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Abstract: This study evaluated the temporal variability of the concentrations of pollutants (namely,
NO;, O3, PM;5, PMjg and SO,) in an urban-industrial area of mainland Portugal during two
decades (from 2001 to 2020), to assess the impact of the COVID-19 pandemic on the levels of these
atmospheric pollutants. Mean levels of pollutants in 2020 were compared with those measured in the
six previous years (2014-2019). A significant improvement in air quality, namely regarding PMjg
and NO,, was found and it can be attributable to the restrictions of anthropogenic activities (such as
traffic) promoted during the March-May 2020 national lockdown that occurred due to the pandemic.
Significant and expressive reductions of 44.0% and 40.3% were found in April 2020 for NO, and
PMj, respectively, showing the impact of local traffic in the study area. A similar trend of reduction
for these pollutants was also found in the following months. However, ozone levels did not show
the same trend, with significant increases in several months after the lockdown period, highlighting
other contributions to this pollutant. This unique period can be considered as a living lab, where
the implementation of strict measures due to COVID-19 confinement promoted the reduction of
anthropogenic activities and allowed us to understand more comprehensively their impact on local
air quality.

Keywords: air quality; urban-industrial; COVID-19 confinement; PM;g; ozone; nitrogen dioxide;
sulphur dioxide; temporal analysis

1. Introduction

In December 2019, an unknown disease was detected in Wuhan, China, and on
11 March 2020, the World Health Organization (WHO) declared COVID-19—the disease
caused by the new coronavirus SARS-CoV-2—as a pandemic. Its rapid spread has be-
come a global public health crisis. To contain the SARS-CoV-2 virus, many countries
have adopted drastic measures to reduce human interaction, including applying strict
quarantines, encouraging social distancing, imposing a curfew and even closing entire
cities [1].

These extreme measures led anthropogenic activities (such as production, traffic and
transportation) almost to a standstill, with enormous socio-economic costs, but a clear
short-term improvement in air quality has also arisen, as shown, for instance, by satellite
images that captured a sharp drop in NO; pollution in several countries [2,3].

Several studies have demonstrated that COVID-19 lockdowns caused a positive
impact on air quality [1,4,5]. The number of studies published relating to Europe is more
limited, but already point to similar reductions of air pollutants [6-8].

Nevertheless, although reductions in primary pollutants are decisive in improving air
quality, the response of secondary pollutants (notably Oz and PMj 5) to emission reductions
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caused by COVID-19 is complex and still poorly known, given the interdependencies and
non-linearities in atmospheric chemistry [9]. Thus, to fully assess the global air quality
consequences of COVID-19, the impact on secondary pollutants must also be investigated,
as enhanced secondary pollution has been found to sometimes offset the reduction of
primary emissions during the COVID-19 lockdown [10]. For all these reasons, the pandemic
context offers a unique opportunity to examine the effects of human-related activities,
especially human mobility, on air quality [11].

In Portugal, on 12 March 2020, all schools closed and on March 19, Portugal decreed
a state of emergency, including mandatory confinement and movement restriction of the
citizens. Public transportation was reduced and non-essential business, such restaurants,
shops, fitness centers or shopping malls, were closed.

This work aimed to evaluate the temporal evolution of the concentration of the
pollutants NO;, O3, PM; 5, PMjy and SO; in an urban-industrial area in Portugal (Paio Pires,
Seixal), from 2001 to 2020, and to assess the impact of the COVID-19 pandemic on the
levels of these air pollutants. Moreover, the interest in this specific area is due to the regular
complaints of inhabitants regarding local air quality and their worries about the impact of
the local industries on air quality [12]. Since local industries kept their regular workflow
during the COVID-19 lockdown imposed by national authorities, this particular moment
may provide new insights regarding the impact of these industries on the local air quality.

2. Materials and Methods

This study was carried out in Aldeia de Paio Pires, in the municipality of Seixal
(Portugal), an urban-industrial area near Lisbon, with 167,294 inhabitants in 95.5 km? [13],
characterized by a high influence of steelworks and other industries.

The air quality concentration values used in this study were obtained from the Paio
Pires-Seixal station (38°37'15.7" N, 9°04'55.4" W) of the National Air Quality Monitoring
Network, operated by the Portuguese Environment Agency, which results are available
through the national information system of air quality, designated as QualAr. Its location
is shown in Figure 1. The Paio Pires-Seixal station has an industrial suburban typology,
according to the Air Quality monitoring sites classification in Europe [14]. The validated
hourly mean concentrations of the pollutants NO,, O3, PM; 5, PM; and SO, were obtained
from the QualAr database [15] of the Portuguese Environment Agency, with the percentage
of collected data per year described in Table 1. Data regarding PM; 5 were available only in
2020, since it was the year that its assessment started for this monitoring air quality station.
Annual mean concentrations were calculated from hourly values, from 2001 to 2020 for
NO,, O3 and SO5, and from 2008 to 2020 for PM;j.

Daily meteorological data (namely, mean and maximum temperatures, relative humidity,
precipitation and wind speed) was obtained from the Barreiro-Lavradio weather station
located in the study area (38°40'28"" N, 9°2/51" W) and it was supplied by the Instituto
Portugués do Mar e da Atmosfera, LP. IPMA, LP.). Anomalies were defined as the difference
in the mean monthly values between the year 2020 and the previous period 2014-2019.

The impact of COVID-19 confinement on the pollutants concentrations was evaluated
through the analysis and comparison of hourly and monthly means between the years 2020
and the baseline conditions based on 6-year averaged data (2014-2019). This methodology
was adopted considering that 6-year baseline conditions were long enough to reduce
inter-annual variability in atmospheric pollutants concentrations and meteorology data,
minimizing the influence of seasonal variability in the results [16].

Statistical calculations were carried out using STATISTICA software version 13. The
non-parametric Mann-Whitney U test was employed to compare identified means, with
differences being significant at p-value < 0.050.
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Figure 1. Location of the air quality monitoring station “Paio Pires-Seixal” within Seixal area (right, red circle) and its
location within mainland Portugal (left).

Table 1. Percentage of the yearly data collected for each pollutant. Bold values refer to a year with a
percentage of data collected below 80%.

Percentage of Collected Data Per Year (%)

Air Pollutant
Year NOz 03 PM2.5 PM10 SOZ
2001 95.4 93.6 n.a. n.a. 99.7
2002 99.1 97.9 n.a. n.a. 99.2
2003 58.0 99.7 n.a. n.a. 98.8
2004 72.3 98.9 n.a. n.a. 99.1
2005 92.0 91.0 n.a. n.a. 92.5
2006 98.5 99.9 n.a. n.a. 99.7
2007 98.8 96.5 n.a. n.a. 98.9
2008 99.1 97.1 n.a. 93.3 99.7
2009 95.2 98.2 n.a. 96.6 99.7
2010 95.2 99.2 n.a. 83.9 97.9
2011 94.8 91.3 n.a. 93.7 99.6
2012 67.5 93.3 n.a. n.a. 94.8
2013 76.8 93.1 n.a. 44.7 98.6
2014 93.3 85.7 n.a. 92.5 98.8
2015 99.0 99.4 n.a. 94.0 98.0
2016 97.8 99.6 n.a. 90.1 99.3
2017 85.2 98.4 n.a. 91.3 99.1
2018 90.1 95.3 n.a. 98.3 98.5
2019 99.9 96.0 n.a. 98.3 99.8
2020 98.2 99.5 93.6 99.7 98.2

3. Results
3.1. Air Quality Temporal Analysis and Legal Compliance

For each studied air pollutant, a temporal analysis and an overview of the legal
compliance of the air quality in the study area was evaluated for the last two decades,

based in the Portuguese legislation (Decree-Law No. 47/2017, of 10 May, that transposed
the EU Directive 2015/1480).

3.1.1. NO,

Regarding NO,, the Portuguese legislation establishes an hourly limit value (HLV) of
200 pg-m 2, which must not be exceeded more than 18 times a year, and an annual limit
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value (ALV) of 40 pg-m~2, both mandatory since 2010. Figure 2 provides the levels of NO,
from 2001 and 2020, focusing on the 19th highest hourly means per year and annual means.

During the studied period, no exceedances of HLV and ALV were found. The mean
annual concentration of NO, reached a maximum of 29.8 pg-m~3 in 2007 and a minimum
of 17.2 ug-m~3 in 2020. The reduction in NO, levels between 2009 and 2014 is probably
due to the global economic and financial crisis of 2007-2008 and the subsequent eurozone
public debt crisis [17]. In 2015 there were signs of economic growth, which may have led to
a slight increase in NO, concentrations. In Europe, in the period 20002017, it was reported
that the mean annual concentration of NO, decreased by 25% in suburban stations, 28% at
traffic stations, and 34% at industrial and rural stations [18]. In 2018, it was reported that in
the EU-28 the greatest contribution to NOx emissions was the transport sector (47%, with
39% of the road transport and 8% of the non-road transport), followed by the energy supply
(15%), agriculture (15%) and industry sectors (15%) [19].
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Figure 2. Levels of NO; in Seixal from 2001 to 2020: (top) 19th highest hourly means, (bottom)
annual means (with standard deviations).

The trend observed in the Paio Pires-Seixal monitoring station is not a clear decrease
as seen in Europe. As already noted, in Paio Pires-Seixal, increasing and decreasing trends
can be observed during the period 2001-2020 but, the overall balance during the two
studied decades (excluding 2020) is a decrease of 7.5% in the annual levels of NO, (in 2001
21.4 ug~m’3 was registered, while in 2019 19.8 ug-m’3 was registered). The lower decrease
in NO; levels when compared with the rest of Europe may be due to the local sources at
the study area that may continue to have a strong and continuous contribution, namely
industry and traffic. However, it is important to highlight that the 19th highest hourly
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mean concentration of NO; in each year has shown a clear decreasing trend (in 2001 it was
1514 ug-m’3, while in 2019 it was 94.7 ug-m’3, showing a reduction of 37.5%).

3.1.2. O3

For O3, the Portuguese legislation establishes a target value (TV) for the protection of
human health of 120 ug-m~3, which should not be exceeded daily more than 25 times per
year, over a period of three years (starting on 2010 and onwards). Figure 3 provides the yearly
mean levels of O3 (bottom) and its temporal analysis of compliance (middle and top).
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Figure 3. Levels of O3 in Seixal from 2001 to 2020: (top) 26th highest hourly means, (center) number
of exceedances, (bottom) annual means.
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During the studied period of 20 years, the 26th highest daily mean of O3 was always
below 120 ug~m’3, and, therefore, considering the 3-years mean (with values for the first
time only in 2012) no exceedances were registered as well. Regarding the 3-years mean of
the 26th highest daily mean of O3, a decreasing trend can be observed from 2012 to 2019.
Therefore, the number of daily exceedances in each year was always below 25, with 2003
registering the highest number of 24.

The mean annual concentration of O3 reached a maximum of 61.1 ug-m~3 in 2013 and
a minimum of 32.6 pg-m~3 in 2002, without a clear trend overtime. The Mediterranean
climate characteristics influence the formation of O3, with high concentrations being related
to local/regional photochemical production. The variation in O3 levels in Europe is also
attributed to meteorology and climate conditions, as well as to the intercontinental transport
of O3 and its precursors NOx and NMVOCs [19].

3.1.3. PMss

The year of 2020 was the first year that this pollutant was monitored in the study area
by the local air quality monitoring station. A PM, 5 annual mean of 9.5 + 8.5 pug-m 2 was
registered (ranging from 5.0 & 3.6 pg-m~3 in June to 16.7 + 16.9 ug-m~2 in January), which
is below the annual limit value of 20 pg-m~3 established by the Portuguese legislation.

3.1.4. PMy,

Regarding PMj, the Portuguese legislation defines, with the objective of protecting
human health, an ALV of 40 pg-m~3, and a daily limit value (DLV) of 50 pg-m~3, which
must not be exceeded more than 35 times a year, mandatory since 2005. Figure 4 provides
the yearly PMj levels, the 36th highest daily PM;, means per year and the number of
exceedances for the period between 2008 and 2020.

It is important to highlight that, in Portugal, the contribution of natural sources to the
levels of suspended particles has proved to be significant, namely those resulting from
the transport from the deserts of North Africa [20], and thus according to legislation, this
contribution should be discounted in the calculation of the annual and daily mean PMjg
concentrations [21,22]. Currently, the method adopted by the Portuguese Environment
Agency to identify the events of African dust intrusion in Portugal and their contributions
to the PMjg levels is based on a statistical approach regarding the variability at rural
background sites. Shortly, the methodology is based on the application of a 30-day moving
40th percentile to the PM data series in rural background stations, after excluding those
days impacted by African dust, that should be identified based on satellite observations,
model back-trajectories and/or dust forecast models [22].

Considering the DLV, only in 2009 and 2011 were exceedances registered with the 36th
highest PM;o means after the discounts from natural sources being higher than 50 pg-m~3.
However, in 2008 no data were available for 36th highest PM;y means after the discounts
from natural sources but the 36th highest PM 1y mean without discounts exceeded the DLV
(59.0 ug-m~3). Regarding the number of daily exceedances, if not considering the discount
from natural sources, from 2008 to 2011, the limit number of 35 daily exceedances per year
were surpassed. Discounting the contribution of natural sources, from these four years,
only 2010 had less than 35 daily exceedances during the whole year. From 2011 onwards,
the number of annual exceedances registered was always below the established maximum
number of exceedances allowed.

PM;g concentrations reached a maximum of 38.8 pgrrf3 in 2011 and a minimum
of 24.4 pg-m~3 in 2016, showing an overall decreasing trend (without considering 2020,
when the minimum PMjg annual level of 20.1 pug-m~3 was reached). Regarding the ALYV,
no annual PMy levels (with and without the contribution of natural sources) were above
the limit value of 40 pg-m~2 in any of the years considered in this study.

The evolution of the PMjy concentrations in the study area followed the European
trend, since during the decade 2009-2018 in Europe, there was a reduction of 18-19% in
the annual average concentrations of PM; for all types of monitoring stations, except for
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rural (only 13%), a decrease that was in line with the reduction of primary PM; emissions
(22%) and their precursors (54% for SOx, 34% for NOx and 16% for NMVOCs) [19]. In
2018, it was reported that in the EU-28 the greatest contribution to PM;( emissions was
the residential, commercial and institutional sector (41%), followed by manufacturing and
extractive industry (22%) and the agriculture (18%) [19].
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Figure 4. Levels of PMj in Seixal from 2008 to 2020: (top) 36th highest daily means with and without nat-
ural sources, along with number of exceedances, (bottom) annual mean with and without natural sources.

Some examples of episodes of high PM pollution occurred during 2017, one of the
most devastating years for fires in Europe and, in particular, in Portugal where around
120 deaths occurred and a record of total burned area of 540,000 ha was registered. After
an intense heat wave and extremely dry conditions, several fires occurred in the Centre
of Portugal [23]. The worst incident occurred in June, near Pedrégao Grande, and led
to the death of 64 people, the highest number of deaths due to forest fires in Portugal
recent history, and 53,000 ha of burned area. The mean daily concentrations of PM;g in
the Iberian Peninsula was 17 pg-m~> before and after the episode, while the daily average
during the episode was 26 pg-m’3 [24]. Later in that year, in October, a series of wildfires
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also occurred throughout the country due to special climacteric conditions promoted
by the tropical storm Ophelia (with influence of the Saharan dust from north-western
Africa), where 50 fatalities occurred. During that period, the Portuguese population was
exposed in average to additional PMy levels that ranged from 16.2 to 120.6 pg-m =2 in
smoky days with dust and from 6.1 to 20.9 ug-m~3 in dust-free smoky days [25]. The
implementation of effective fire management and prevention methodologies will, therefore,
become increasingly important in the future, as the severity of fires is expected to increase
as a result of climate change [26].

3.1.5. 50O,

Regarding SO,, the Portuguese legislation establishes an hourly limit value (HLV) of
350 pug-m~2, which must not be exceeded more than 24 times a year, and a daily limit value
(DLV) of 125 pg-m~3, which must not be exceeded more than three times a year. Figure 5
provides the levels of SO, from 2001 to 2020, focusing on the fourth highest daily mean
and 25th highest hourly mean per year and annual means.
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Figure 5. Levels of SO, in Seixal from 2001 to 2020: (top) highest hourly and daily means, (bottom)
annual mean.
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Considering both limit values, the monitored levels of SO, always complied with the
legislation for the whole study period, with no exceedances reported. Until 2007, it was
possible to observe a decreasing trend in the SO; levels and, after that period, annual mean

levels were always below 3 pg-m 3.

3.2. Impact of COVID-19 Containment Measures on Air Quality

The comparisons between the hourly and monthly mean levels of NO,, O3, PM, 5, PM1j
and SO, monitored during the period 2014-2019 and the year 2020 (when COVID-19 con-
tainment measures were employed in the Portuguese territory) are shown in Figures 6 and 7.
These comparisons were conducted focusing only on the last six years since the early years
represent different technological conditions. Regarding PMj; 5, only data for 2020 are shown
since it was the year when such monitoring activity started.

I 20142019 I 2020

Concentration (pg-m

0
01234567 8 91011121314151617 181920212223
Hour

Figure 6. Mean hourly levels of NO,, O3, PM; 5 (only for 2020), PM1y and SO, during the periods of
2014-2019 and 2020 in the studied urban-industrial area.

The anthropogenic activities can be identified in hourly profiles of the air pollutants levels,
as shown in Figure 6, since the calculation of the average of a large amount of measurement
data allows for the independence of the results from the meteorological conditions.

NO, displays a daily cycle with two maximums at peak traffic hours (from 6 a.m.
to 9 am. and 5 p.m. to 9 p.m.), typically conditioned by the volume of traffic emissions.
Regarding 2020, a reduction in the mean hourly concentrations of NO, was found, when
compared with the previous period of 2014-2019, that did not have any traffic constraints
on the population.

The hourly profile of O3 has higher levels from 11 a.m. to 4 p.m., following obviously
the levels of solar radiation and presenting lower levels during the evening. In fact, O3
is not emitted directly into to the atmosphere (therefore, it is considered as a secondary
pollutant) but it results from the photochemical reactions between nitrogen oxides and
volatile organic compounds [27]. When comparing both studied periods, it is found that
ozone levels are similar during the morning but with slightly higher levels after 1 p.m. and
until midnight in 2020, when comparing with the period 2014-2019.
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Figure 7. Mean monthly levels of NO;, O3, PM; 5 (only for 2020), PM;y and SO, during the periods
of 2014-2019 and 2020 in the studied urban-industrial area.

Regarding PM;, two peaks in its levels are observed from 7 to 11 a.m. and from 6 to
11 p.m. When comparing the two different periods, a strong reduction on PM; levels in
2020 can be found, which flattened the PM;o hourly profile in 2020 when compared with
the 2014-2019 period and that can be attributable to the containment measures that limited
the mobility of the population and other anthropogenic activities. The PM; 5 hourly profile
in 2020 has a flattened similar trend to that observed for PMj.

During the 2014-2019 period, the SO, hourly pattern showed higher levels between
7 am. and 12 a.m., which reflects its anthropogenic source, such as fossil fuel combus-
tion [28]. In 2020, the SO, hourly pattern showed slightly lower levels and without any
visible peak period, reflecting the decrease of anthropogenic activities that typically oc-
curred during the period between 7 a.m. and 12 a.m. previously to the confinement period
(such as traffic).

Figure 7 provides the seasonal trends for all studied pollutants during 2020 and the
mean levels of the six previous years (2014-2019). NO,, PM; 5 and PM;g and SO, show
higher levels during the cold season, which can be explained by the greater atmospheric
stability which promotes thermal inversion, accentuating the accumulation of pollutants in
the lower atmosphere [29]. By contrast, O3 presents higher levels in spring and summer
since, as explained above, its formation is related to the intensity of solar radiation.

When comparing both studied periods, it is possible to observe lower mean monthly
levels of NO, and PM; during 2020 (after the month of February, since the confinement
measures were introduced in Portugal only in March) than the registered ones in the
previous six year period. In fact, after the declaration of the state of emergency in Portugal
and the nationwide lockdown imposition on 19 March (to 31 May 2020), the concentrations
of NO, and PMyj in the studied urban-industrial area, registered a drastic and significant
decrease in April, namely reductions of 44.0% (p-value = 0.000) and 40.3% (p-value = 0.000),
respectively. This significant reduction was the result of the mandatory lockdown confine-
ment, restrictions of movement on public roads and prohibition of travelling outside the
municipality of residence during the Easter period (9-13 April). As seen, these measures
had a strong impact on PM;jy and NO; levels, confirming that traffic is one of the main
sources of these pollutants in the study area.
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The scenario of reduction of NO, and PM; levels in April 2020, has been seen all over
the world [30,31]. In a study that focused on the impact of the COVID-19 lockdown on
the air pollution levels in 697 cities worldwide, the lockdown measures caused a decrease
of 23-37% in the NO; levels and of 14-20% in the PM( levels [31]. In Europe, estimates
show that from 15 March to 30 April, the mean percentage variations of NO, were: —47%
in Madrid, —39% in Rome, —30% in Paris, —47% in Geneva, —46% in Ankara, —33% in
Berlin, —26% in London [19]. Taking into account that road transport was the most affected
emission source during the COVID-19 lockdown in urban areas [31,32], the reductions
observed in NO; levels can be directly associated to the traffic reduction, which can supply
an estimate of the traffic contribution in a specific site.

Nevertheless, the reductions of PM7y and NO, levels in the studied urban-industrial
area occurred during the rest of the year 2020 (from March to December), long after
the nationwide lockdown period (16 March to 31 May 2020). For instance, PM; regis-
tered significant reductions relative to the last six-year averages, namely, in May (16.7%,
p-value = 0.000), June (38.0%, p-value = 0.000), August (48.6%, p-value = 0.000), September
(20.7%, p-value = 0.012), October (45.2%, p-value = 0.000), November (25.6%, p-value = 0.018)
and December (45.3%, p-value = 0.000). Regarding NO,, significant decreases were ob-
served in May (17.4%, p-value = 0.048), June (29.0%, p-value = 0.000), August (31.6%,
p-value = 0.000) and December (18.7%, p-value = 0.012). However, significant increases
of NO; levels in 2020 were observed in February (20.2%, p-value = 0.008—before the im-
plementation of the COVID-19 confinement measures) and July (19.8%, p-value = 0.030),
when comparing with the mean levels registered in the previous six years.

Overall, the PMyg annual average in the study area in 2020 was 20.1 pg-m~3 (compared
with the mean value of 26.9 pg-m~3 registered during the period 2014-2019), and this was
the first time that the WHO annual air quality guideline of 20 pug-m 3 [19] was attained in
the study area.

The observed reductions are possibly the result of the measures applied during the
year of 2020 in Portugal after March onwards to slow down the transmission of the new
coronavirus SARS-CoV-2, which included teleworking, restrictions of movement on public
roads and curfews, promoting as well the slowing down of the economic activity.

Regarding the differences between O3 levels during 2020 and the previous six years,
a significant reduction was found in February (29.0%, p-value = 0.000—before the imple-
mentation of COVID-19 confinement measures) and significant increases were found in
July (14.4%, p-value = 0.005), September (15.2%, p-value = 0.007) and December (33.6%,
p-value = 0.003). In some months, it was found that both NO, and Oj3 increased (July) or
decreased (May), but there were other months in which a decrease in NO, was accom-
panied by an increase in O3 (December) and vice versa (February). This non-linearity of
the ozone production efficiency with NOx concentration is long known, since the balance
between the NOx and VOC precursors is decisive [33,34]. Additionally, O3 concentrations
are determined not only by precursor emissions, but also by meteorological conditions and
long-distance transport.

Similar increasing trends of O3 during lockdown were also found in other regions
of the world [1,31,35]. The generally higher levels of O3 during lockdown worldwide,
considered similar to the weekend effect, are attributable to the reduction in NOx emissions
from road traffic which leads to a lower Oj titration by nitric oxide, along with higher
solar radiation due to the lower PM emissions (favoring O3 formation) and the increase
of O3 precursors emissions from home and garden activities (considering that people
are more time in their homes due to the lockdown measures) [35]. In urban or urban-
industrial areas, such as the studied site in the present study, where NOx emissions are
dominant in normal meteorological conditions, a VOC-limited regime of O3 production is
predicted [36]. As a consequence of the lockdown, the concentrations of NOx decreased
more than those of NMVOCs, leading to higher NMVOC/NOx ratios and increased ozone
concentrations [35,37].
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In our study site, during the March-May lockdown, the variations of O3 concentrations
relative to the last six years were all non-significant and contradictory in sign (March: +1.7%,
p-value = 0.966; April: +2.2%, p-value = 0.704; May: —5.5%, p-value = 0.104). The significant
and sharp decreases in NO, concentrations (in March, April and May) could have caused
the O3 concentrations to increase in that period, as seen in the rest of Europe except for
Iberia [38], due to the reduced Oj titration by NO, but that has not happened significantly
(in fact, O3 levels in May have decreased).

In order to evaluate the impact of meteorological conditions at the study site on
the levels of O3, the differences between the mean levels of meteorological data in the
study site between 2020 and the six previous years were evaluated, as shown in Figure S1
(Supplementary section).

In our study site, meteorological factors may have contradicted the rise in O3 con-
centrations, since there was a significant increase in the mean relative humidity in March
(8.5%, p-value = 0.001), April (15.1%, p-value = 0.000) and May (13.7%, p-value = 0.000).
This trend was also observed in another study where, from 15 March to 30 April, an Os
reduction in the Iberian Peninsula was registered, which was mostly attributable to the low
solar radiation and high specific humidity [38].

After the March-May lockdown, the O3 positive anomaly in July can perhaps be
associated with elevated temperatures relative to the last six years, since in July there was
a positive variation in the mean temperature (7.8%, p-value = 0.000) and in the maximum
temperature (11.7%, p-value = 0.000); and with the mean wind speed, since in July, there
was a negative variation of this parameter (14.5%, p-value = 0.006).

In September, no significant variations of NO, levels nor of meteorological variables
have occurred and so no definite causes for the O3 positive anomaly in this month may be
pointed to. In December, the significant increase in O3 concentration may have been caused
by the decrease in NO; concentration (18.7%, p-value = 0.012), due to the reduction in the
titration by NO, but precipitation levels may also have had some influence, since there was
a significant decrease in this parameter (14.0%, p-value = 0.005). The other meteorological
factors all presented non-significant variations in this month.

This impact of meteorological factors into ozone levels during the pandemic period
has also been found in other studies. For instance, a study where a model was employed
to evaluate the global changes in secondary atmospheric pollutants during the pandemic
period in 2020 [39] found that a large fraction of the ozone increase in February was associ-
ated with meteorological anomalies. In short, the used model showed that atmospheric
meteorological anomalies produced substantial variations in the concentrations of chemical
species during the pandemic, despite the reductions of precursors” emissions.

The levels of SO, during the year of 2020 presented both significant reductions and
increases when compared with the previous six-year period. Significant reductions were
found in January (18.0%, p-value = 0.020), March (40.7%, p-value = 0.034), May (61.7%,
p-value = 0.001) and October (48.0%, p-value = 0.011), while significant increases were
found mainly for the summer period, namely, June (39.6%, p-value = 0.000), July (40.6%,
p-value = 0.000), August (30.0%, p-value = 0.000) and September (33.0%, p-value = 0.001).
This variability in SO, levels in 2020 may be mainly due to the workflow of the industrial
area nearby, since it maintained its typical work process during the confinement period. In
fact, a general decrease between 2 and 20% in the SO, levels was found in urban settings
worldwide promoted by the lockdown measures [31]. In the present study, despite lower
levels were found from March to May (probably due to traffic decrease due to lockdown
measures) with April not being statistically significantly, higher levels were found during
all summer, which highlights the impact of the local industries of the study area into SO,
levels in the air.

Overall, the COVID-19 pandemic had a significant impact on the air quality of the
studied urban-industrial area during 2020. This unique situation can be addressed as
a living lab where it is possible to understand the effects of reducing specific pollution
sources, such as traffic, in local air quality. Future efforts are needed to maintain the
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pollutant concentrations, namely PMjy and NO,, at lower levels than the previous six years
to minimize the population exposure when the pandemic is over and the economy fully
restarts. Existing environmental policies and rethinking mobility strategies could achieve
similar air quality improvements, at a much lower economic cost, since city lockdowns are
an unsustainable option to address environmental issues.

4. Conclusions

The impact of COVID-19 lockdown in the air quality in an urban-industrial area
in Portugal was assessed, by comparing air quality data collected during the pandemic
(2020) with baseline conditions, namely the six-year averaged data (from 2014 to 2019).
These measures, which promoted a great reduction in traffic during 2020, proved to have a
significant impact on PM;g and NO; levels in the studied area, namely their reduction. This
study provides insights and confidence to regulators, policy makers and municipalities that
a significant improvement in local air quality may be achieved if strict air quality control
plans and mitigation measures (targeting, for instance, traffic) are implemented.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/atmos12091097/s1. Figure S1. Monthly statistics for weather parameters (mean and maximum
temperatures, relative humidity, precipitation and wind speed) during the periods of 2014-2019 and
2020 in the studied urban-industrial area.

Author Contributions: Conceptualisation—S.M.A.; methodology—C.G. and S.M.A_; formal analysis—
C.G. and L.A; data curation and analysis—C.G., L.A. and N.C.; writing—C.G. and L.A.; writing—
review and editing, C.G., N.C. and S.M.A ; supervision—C.G. and S.M.A. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the Portuguese Foundation for Science and Technology
(FCT, Lisboa, Portugal), namely regarding Postdoc Grant SFRH/BPD /102944 /2014, contract IST-
ID/098/2018, and strategic projects UIDB/04349/2020 + UIDP/04349/2020 and UIDB/50017 /2020 +
UIDP/50017/2020.

Data Availability Statement: Not applicable.

Acknowledgments: The authors acknowledge the Portuguese Environment Agency (APA) and
the LVT Regional Coordination and Development Commission (CCDR-LVT) for their effort in
establishing and maintaining the air quality monitoring network, and also by providing the data
used in this investigation. Instituto Portugués do Mar e da Atmosfera, L.P. (IPMA, L.P) is gratefully
acknowledged for providing the meteorological data.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. He, G.; Pan, Y,; Tanaka, T. The short-term impacts of COVID-19 lockdown on urban air pollution in China. Nat. Sustain. 2020, 3,
1005-1011. [CrossRef]

2. Bauwens, M.; Compernolle, S.; Stavrakou, T.; Miiller, J.F.,; Van Gent, ].; Eskes, H.; Levelt, PE; van der A, R.; Veefkind, ].P; Vlietinck,
J.; et al. Impact of coronavirus outbreak on NO, pollution assessed using TROPOMI and OMI observations. Geophys. Res. Lett.
2020, 47, €2020GL087978. [CrossRef]

3.  Liu, F; Page, A.; Strode, S.A.; Yoshida, Y.; Choi, S.; Zheng, B.; Lamsal, L.N.; Li, C.; Krotkov, N.A ; Eskes, H.; et al. Abrupt decline
in tropospheric nitrogen dioxide over China after the outbreak of COVID-19. Sci. Adv. 2020, 6, eabc2992. [CrossRef]

4. Chauhan, A.; Singh, R.P. Decline in PM 2.5 concentrations over major cities around the world associated with COVID-19. Environ.
Res. 2020, 187, 109634. [CrossRef] [PubMed]

5. Mahato, S,; Pal, S.; Ghosh, K.G. Effect of lockdown amid COVID-19 pandemic on air quality of the megacity Delhi, India. Sci.
Total Environ. 2020, 730, 139086. [CrossRef] [PubMed]

6.  Baldasano, ].M. COVID-19 lockdown effects on air quality by NO; in the cities of Barcelona and Madrid (Spain). Sci. Total Environ.
2020, 741, 140353. [CrossRef]

7.  Cristina, M.; Abba, A.; Bertanza, G.; Pedrazzani, R.; Ricciardi, P.; Carnevale, M. Lockdown for CoViD-2019 in Milan: What are the
effects on air quality? Sci. Total Environ. 2020, 732, 139280. [CrossRef]

8.  Tobias, A.; Carnerero, C.; Reche, C.; Massagué, J.; Via, M.; Minguillén, M.C.; Alastuey, A.; Querol, X. Changes in air quality during

the lockdown in Barcelona (Spain) one month into the SARS-CoV-2 epidemic. Sci. Total Environ. 2020, 726, 138540. [CrossRef]


https://www.mdpi.com/article/10.3390/atmos12091097/s1
https://www.mdpi.com/article/10.3390/atmos12091097/s1
http://doi.org/10.1038/s41893-020-0581-y
http://doi.org/10.1029/2020GL087978
http://doi.org/10.1126/sciadv.abc2992
http://doi.org/10.1016/j.envres.2020.109634
http://www.ncbi.nlm.nih.gov/pubmed/32416359
http://doi.org/10.1016/j.scitotenv.2020.139086
http://www.ncbi.nlm.nih.gov/pubmed/32375105
http://doi.org/10.1016/j.scitotenv.2020.140353
http://doi.org/10.1016/j.scitotenv.2020.139280
http://doi.org/10.1016/j.scitotenv.2020.138540

Atmosphere 2021, 12, 1097 14 of 15

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Kroll, ].H.; Heald, C.L.; Cappa, C.D.; Farmer, D.K; Fry, ].L.; Murphy, ].G.; Steiner, A.L. The complex chemical effects of COVID-19
shutdowns on air quality. Nat. Chem. 2020, 12, 777-779. [CrossRef]

Huang, X.; Ding, A.; Gao, ].; Zheng, B.; Zhou, D.; Qi, X,; Tang, R.; Wang, J.; Ren, C.; Nie, W,; et al. Enhanced secondary pollution
offset reduction of primary emissions during COVID-19 lockdown in China. Natl. Sci. Rev. 2021, 8, 2. [CrossRef]

Bao, R.; Zhang, A. Does lockdown reduce air pollution? Evidence from 44 cities in northern China. Sci. Total Environ. 2020, 731,
139052. [CrossRef]

Justino, A.R.; Canha, N.; Gamelas, C.; Coutinho, ]J.T.; Kertesz, Z.; Almeida, S.M. Contribution of micro-PIXE to the charac-
terization of settled dust events in an urban area affected by industrial activities. |. Radioanal. Nucl. Chem. 2019, 322, 1953-1964.
[CrossRef]

PORDATA—Base de Dados Portugal Contemporaneo. Available online: www.pordata.pt (accessed on 15 June 2021).

Joly, M.; Peuch, V.H. Objective classification of air quality monitoring sites over Europe. Atmos. Environ. 2012, 47, 111-123.
[CrossRef]

APA QualAR. Qualidade do AR. Available online: https://qualar.apambiente.pt/node/indice-qualar (accessed on 16 September 2019).
Gama, C.; Relvas, H.; Lopes, M.; Monteiro, A. The impact of COVID-19 on air quality levels in Portugal: A way to assess traffic
contribution. Environ. Res. 2021, 193, 110515. [CrossRef]

Monteiro, A.; Russo, M.; Gama, C.; Lopes, M.; Borrego, C. How economic crisis influence air quality over Portugal (Lisbon and
Porto)? Atmos. Pollut. Res. 2018, 9, 439—445. [CrossRef]

ETC/ATNI Report 16/2019: Air Quality Trends in Europe: 2000-2017. Assessment for surface SO2, NO2, Ozone, PM10 and
PM2.5—Eionet Portal. Available online: https:/ /www.eionet.europa.eu/etcs/etc-atni/products/etc-atni-reports/ etc-atni-report-16
-2019-air-quality-trends-in-europe-2000-2017-assessment-for-surface-so2-no2-ozone-pm10-and-pm2-5-1 (accessed on 16 June 2021).
European Environment Agency Air quality in Europe—2020 Report—European Environment Agency. 2020. Available online:
https:/ /www.eea.europa.eu/publications/air-quality-in-europe-2020-report (accessed on 21 June 2021).

Ensemble Forecast—WMO SDS-WAS. Available online: https://sds-was.aemet.es/forecast-products/dust-forecasts/ensemble-
forecast# (accessed on 21 June 2021).

CCDRC. Plano de Melhoria da Qualidade do Ar na Regiao Centro. 2010. Available online: http://www.ccdre.pt/index.php?
option=com_docmané&view=downloadé&id=3211&Itemid=739 (accessed on 28 July 2021).

Gama, C.; Pio, C.; Monteiro, A.; Russo, M.; Fernandes, A.P.; Borrego, C.; Baldasano, ].M.; Tchepel, O. Comparison of methodologies
for assessing desert dust contribution to regional PM10 and PM2.5 levels: A one-year study over Portugal. Atmosphere 2020, 11,
134. [CrossRef]

Oliveira, M.; Delerue-Matos, C.; Pereira, M.C.; Morais, S. Environmental particulate matter levels during 2017 large forest
fires and megafires in the center region of Portugal: A public health concern? Int. |. Environ. Res. Public Health 2020, 17, 1032.
[CrossRef]

EEA Air Quality in Europe—2019 Report—EEA Report No 10/2019; Publications Office of the European Union: Luxembourg, 2019;
Available online: https://www.eea.europa.eu/publications/air-quality-in-europe-2019 (accessed on 25 June 2021).

Augusto, S.; Ratola, N.; Tarin-Carrasco, P.; Jiménez-Guerrero, P.; Turco, M.; Schuhmacher, M.; Costa, S.; Teixeira, J.P.; Costa, C.
Population exposure to particulate-matter and related mortality due to the Portuguese wildfires in October 2017 driven by storm
Opbhelia. Environ. Int. 2020, 144, 106056. [CrossRef] [PubMed]

Turco, M.; Jerez, S.; Augusto, S.; Tarin-Carrasco, P.; Ratola, N.; Jiménez-Guerrero, P.; Trigo, R M. Climate drivers of the 2017
devastating fires in Portugal. Sci. Rep. 2019, 9, 13886. [CrossRef] [PubMed]

Silva, A.V,; Oliveira, C.M.; Canha, N.; Miranda, A.I,; Almeida, S.M. Long-term assessment of air quality and identification of
aerosol sources at Settbal, Portugal. Int. J. Environ. Res. Public Health 2020, 17, 5447. [CrossRef] [PubMed]

Calvo, A.L; Alves, C.; Castro, A.; Pont, V.; Vicente, A.M.; Fraile, R. Research on aerosol sources and chemical composition: Past,
current and emerging issues. Atmos. Res. 2013, 120-121, 1-28. [CrossRef]

Gama, C.; Monteiro, A ; Pio, C.; Miranda, A.I; Baldasano, ].M.; Tchepel, O. Temporal patterns and trends of particulate matter
over Portugal: A long-term analysis of background concentrations. Air Qual. Atmos. Health 2018, 11, 397—407. [CrossRef]
Sharma, S.; Zhang, M.; Anshika; Gao, J.; Zhang, H.; Kota, S.H. Effect of restricted emissions during COVID-19 on air quality in
India. Sci. Total Environ. 2020, 728, 138878. [CrossRef]

Liu, E; Wang, M.; Zheng, M. Effects of COVID-19 lockdown on global air quality and health. Sci. Total Environ. 2021, 755, 142533.
[CrossRef]

European Dataportal. The COVID-19 Related Traffic Reduction and Decreased Air Pollution in Europe. Available online: https://
data.europa.eu/en/impact-studies/covid-19/covid-19-related-traffic-reduction-and-decreased-air-pollution-europe (accessed
on 22 June 2021).

Collins, W.J.; Stevenson, D.S.; Johnson, C.E.; Derwent, R.G. Tropospheric ozone in a global-scale three-dimensional Lagrangian
model and its response to NO(x) emission controls. J. Atmos. Chem. 1997, 26, 223-274. [CrossRef]

Sillman, S. Chapter 12 The relation between ozone, NOx and hydrocarbons in urban and polluted rural environments. Dev.
Environ. Sci. 2002, 1, 339-385. [CrossRef]

Sicard, P.; De Marco, A.; Agathokleous, E.; Feng, Z.; Xu, X.; Paoletti, E.; Rodriguez, ].].D.; Calatayud, V. Amplified ozone pollution
in cities during the COVID-19 lockdown. Sci. Total Environ. 2020, 735, 139542. [CrossRef] [PubMed]


http://doi.org/10.1038/s41557-020-0535-z
http://doi.org/10.1093/nsr/nwaa137
http://doi.org/10.1016/j.scitotenv.2020.139052
http://doi.org/10.1007/s10967-019-06860-8
www.pordata.pt
http://doi.org/10.1016/j.atmosenv.2011.11.025
https://qualar.apambiente.pt/node/indice-qualar
http://doi.org/10.1016/j.envres.2020.110515
http://doi.org/10.1016/j.apr.2017.11.009
https://www.eionet.europa.eu/etcs/etc-atni/products/etc-atni-reports/etc-atni-report-16-2019-air-quality-trends-in-europe-2000-2017-assessment-for-surface-so2-no2-ozone-pm10-and-pm2-5-1
https://www.eionet.europa.eu/etcs/etc-atni/products/etc-atni-reports/etc-atni-report-16-2019-air-quality-trends-in-europe-2000-2017-assessment-for-surface-so2-no2-ozone-pm10-and-pm2-5-1
https://www.eea.europa.eu/publications/air-quality-in-europe-2020-report
https://sds-was.aemet.es/forecast-products/dust-forecasts/ensemble-forecast#
https://sds-was.aemet.es/forecast-products/dust-forecasts/ensemble-forecast#
http://www.ccdrc.pt/index.php?option=com_docman&view=download&id=3211&Itemid=739
http://www.ccdrc.pt/index.php?option=com_docman&view=download&id=3211&Itemid=739
http://doi.org/10.3390/atmos11020134
http://doi.org/10.3390/ijerph17031032
https://www.eea.europa.eu/publications/air-quality-in-europe-2019
http://doi.org/10.1016/j.envint.2020.106056
http://www.ncbi.nlm.nih.gov/pubmed/32866734
http://doi.org/10.1038/s41598-019-50281-2
http://www.ncbi.nlm.nih.gov/pubmed/31601820
http://doi.org/10.3390/ijerph17155447
http://www.ncbi.nlm.nih.gov/pubmed/32731647
http://doi.org/10.1016/j.atmosres.2012.09.021
http://doi.org/10.1007/s11869-018-0546-8
http://doi.org/10.1016/j.scitotenv.2020.138878
http://doi.org/10.1016/j.scitotenv.2020.142533
https://data.europa.eu/en/impact-studies/covid-19/covid-19-related-traffic-reduction-and-decreased-air-pollution-europe
https://data.europa.eu/en/impact-studies/covid-19/covid-19-related-traffic-reduction-and-decreased-air-pollution-europe
http://doi.org/10.1023/A:1005836531979
http://doi.org/10.1016/S1474-8177(02)80015-8
http://doi.org/10.1016/j.scitotenv.2020.139542
http://www.ncbi.nlm.nih.gov/pubmed/32447070

Atmosphere 2021, 12, 1097 15 of 15

36.

37.

38.

39.

Menut, L.; Bessagnet, B.; Siour, G.; Mailler, S.; Pennel, R.; Cholakian, A. Impact of lockdown measures to combat Covid-19 on air
quality over western Europe. Sci. Total Environ. 2020, 741, 140426. [CrossRef]

Siciliano, B.; Carvalho, G.; da Silva, C.M.; Arbilla, G. The impact of COVID-19 partial lockdown on primary pollutant concen-
trations in the atmosphere of Rio de Janeiro and Sao Paulo megacities (Brazil). Bull. Environ. Contam. Toxicol. 2020, 105, 2-8.
[CrossRef]

Ordoiiez, C.; Garrido-Perez, ] M.; Garcia-Herrera, R. Early spring near-surface ozone in Europe during the COVID-19 shutdown:
Meteorological effects outweigh emission changes. Sci. Total Environ. 2020, 747, 141322. [CrossRef] [PubMed]

Gaubert, B.; Bouarar, I.; Doumbia, T.; Liu, Y.; Stavrakou, T.; Deroubaix, A.; Darras, S.; Elguindi, N.; Granier, C.; Lacey, F; et al.
Global changes in secondary atmospheric pollutants during the 2020 COVID-19 pandemic. ]. Geophys. Res. Atmos. 2021, 126,
€2020JD034213. [CrossRef] [PubMed]


http://doi.org/10.1016/j.scitotenv.2020.140426
http://doi.org/10.1007/s00128-020-02907-9
http://doi.org/10.1016/j.scitotenv.2020.141322
http://www.ncbi.nlm.nih.gov/pubmed/32781318
http://doi.org/10.1029/2020JD034213
http://www.ncbi.nlm.nih.gov/pubmed/34230871

	Introduction 
	Materials and Methods 
	Results 
	Air Quality Temporal Analysis and Legal Compliance 
	NO2 
	O3 
	PM2.5 
	PM10 
	SO2 

	Impact of COVID-19 Containment Measures on Air Quality 

	Conclusions 
	References

