, and (d) No lockdown (no LD), for days in which there were no
circulation restrictions.

The pollutants selected for the study are particulate matter (PM2.5, PM10), nitrogen
oxides (NO, NO2), ozone (O3) and sulphur dioxide (SO2). The 10 monitoring sites located
in Serbia, North Macedonia and Montenegro, were selected for the study to obtain the most
complete time series (including 3–5 years before 2020) for all the pollutants of interest in
locations affected by different type of pollution sources: traffic, industrial and background
(Table 2, Figure 1). The first column of this table provides the “Air Quality Station EoI
Code”, which is a unique identification for each monitoring station in the European official
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Air Quality e-reporting system (European Air Quality Portal website https://eeadmz1
-cws-wp-air02-dev.azurewebsites.net/ (accessed on 19 December 2024).
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Table 2. List of monitoring stations analysed in the present study.

EoI Code Name Country
ISO 3 * Type Area Longitude Latitude

MK0043A Rektorat MKD Traffic Urban 21.4408 41.9992

MK0041A Tetovo MKD Traffic Urban 20.9652 41.9976

MK0037A Bitola 1 UHMR MKD Industrial Urban 21.3564 41.04

RS0028A Belgrade–Mostar SRB Traffic Urban 20.4502 44.7987

RS0037A Belgrade–Vračar SRB Background Urban 20.4753 44.797

RS0051A Obrenovac–Centar SRB Traffic Urban 20.2045 44.6595

RS0054A Užice SRB Traffic Urban 19.8432 43.8543

RS0038A Kostolac SRB Industrial Suburban 21.1734 44.7175

ME0009A Nikšić2 MNE Background Urban 18.9400 42.7800

ME0001A Pljevlja MNE Background Urban 19.3581 43.355

* ISO = international standard organization, https://www.iso.org/iso-3166-country-codes.html (accessed on
19 December 2024).

To assess the immediate LD effects on air pollution, the average concentration in each
site and each of the four sub-periods were compared with the average for the same days
in the previous 3–5 years (see time series in Table 3). An adjustment was made for the
weekday, to make sure that same weekdays are considered when comparing 2020 with the
time series. This was accomplished to account for the weekly variations in the road traffic
fluxes (especially between week and weekend days). A comparison by monitoring stations
at a daily level between the concentrations in the observed time window of 2020 and the
average of the corresponding days in the time series used as a reference is provided in
Figures S1–S4 of the Supplementary Material.

Table 3. Pollutants and meteorological data available by monitoring station.

Station Short Name Time
Series PM10 PM2.5 NO NO2 O3 SO2 METEO

Rektorat Rektorat 2015–2020 x x x x x

Tetovo Tetovo 2015–2020 x x x x x x

Bitola 1 Bitola 2015–2020 x x x

Beograd–Mostar BG Mostar 2017–2020 x x x x x

Beograd–Vračar BG Vračar 2017–2020 x x x x x

Obrenovac–Centar Obrenovac 2017–2020 x x x

Užice Užice 2017–2020 x x x x x

Kostolac Kostolac 2017–2020 x

Nikšić Nikšić 2015–2020 x x x x x x

Pljevlja Pljevlja 2015–2020 x x x x x x

The correlation between pollutant hourly concentrations and traffic fluxes in the vicin-
ity of the Rektorat monitoring site was used to assess the influence of the emissions from
vehicles. The variation in the meteorological parameters: temperature, solar radiation and
wind speed, between different time windows, were taken into account for the interpretation
of the results.

Premature mortalities were calculated using a population-attributable fraction ap-
proach [29]:

∆ Mort = m0 × AF × POP (1)

https://www.iso.org/iso-3166-country-codes.html
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AF = ((RR − 1))/RR (2)

where m0 is the cause-specific all-risk mortality rate for the exposed population POP, AF
is the fraction of total mortalities attributable to air pollution, and RR is the relative risk
of death attributable to a change in population-weighted mean pollutant concentration.
The impacts on health were assessed by analysing the changes in mortality associated
with changes in the concentration of air pollutants by means of concentration–response
functions [30,31]. The population was derived from the Copernicus Stats in the City
Database [32] and the all-cause mortality from the WHO mortality database [33].

3. Results
The analysis of the variation in concentrations, traffic counts and meteorological

variables are presented and discussed in the following three subsections.

3.1. Variations in 2020 Compared with the Time Series

During the full LD periods in 2020, considerable reductions in NO concentrations
(average: −74%; range: −50% to −87%) are observed in traffic and background monitoring
stations compared to the time series (Figure 2). In absolute terms, the variations (delta)
are in the range −11 to −48 µg/m3. The NO concentration variation is, on average, −53%
(range: −30%, −75%) in partial day and night LD and −33% (range: +2–48%) in night-time
LD. Average NO concentration reductions in the three LD subcategories are significantly
higher than those observed during the no-LD periods (p < 0.01).
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Figure 2. Average differences between NO daily means in 2020 with different types of lockdown
(LD) and the average of the corresponding days in the time series in traffic (T) and background (B)
monitoring stations.

NO2 concentration reductions compared to the time series in the same sites follows a
pattern similar to NO (Figure 3). Concentration reductions are, on average, −65% (range:
−42%, −81%), −34% (range: −59%, −9%), and −22% (range: −35%, +10%), during the
full LD, partial day and night LD, and in night-time LD, respectively. NO2 concentration
reductions in the first two subcategories are significantly higher than those observed during
the no-LD periods (p < 0.01 and p < 0.02). By comparison, night-time LD levels do not
differ significantly from no-LD periods. During the full-LD periods, the average NO2

concentration variation is between −10 µg/m3 and −37 µg/m3. Unlike the background
location of Vračar, the sites of Nikšić and Pljevlja show limited differences between the
periods with and without LD.
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Figure 3. Average differences in NO2 daily means in 2020 with different types of lockdown (LD)
and the average of the corresponding days in the time series in traffic (T) and background (B)
monitoring stations.

Unlike nitrogen oxides, the O3 levels in traffic sites are the highest during the full-LD
and the lowest during the no-LD periods, with values decreasing proportionally with
respect to the stringency of the LD (Figure 4). This is explained by the reduced availability
of primary pollutants (NO), which reacts quickly with O3 (titration effect) in a chemical
regime where volatile organic compounds are the limiting factor, which is the typical
situation in urban locations. In one these sites, the differences with the time series are
positive and in the other they are negative, a behaviour that has been attributed to the
different levels of NO abatement in the two locations. Also, the industrial site presents
positive variations in O3 levels compared with the time series in the periods with LD and
differences close to zero, when no LD measures are in place. On the contrary, levels in the
background location do not change significantly between LD and no-LD periods, in line
with the limited variations in NO and NO2 levels observed in this location, which is not
directly affected by road transport or industrial emissions.
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Figure 4. Average differences between O3 daily means in 2020 with different types of lockdown
(LD) and the average of the corresponding days in the time series in traffic (T), background (B) and
industrial (I) monitoring stations.

When it comes to fine particulate matter (PM10 and PM2.5), the reductions are clearly
observed in all locations only for the full LD (range −1% to −40%). In partial and no
LD, the behaviour of the monitoring stations, even of the same type, follows different
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patterns, and there is no clear relationship with the LD periods (Figure 5). This result
is in line with previous studies showing that vehicles contribute to a small share of the
observed particulate matter levels in WB cities [34]. The studied time window in 2020
includes a period of the year in which the contribution from domestic heating cannot
be neglected, even if the emissions decrease during the transition between winter and
summer conditions.
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Also, SO2 daily average and maxima were analysed, with particular reference to
industrial sites, to assess how LD affected the emissions of this pollutant in coal power
plants (Bitola, Kostolac) by comparison with other sites (Figure 6).
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The behaviour changes significantly from site to site. Tetovo is the only traffic site
where concentration deltas decrease gradually from full LD to no LD, while in BG Mostar
there is a considerable reduction in concentrations compared to the time series only during
the full LD, but not in the partial LDs. Nikšić background site shows an opposite behaviour,
with higher values during the no-restriction days. However, the other background site
(Pljevlja) does not show a clear relationship between the SO2 levels and LD. As for the
industrial sites, Kostolac is the only one where delta concentrations are positive (increase)
during LD and close to zero or slightly negative in the periods without restrictions.

The interpretation of concentrations in industrial locations is different from the other
sites. Unlike traffic and heating systems, industrial facilities are point sources, in which
plumes are affected by wind speed and direction. As explained in Section 3.3, the decrease
in SO2 concentrations in Bitola can be explained by the higher wind speed during the LD
compared to the time series used as a reference, while this is not the case for Kostolac.
Moreover, limiting the mobility of the population reduces the consumption of electricity in
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working places, but increases the one in households. For instance, it has been observed
that SO2 levels were higher during Easter and in the preceding days (17–18 April 2020) in
the industrial sites of Kostolac and Bitola (Figure 7).
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with the average of the corresponding days in the time series (dashed line) in Kostolac and Bitola
industrial monitoring stations. Days with different types of lockdown (LD) are indicated.

3.2. Comparison with Traffic Counts

It is well known that in urban areas the main source of NOx is road transport [35].
To investigate in more detail the relationship between road transport and NO emissions,
the hourly concentrations of this pollutant in the traffic monitoring station of Rektorat are
plotted next to the traffic fluxes during the week 16–22 March 2020, with partial and total
LD (Figure 8 left). The perfect matching clearly suggests a causal relationship between
the two variables. The same analysis was extended to the week 13–19 April 2020 and
18–24 May 2020 and compared with the corresponding weeks in 2017 and 2018 (Figure 8,
right). The analysis with higher time resolution of a limited time window (three weeks)
confirms the very close relationship between the traffic variations in the different LD sub-
periods. Also the difference between full LD and partial night and day LD and no LD
resulting from the analysis of daily averages is confirmed (Figure 2). However, the nocturne
LD does not show a significant impact in this analysis, because the only hours without
restrictions are precisely during the night, when the circulation is limited.
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Figure 8. Comparison of NO hourly concentrations in the Rektorat monitoring station (traffic) with
the traffic fluxes during a week with partial and total LD (left). Average differences between NO
hourly means and traffic counts in 2020 in selected weeks with different types of lockdown (LD) and
the average of the corresponding week in previous years in the Rektorat monitoring station.
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3.3. Analysis of Meteorological Variables

To support a proper interpretation of the differences in the levels of pollution between
2020 and time series, in this section the differences between average temperature (T) and
wind speed (WS) are discussed in one urban location in Serbia (Belgrade–Mostar) and one
in North Macedonia (Bitola).

Figure 9 shows that the meteorological situation in Belgrade in 2020 is comparable with
the one of the time series during the full-LD and no-LD days (≤10% difference). During the
partial LD periods, the average temperatures were either lower (LD part. D&N) or higher
(LD part. N). By contrast, both temperature and wind speed are considerably higher during
the full LD in 2020, compared to the time series in Bitola. This may have influenced the
concentrations of pollutants during the LD in this location, due to lower thermal inversion
and higher dispersion. In this case, the effect of LD could be overestimated, due to the
impact of meteorological conditions. Similar to Belgrade, lower temperatures accompanied
the partial LD (LD part. D&N) in Bitola. In this case, the effect of restrictions in reducing
the emission of pollutants could have been compensated by higher thermal inversion and
lower dispersion. In addition, lower temperatures are correlated with a higher use of
heating systems.
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Belgrade–Mostar and Bitola.

3.4. Impacts on Health

The prevented premature deaths and the corresponding costs associated with the
abatement of three pollutant concentrations (nitrogen dioxide, ozone and particulate matter)
in background locations during the LD are discussed in this section. In Belgrade, a 10%
reduction in NO2 concentrations over the period February–May 2020 compared to the
same time window in the time series led to a reduction of 38 premature deaths, which is
equivalent to a 15% reduction (Table 4). By contrast, no reduction compared to previous
years was observed in the days with no restrictions to vehicle circulation in the same
location and same time window, confirming the attribution of the reduction to the LD. This
mortality reduction expressed on a yearly basis is equivalent to 113 premature deaths and
corresponds to approximately one tenth of the deaths caused by COVID-19 in the city of
Belgrade in the same year. The majority of the prevented premature deaths are due to
the partial day and night measures, because they were applied for 38 days, while the full
LD only took place during 7 days over the studied time window. On a yearly basis, the
benefits due to the avoided premature deaths using the statistical value of life approach
total more than EUR 200 million. In the other cities of this study, where NO2 measurements
from background monitoring stations were used, the reduction in premature mortality over
the period February–May was between 22% and 24%; however, such changes were not
significantly different from those observed in the days with no restrictions. In Skopje, the
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background monitoring station of Karpos was not included in this analysis. However, this
station presented a behaviour similar to Belgrade Vrakar in the time series 2015–2019 and
in 2020. Therefore, it is reasonable to assume a similar relative mortality reduction in this
location.

Table 4. Change in premature mortality (# deaths) during the studied period (February–May 2020)
in background sites compared with the same period in the time series (2015–2019). Variations are
provided for the entire period and for days with no circulation restriction.

Pollutant Site

Prevented Mortality in the
Studied Period

Prevented Mortality on Yearly
Basis Relative Change

February–May No Restriction February–May No Restriction February–May No Restriction

NO2
Belgrade

Vračar −38 −3 −113 −15 −15% −2%

NO2 Nikšić 0 0 −1 1 −24% 15%

NO2 Pljevlja −1 −1 −4 −10 −22% −41%

O3 Nikšić −2 −1 −6 −4 −16% −12%

PM2.5 Nikšić 6 3 19 23 24% 22%

PM2.5 Pljevlja −3 −1 −10 −11 −23% −16%

The analysis of the differences in mortality between the period February–May of 2020
and the time series associated with ozone and particulate matter in background locations
used in the present study does not provide evidence of significant difference between LD
days and days without restrictions.

4. Discussion
In the present study, we compare the 2020 concentrations at different levels of LD

stringency and different types of monitoring stations with the time series of concentrations
in the corresponding days in previous years. The comparison of LD concentrations with
a reference period has been used in more than a hundred studies in locations all over the
world [4,6]. In our study, the limited length of the existing time series (3–5 years) may have
affected the representativeness of the period used as a reference. To evaluate possible biases
in the analysis of pollutants’ time series, the variation in meteorological parameters for
the same periods was also accomplished. Moreover, the comparison with the variation in
traffic counts, which is the main source for NO/NO2, has confirmed the direct relationship
between this activity sector and the corresponding change in concentrations.

The average concentration reductions observed in the present work for NO (−33%
to −74%) and NO2 (−22% to −65%) during the COVID-19 LD (including full-day and
partial restrictions) are comparable to those reported in regions where the response is
medium to high. At a regional/continental level, NO2 reductions during the LD, without
considering the stringency of the measures, range between −20% and −54%, while in
Europe the median NO2 observed concentration reduction was −34% (−24% to −43%),
based on 23 studies [6]. In European urban background sites, NO2 concentrations were 32%
lower than expected during LD [36]. It was estimated that when circulation was restricted
in France’s main cities, NO2 concentrations were 50% lower than expected, according to
forecasted emissions without considering the COVID-19 restrictions [37]. In Northern Italy,
where the restrictions were the most stringent during the studied period [38], NO2 concen-
trations decreased by 30% to 50% at the urban and regional background sites, respectively,
compared to forecasted model concentrations without the COVID-19 measures [39]. Up to
54% reductions are reported in São Paulo compared to the previous five-year means [9]. In
the Yangtze River Delta region (China), NO2 concentrations decreased by 45% during the
first lockdown phase compared with the 2017–2019 average for the same period [10]. In
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Italy and UK, NOx (the sum of NO and NO2) decreased by 59% (−42% to −72%) during
2020 LD, while in Paris it decreased by 42% compared to days with analogue meteorological
conditions between 2012 and 2019 [6,12]. A NO abatement of up to 77% was observed in
São Paulo during the LD [9].

The reduction in NO2 concentrations during the LD led to a drop in premature
mortality associated with air pollution in Belgrade, equivalent to 3.13 deaths per 100,000 in-
habitants. Such a rate is comparable to the one reported for reductions in the same pollutant
during the lockdowns in Central and Southern Italy (4.66) and higher than those observed
in Jiangsu, China; California, U.S; and Germany—full country (1.41, 0.44, and 0.11, respec-
tively) [27].

Similar to the present study, the response of O3 to LD around the world varies con-
siderably among locations, because of their different chemical regimes. The median of O3

concentrations increased by 6.4% (−11% to +11%) at the regional/continental scale during
the LD, while in Europe a median O3 increase of 2% (−1% to +15%) was reported in multi-
ple countries [6]. A significant association between O3 concentrations and COVID-19 LD is
reported in European urban background sites, with levels 21% higher than expected [36],
while in São Paulo O3 increased by approximately 30% compared to the previous 5-year
means [9].

In our study, significant reductions in PM2.5 and PM10 (range −10% to −40%) are
observed only during full-LD periods. At the continental/regional level, PM2.5 median
reductions range from −10% to −40%, while in Europe reductions were, on average, −10%
(−5% to −17%), without reference to the measures’ stringency. In the Yangtze River Delta
region (China), Li et al. [10] showed that concentrations of PM2.5 decreased by 32%. When
it comes to PM10, median reductions in continents ranged from −8% to −40%, while in
Europe a decrease of 23% (−11% to −37%) was observed, based on measurements in a few
countries [6]. In Northern Italy, PM10 concentrations were not significantly affected by the
LD measures [39]. The combustion of solid fuels (e.g., wood, coal) has higher emission
factors for PM2.5 compared to liquid or gaseous fuels [40]. Due to the low costs of solid
fuels compared with other types of fuels, their use for domestic heating is very common in
the WB, and represents an important source of PM2.5 [41]. Consequently, LD measures had
only a partial effect on the emissions of this pollutant.

In the present study, the response of SO2 daily mean and maximum concentrations
to LD is quite variable in both industrial and traffic sites. It is difficult to compare our
results with other studies, because the literature about this pollutant is scarce. The median
reduction in SO2 at the regional/continental level ranged from −5% to −49%, while
in Europe, the SO2 median concentration in studies representing a limited number of
countries decreased by 5% (−10% to +10%), although there is a considerable variability
among sites [6]. In China, a study on 44 cities reported an overall SO2 decrease of 6.76%
during the LD [42].

5. Conclusions
The methodology adopted in this study has shown to be appropriate for identifying

the effects of COVID-19 lockdown on the variation of pollutant concentrations in urban
areas for many atmospheric pollutants. The classification of the LD periods according to
their level of stringency and the comparison of daily concentrations and meteorological
variables with those of the same day in the time series (corrected by the day of the week) of
three to five previous years made it possible to control the effect of inter-annual variations.

Nitrogen oxides, and to a lesser extent ozone, showed a clear response to population
circulation restrictions due to lockdown during the first phase of the COVID-19 pandemics
(March–May 2020) in the urban areas of the WB. The reduction in NO concentrations is well
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correlated with traffic fluxes, considering that road transport is the main emission source of
NO in urban areas. It can be concluded that there is a clear cause–effect association between
the COVID-19 lockdowns and the reduction in nitrogen oxides and, consequently, with the
increase in the levels of ozone in the studied urban areas. Our conclusions are in line with
the results observed in many densely populated regions of the world where reductions in
NO2 and NOx concentrations have been associated with a reduction in transportation and
industrial activities during LD.

Unlike nitrogen oxides, a reduction in fine particulate matter (PM2.5 and PM10) con-
centrations has been observed in all the sites only during the full-LD periods, while this is
not the case for partial LD. Such a result has been associated with the predominant role of
pollution sources different from road transport that were active during the lockdown, like
domestic heating (a dominant source of this pollutant in the region), as reported in the Po
Valley [39].

Also, the connection between SO2 concentrations and LD periods is not straightfor-
ward, due to the influence of several factors. Firstly, SO2 is mainly emitted by coal power
plants, which are point sources, and their plumes are affected by meteorological factors,
first of all wind speed and direction. Secondly, the lockdown measures did not necessarily
reduce the overall consumption of electricity, since the reduction in activity in working
places was, at least in part, compensated by higher consumptions in households.

The reduction in NO2 concentrations during the LD resulted in a reduction in prema-
ture mortality associated with air pollution in the largest cities, which partially offsets the
death toll of COVID-19. By comparison, there are no evident changes in O3 and particulate
matter compared with the time series 2015–2019.

COVID-19 LD is a source of real-world experimental quantitative evidence about
the behaviour of air pollutants and the impact of pollution sources, which are specific for
every site. The COVID-19 LD provided a unique opportunity to quantify in the field the
relationship between mobility and air pollution. This analysis confirmed, at the same time,
the complexity of the atmospheric processes connected to air pollution, which may lead to a
clear decrease in some pollutants (NO, NO2), variable responses of some of them due to the
influence of external factors (PM2.5, PM10 and SO2), and, actually, to the increase in others
(O3). Such results highlight the contribution that scientific assessments can provide in
supporting the design of abatement measures to ensure a full understanding of atmospheric
processes and their potential implications, which are specific for every location.
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with time series; Figure S2: PM2.5 daily concentrations in 2020 compared with time series; Figure S3:
O3 daily concentrations in 2020 compared with time series; Figure S4: SO2 daily concentrations in
2020 compared with time series in file AQ COVID WB SUPPL MATERIAL.doc; dataset in file: AQ
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