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Abstract: The rapid spread of the coronavirus (COVID-19) pandemic affected the economy, trade,
transport, health care, social services, and other sectors. To control the rapid dispersion of the virus,
most countries imposed national lockdowns and social distancing policies. This led to reduced
industrial, commercial, and human activities, followed by lower air pollution emissions, which
caused air quality improvement. Air pollution monitoring data from the European Environment
Agency (EEA) datasets were used to investigate how lockdown policies affected air quality changes
in the period before and during the COVID-19 lockdown, comparing to the same periods in 2018 and
2019, along with an assessment of the Index of Production variation impact to air pollution changes
during the pandemic in 2020. Analysis results show that industrial and mobility activities were lower
in the period of the lockdown along with the reduced selected pollutant NO,, PM, 5, PM;g emissions
by approximately 20—40% in 2020.
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1. Introduction

The first reported cases in the Wuhan Municipality (China) at the end of 2019 marked
the beginning of the highly contagious Sars-COV-2 virus that caused the coronavirus
(COVID-19) and was acknowledged as a global pandemic in just a few months [1-5].
Concerning the outbreak of COVID-19, on 23 January 2020, the central government of
China imposed a lockdown in Wuhan and other cities to maintain the spread of the
virus [6]. The WHO officially declared the virus as a global pandemic on 11 March 2020,
when the virus spread at an unprecedented rate, with more than 1 million COVID-19 cases
confirmed in just 4 months. By the end of April, there were more than 3 million COVID-19
cases. By the end of May, there were more than 5 million confirmed cases and more than
337 thousand confirmed deaths (death rate is 6.4%). By the end of the year, there were
74 million confirmed cases with 1.6 million deaths [7].

Considering the highly contagious characteristics of the virus, WHO recommendations
released on 27 January suggested implementing measures to contrast the diffusion of the
disease [8], and just a month after, on 29 February, WHO released new recommendations
that included travel measures and travel bans. The new recommendations also suggested
14-day self-monitoring for symptoms for people who came back from affected areas [9].
Responding to the rapid spread of COVID-19 most governments have imposed a complete
nation-wide lockdown by completely restricting the movement of people, self-quarantine
obligations for residents who came back from countries with high infection rates, and social
distancing [10]. The European Commission released guidelines for border management
measures, which ensure the delivery of goods and essential services across Europe via
“green lines” [11]. Countries in South America, most parts of Africa, the Middle East, and
South Asia have the most restrictive regulations, while partly restrictive travel regulations
were implemented in most European countries, North America, and East Asia [12].
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As countries went on lockdown, the industrial activities were shut down globally,
which had a global effect on the economy [10,13], with the global GDP contracting by
4.4% [14], a drop that is much worse than during the 2008-2009 global financial crisis.
While countries are confronting the economic and health crisis, there are some positive
aspects—significantly improved air quality, reduction of noise, and reduction of green-
house gasses emissions (GHG) [15]. Countries implemented lockdown restrictions on their
external borders and, in some cases, restricted internal traveling, social distance measures
resulted in the significant reduction of transport flows, non-essential business (restaurants,
fitness centers, shopping malls) were closed, industrial activities and constructions were
minimized to a minimum level. All these activities are the main source of air pollution [16].
Mobility reports and scientific research has shown a decreasing trend of human movement
in the affected countries. The mobility in the regions of Northern Italy was reduced by
77% [17], while in France, mobility shrunk by 79% during the lockdown [18]. National
lockdown presented itself as a solution to the question of finding a way to improve air
quality when air pollution is a global threat leading to a large impact on human health
and ecosystems [19,20]. The transport sector represents almost a quarter of greenhouse gas
emissions and it’s considered to be the main cause of air pollution in cities. While the origin
of PMs emissions is road traffic, which relies on oil products such as gasoline and diesel [20],
obvious air quality changes during the pandemic when all economic activities were re-
duced to the minimum level implies a strong relationship between countries” economic
development, foreign trade, industrial structure, and air quality deterioration [21,22].

Air pollution is the most important environmental risk to human health and the
second biggest environmental concern for Europeans after climate change [23]. There are
some concerns that reduced GHG emissions are a short-term case. Take the example of the
2008-2009 financial crisis, when carbon emissions soared by 6% in one year, after financial
stimulus measures for rapid recovery of the economy went entirely to carbon-intensive
industries [24]. The effects of air pollution changes have been investigated in several
studies that observe the meaningful impact of nationwide lockdowns on atmospheric
pollution [25-28]. Recent satellite data analysis-based reports by the Copernicus Atmo-
sphere Monitoring Service confirm a reduction of air pollutants in the main European cities
during the lockdown. Most studies that analyzed air pollution by including meteorological
variables, such as temperature, wind speed, wind direction, and humidity concluded that
meteorological variables had no significant effect on air pollutant concentration during the
pandemic [28-30].

Changes in air pollutant concentration have been scientifically observed since the
beginning of the lockdown. Various studies carried out in various regions of the world
confirmed that national lockdowns led to air pollutants’ reduction in the atmosphere. Shi
and Brasseur [25] analysis confirm the reduction of PM; 5, CO, and NO; by 33%, 23%, and
55%, respectively, during the lockdown period from 23 January to 29 February 2020 to the
same period of 2019. Various studies confirm air pollution reduction during the lockdown
period. Focusing on Western Europe, Menut et al. [31], using WFR and CHIMERE models,
simulated NO, and PMs changes for March 2020. The results confirmed a 30-50% decrease
of NO; and a 5-15% decrease of PMs concentrations ranging from 30% to 50% in all Western
European countries. In five Polish cities during the lockdown period, the concentration
of PM; 5, PMjg, SO,, and NO, were reduced by 11.1-26.4%, 8.6-33.9%, 18-23%, 10-19%,
respectively, compared to the corresponding periods in 2018 and 2019 [32]. Different studies
confirm that reduced economic activity and traffic restrictions have led to air pollution
reduction across China, where NOy, PM;g, PM; 5, and CO decreased by 33.1-37.8%, 33.6%,
7.4-21.5%, and 12.7-20.4%, respectively [33,34], preventing environmental pollution.

Some recent studies were focusing on the impact COVID-19 had on urban transporta-
tion and emissions, when traffic volume was significantly reduced. Tian et al. [35] study
presents a significant CO, emission drop in Canada, from 7303.73 million kg in March to
4593.01 million kg in April of 2020, during the lockdown period. NO; and CO concentra-
tion levels show a decrease during the lockdown period. The results also confirm that the
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reduction of air pollution was significant, but contemporary and rebounded after the end
of the short-term quarantine in Canadian regions. Gama et al. [36] used national air quality
monitoring network data to analyze data of PM;y and NO; in Portugal and approximately
observed a 40% NO, and 18% PMjg reduction in March-May of 2020, compared to the
pre-lockdown period. Using air quality stations and hourly observations, Baldasano [37]
evaluated NO; concentration changes in Barcelona and Madrid (Spain) during the lock-
down period. The analysis results of the NO, hourly observations in Madrid and Barcelona
showed an average reduction of 62% and 50%. Chen et al. [38] analysis focused on private
vehicle restriction and PM; 5, PMjg concentration changes by 39.3% and 31.4% in 49 cities
in China.

Several recent studies confirm a stronger positive correlation between population
density and infected individuals of the COVID-19 over March and April in a stable atmo-
sphere with low wind speed and frequently high levels of ozone and particular matters in
Northern Italian cities. Research results indicate that in polluted cities, where an unstable
atmosphere with high wind speeds can decrease air pollution and alleviate the spread of
COVID-19 in society [39]. About 74.5% of infected individuals and 81% of total deaths in
Italy caused by COVID-19 are in regions with high pollution concentration [40]. The same
results were confirmed in the autumn-winter season of 2020-2021 [41]. The governments
should pay attention to cities and regions with high pollution levels because it might have
a negative effect on public health and environmental policies, new technologies to reduce
the levels of air pollution should be explored [3,42].

Our study aims to assess the effects of COVID-19-induced lockdown measures on air
pollution in 5 countries affected by COVID-19 the most in Europe, analyzing NO,, PM; 5,
and PM; concentration changes during the Pre-lockdown, I period, and II periods. The
comparison of air pollution data results within the same periods in 2018-2019 will allow
us to measure the impact of nationwide lockdowns to air quality changes. Additionally,
we aim to measure the relationship between industrial production index as the economic
activity indicator and air pollution changes during the Pre-lockdown, I period, and II
period in 2020.

2. Materials and Methods
2.1. Analysis Sample, Data, and Limitations

To understand the details of air quality changes during the COVID-19 period, the
analyzed period was divided into 3 stages: Pre-lockdown (1st January to 29th February
2020), I period (March—April 2020), when national lockdowns were announced, and II
period (May 2020) when countries decided to apply less restrictive regulations, compared
to the same periods from 2018-2019 years.

Air pollutant concentration analysis in selected European countries was made using
the Copernicus Atmosphere Monitoring Service, comparing tropospheric NO,, PM; 5,
PM; concentrations between 6 January and 31 March. The monthly ambient mass con-
centrations of criteria air pollutants including NO,, PM; 5, PM;y was obtained from the
European Environment Agency (EEA) database (https://www.eea.europa.eu/themes/
air/air-quality-and-covid19, accessed on 19 February 2021), which gives average weekly
concentration measures given by operating environmental monitoring stations in each
country. Weekly values are averaged to obtain monthly air pollution concentration.

While most studies support a correlation between transport flows and air pollutant
concentration changes [3,18,28-30,35,37,38,43], our analysis focuses on production impact
on air pollution during the COVID-19 period. Index of Production or Industrial Production
Index is a monthly economic indicator measuring the real output of industries such as
manufacturing, mining, electric, and gas. These industries are the main source of GHG
emissions [44]. We collected data of the Index of Production (IoP) from official economic re-
ports [45-47] and national databases (UK Office for National Statistics [48], Spain Instituto
National de Estadistica [49] to analyze how national lockdowns affected countries” produc-
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tion and economies in the context of air pollution changes. As an empirical methodology,
we used a Pearson correlation test with a significance level of « = 0.05.

For air quality analysis, we selected four European countries and focused on industrial
regions: the United Kingdom (during the preparation of the study, the United Kingdom had
not officially finished the Brexit procedures to leave the European Union), Spain, France,
and Sweden, as well as the Northern Italy region, which were the most affected by COVID-
19 and implemented different policies regarding the spread of the virus [39-42,50,51].
Northern Italian cities of Turin, Milan, and Genoa create an “industrial triangle” of Italy
in Piemonte, Liguria, Lombardy, Emilia-Romagna, and Veneto regions, characterized by
a high density of industrial plants, traffic, and intensive agriculture. The region plays a
major economic role in the country, creating approximately 50% of the Italian GDP [51].

Selected air pollutant data analysis limitations related to data availability. Cities” air
pollution data presented in the EEA database revealed that, in some cases, cities did not
provide data during particular periods. Monitor site locations in the selected countries are
presented in Figure 1.

Figure 1. Visualization of air pollution stations in the selected Europe countries cities (UK, Spain, Northern Italy, Sweden

and France) [52]. NOTE: Only four cities of France presented an average concentration of PM; 5 data in the period of May

2019. During the lockdown period and I period, 56 cities of France presented an average concentration of PM, 5 data in

2019. 29 cities of Spain presented average concentration of PMj; 5 data in the periods of May 2019 and May 2020.

The average monthly concentration analysis of PM; 5 in French cities was not included
because of the small amount of data. It was chosen to not make any summarizing conclu-
sions on how COVID-19 might affect changes in PM; 5 concentrations. For the equity of
the air pollution data analysis, Canary Islands’ air monitoring station data was excluded
from the Spanish air pollution data analysis because of a sand storm in February 2020 and
the higher-than-average concentration of PMs.

2.2. Mann—Kendall Test

Trend analysis of air pollution was conducted using Mann-Kendall and Sen’s slope
tests. The Mann—Kendall and Sen’s slope tests were conducted on monthly average NO,,
PMj; 5, and PM;g pollutants data.

Air pollution trend analysis has been done using Mann-Kendall rank-based nonpara-
metric test. The Mann-Kendall test is preferred when various air pollution stations are
tested in a single study. In the case of determining the presence of a monochromic trend in
a time series, the HO is that the data comes from a population, where random variables
are independent and identically distributed. The alternative hypothesis H1 is that the data
follows the monochromic trend over time. Mann-Kendall test statistic S is calculated as

S= i Y. sgn(xj—x;) 1)

1
i=1 j=I+1
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where 7 is the number of data points, x; and x; are the data values in time series i and j
(j > i), respectively, and sgn (x; — x;) is the sign function and it is calculated as follows:

sgn(xj—xi) = {+1, ifxj—x; >0 0,ifxj—x;=0 —1,ifxj—x <0 2)
The variance of S can be acquired as follows:

n(n—1)(2n +5) — i bt — 1) (2t +5)

Var(S) = 13

®)

where m is the number of tied groups in a data set, t; is the data value count in i group, n is
the number of data series. Standard normal test statistics (W(S)) is calculated as follows:

) S=1 . e S+1 .
W(S)—{Var(s),zf5>0 0,if S=0 7Var(s)'lfs<0 4)

Positive or negative S values indicate the increasing or decreasing trends, respectively.
In this study, the significance level & = 0.05 is used. At the 5% significance level, the HO
hypothesis is rejected, confirming the existence of a trend when W(S) < 0.05 accepting the
alternative hypothesis H1.

2.3. Sen’s Slope Estimator

Sen’s slope test is widely used to estimate the power of a trend for the pair of data N

as follows:
x]- — Xk

j—k
where x; and x; are the data values at times (j > k), respectively. If there is one datum in
each time period, then N = n(n — 1)/2, where n is the number of time periods. If there are
multiple observations during one or more time periods, then N < n(n — 1)/2, where n is
the total number of observations.

The N values of Q; are ranked from smallest to largest and a median of slope (Sen’s
slope) is calculated as follows:

Qi =

, fori=1,...,N, 5)

Qypeg = {Q[¥], if N is odd (QN/z + Q[(NH)/Z]) /2, if N is even ©)
The Q04 reflects a data trend, while its value indicates the steepness of the trend.
When the median slope is statistically different than zero, the Q.4 is estimated as follows:

Cu = Zi_wj2\/ Var(s) @)

where Var(S) is defined in Equation (3) and Z;_, /, is obtained from the standard normal
distribution table. In this study a « = 0.05 confidence interval was used [53].

3. Results
3.1. Review of Country-Based COVID-19 Lockdown Measures

A systematic review of national lockdown measures in each country was performed
based on their national health institutions’ resolutions and declarations, published reports,
global datasets, and published scientific articles. Since some countries publish more de-
tailed information in their official language other than English, this study relies on English
sources for collecting and collating information. All country-based lockdown measures are
presented in Figure 2 which could affect the levels of pollutants in the atmosphere.
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Spain

DoF: 01 February 2020

LDT: nationwide state of emergency.

LM: On 14 March state of emergency was
declared. Restrictions included: 1) non-
essential business were closed; 2) people to
stay at home, unless they cammot work
remotely; 3) limited and less frequent long-
distance trains and busses movement; 4)

2020

The United Kingdom

DoF: 31 January 2020

LDT: nationwide lockdown.

LM: On 24 March Lockdown Regulations for 3

iuzP?EdEdgll ;gfgzﬁf:;i;“e'm'ﬁce 17 weeks. Rest'ict[on_s mcludbd 1) people to stay at
e e
those who provide essential. services had to 3 ]:tc;;ig all gatiz;e:;e:fmﬂg: lh.z‘t?;u;:c:pjle n
stay at home. public; 4) closed daycares and primary schools.
Limited public transportation and movement.
Limited national and intermational flights.
Ttaly ‘ April 2020 ‘
DoF: 31 January 2020.
LDT: Province — nationwide lockdown.
LM: First local lockdown on 21 February 2020 France
of the province of Ledi in Lombardy and DoF: 24 January 2010
provinee of Padua in Venste. National wide LDT: nationwide lockdown.
lockdown was announced on 9 March. All LM: On 17 March national 13 davs lockdown was
Restriction included: 1) a ban on travel within announced and later was extended to 55 days.
all areas of Ttaly; 2) self-isolations for Restrictions included: 1) people to stay at home,
individuals with symptoms; 3) quarantine for except for limited purpozes; 2) to wear mﬂSk_S m
individuals with positive COVID-15 test; 4) public franspert; 3) closed non-eszential business; 4)
suspended sporting events; 3) closed schools tra\.'el permits; 3) travels were restricted to 100 km
and universities: 6} restrictions for bars and radius from the place of residence; ) closed
restaurants; 7) severs fines and possible education mstitutions.
criminal proceedings for infriinging the COVID-
1% regulations. Limited intemational flights. ‘ May 2020 ‘
E Sweden
DoF: 01 February 2020
5 LDT: recommendations using “principle of
responsibility™.
LM: Fecommendations for self-isolation; people
over 70 years old avoid social contacts; prohibition
of public gatherings with over 30 people; secondary
schools, Folk High Schools and universities were
Legend: . ) advised to teach at 2 distance; elementary schools
_DpF:_ dat_e of first COVID-19 patient was kept open recommendation to avoid traveling
r]?)]'iltf;ecl_d N outside znd within Swedan.
: lockdown type
LM: lockdown measures
June 2020

Figure 2. Country based COVID-19 reported dates and lockdown measures with an effect on air pollution in the study area.
The beginning and the end of the lockdown for respective countries were presented on the time axes with solid lines of
different colors, corresponding to the colors of country names. The numeric values on the time axis represent the beginning
and end dates of lockdowns in the individual countries (prepared by authors [54-62]).

UK. During the rapid spread of COVID-19, on the 3rd of March, the United Kingdom
government published a three-stage action plan to manage COVID-19 in the country: con-
tainment, delay, and mitigation. Additionally, people were advised against all but essential
international travel, to avoid traveling on cruise ships, keep physical distance, avoid pubs
and restaurants, recommendations to work from home, postponement of port events. Due
to the rapid spread of the virus at the end of March, the United Kingdom decided to tighten
the restrictions and close all pubs, restaurants, gyms, schools, and universities. By that
time, the number of confirmed COVID-19 cases reached 22 thousand and 287.57 deaths per
million populations. 14 days’ self-isolation was advised for people returning from places
with high infection rates, people with similar symptoms, or household contacts [54]. The
national lockdown started on the 23rd of March, with included restrictions: (1) people had
to stay at home, except for limited purposes; (2) closing of all non-essential businesses,
including retail and hospitality sectors; (3) closing public venues; (4) stopping all gatherings
with more than two people in public; (5) closing daycares and primary education institu-
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tions [55]. The Coronavirus Act 2020 was published on 25 March 2020, which contained
emergency powers to respond to the pandemic. On 10 May, the Government set out the
plan to ease the lockdown restrictions. Although the country’s lockdown measures were
much less drastic than in Italy or Spain, the country’s economic activities and population
mobility were still impacted.

Spain. The Ministry of Health in Spain activated COVID-19 protocols for early de-
tection, surveillance, preventing transmission, and monitoring contacts. The information
and consultation channel for citizens Hispabot-Covid19 was launched on 8 April through
WhatsApp. First measures to control the spread of the virus were initiated in the period
from 3 to 12 March. On 14 March the “State of Alarm” was declared with high restrictions
to movement throughout the whole country. Citizens were required to stay at home and
use public roads for very specific activities, such as going for food supplies or pharmaceu-
ticals, traveling to work or their regular residence, attending health care centers, etc. All
education with face-to-face activities was suspended. On 29 March, lockdown measures
were tightened and all workers, except those who provide essential services, had to stay at
home [56]. During the “State of Alarm” period, the highest Spain Stringency Index was
85.19 [57].

Italy. The first cases of COVID-19 in Italy were recorded on the 31 January 2020 [58].
Since then, the number of confirmed cases has increased exponentially, reaching more
than 236 thousand in June. The region hit by the virus the hardest was Lombardy. In
March, Italy’s government banned all events, closed educational institutions (daycares,
secondary schools, higher education, universities), entertainment venues, sports centers,
mass gatherings, banned all traveling within the areas of Italy with some exceptions for
work or health-related reasons. A stay home order was released on the 10th of March and
lasted until the 4 May [58]. Almost all production and industrial activities, as well as road
transport, except for the agricultural ones, were banned [59].

France. The first response from the French government to COVID-19 was in mid-
February, concerning hand hygiene and respiratory etiquette with the exponential growth
of confirmed cases. During the first days of March, all large public meetings of more than
5000 (later more than 1000, and later more than 100) people were forbidden. All schools
and universities were closed starting from 13 March. Even though just a few days later,
all public places (except essential shops as supermarkets) were closed, the first round of
municipal elections was still held. During that period, the number of COVID-19 cases
doubled and reached 6400. As a consequence, a total lockdown policy was announced
on 17 March and the second round of municipal elections was postponed. All traveling
was restricted to a 100 km radius from the place of residence unless deemed to be a work-
related necessity, family justification, or related to medical care. On 23 March, the French
government accepted “Emergency Law no. 2020-290”, which empowered the French
government to take emergency measures to deal with COVID-19 and its related negative
social and economic consequences [60]. At the end of May, France’s Senate approved the
release of a coronavirus tracking app, called “StopCovid”. The app allows tracking and
keeping records of the duration of individuals” contact. If someone records a positive test
for COVID-19, the application automatically alerts those who have been in contact with
that person for more than 15 min to self-isolate themselves [61].

Sweden chose to forgo imposing extraordinary lockdown measures, unlike the other
European countries and used an approach based on the “principle of responsibility” by
following recommendations instead. The Public Health Agency released recommendations
for those who had COVID-19 symptoms to isolate themselves at home, to avoid social
contact for everyone over 70 years old, prohibited public gatherings with over 50 people,
upper secondary schools, Folk High Schools, and universities were advised to teach
remotely, but elementary schools were kept open, it was recommended to avoid traveling
outside and within Sweden, etc., [62].
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3.2. Air Pollution Analysis in the Context of Production Reduction

The lockdown measures varied across European countries, from milder measures
based on recommendations (e.g., Sweden) to strictly enforced measures for residents to not
leave their homes and refrain from non-essential traveling (e.g., Spain, Italy, France) [19].
This variability is also reflected in emissions and concentration changes on the maps
in Figure 3. To contain the spread of the virus, the European Commission presented
recommendations to apply restrictions on non-essential travels from third countries to the
EU for an initial period of 30 days. The Commission invited member countries to prolong
the temporary restriction until 30 June 2020 [63]. Other essential measures implemented by
numerous European countries are social distancing regulations, quarantine measures for
COVID-19 positive citizens, suspension of social activities and events, fines for violating
quarantine regulations, etc., [62]. NO; concentration depends on the intensity of industrial
facilities, vehicles, and power plants. It can have a significant impact on human health,
increasing respiratory problems [64].

There is a common link between these countries and high air pollutants. For instance,
the highest concentration of confirmed COVID-19 cases was in Northern Italy, the Po valley
to be exact, where the five Italian cities with the highest pollution levels are found [65-67].
Although some studies have found spatial coincidence among air pollution and high
incidence and mortality [38-41,50,65-68], there is a larger uncertainty and further epidemi-
ological research is needed. Figure 3 shows the concentration of NO,, PM; 5, and PMjg
changes in Europe in the two different periods: 6 January 2020 data before the outbreak of
COVID-19 and 31 March 2020, when most of Europe introduced national lockdowns.

Maps show low levels of selected pollutant concentration across Europe when lock-
down measures were implemented to stop the spread of COVID-19. NO,, PM;5, and
PM; concentrations were significantly reduced, independent of meteorological conditions.
However, observations made by satellite instruments provide vertically integrated measure-
ments of the whole atmosphere and cannot be directly compared to surface concentration
observations by monitoring stations [19].

The results of selected air pollutant average monthly concentration data analysis from
the EEA database show that the suspension of public transportation and habitant mobility
restrictions, limited international flights, industry, construction, and other emission source
shutdowns during the COVID-19 lockdown are a significant cause of NO,, PM; 5, and
PM;g reduction in the atmosphere in the study area (see Figures 4-8), compared to the
same periods in 2018-2019.

UK. Considering that the local traffic intensity dropped by 77-79% in some coun-
tries [18,43] and flights dropped by 82-91% [25], analysis results showed that the average
concentration of NO, during the I period, when the national wide lockdown was an-
nounced, decreased by 31.9% in the United Kingdom, compared to the Pre-lockdown
period in 2019. During the II period, the average concentration of NO, significantly
decreased by 41.6%, compared to the same period in 2019 (see Figure 4). The average
concentration of PMj 5 in 2020 decreased by 48.0%, compared to the Pre-lockdown period
in 2019. The average concentration of PM;y was the lowest during the Pre-lockdown
period-14.1 ug/m? and continued to grow during the I period up to 21.1 pg/m3 in 2020.
The values were very similar to the concentration registered in 2018-2019.



Atmosphere 2021, 12, 290 90f18

: é&i,—r’_‘—iA = S

Figure 3. Air pollutants concentration changes in Central Europe: Panels on the left represent air pollutant concentration on
the 6th of January; Panels on the right are air pollutant concentration during the lockdown on the 31 March. Top panels
(A1,A2) are a comparison of NO, concentration [ug/ m?3]; Panels (B1,B2) are a comparison of PM, 5 concentration [pg/ m3];
Panels (C1,C2) are a comparison of PM;g concentration [ug/ m3] [64,69].
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Figure 4. Trends of NO; (blue line), PM, 5 (red line), PM;q (grey line) in the United Kingdom during Pre-lockdown, I period,
and II period in 2018-2020 (prepared by authors).
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Spain. From the Pre-lockdown period until the end of II period, Spain had a lower
average NO; and PM; 5 concentration compared to the same periods in 2019 (see Figure 5).
While the average concentration of PMjy was higher in January by 31% compared to the
same month in 2019, during the I and II periods the average concentration of the NO,
pollutant decreased by 46.8% and by 35.4% compared to the same period in 2019. From
February to the end of the I period in April, the average concentration of PM;y was lower
by 12% during the I period compared to the same period in 2019. However, in May the
average concentration of PMjg remained the same—17.7 pg/m3—as it was in May 2019.
Comparing 2019-year air pollution data with 2018 pollution concentration, the decrease of
NO;,, PM; 5, and PM; concentration in April (by 11.5%, 19.1%, 26.8%, respectively) and in
May (by 9.2%, 23.0%, 10.6%) of 2019 can be noticed.
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Figure 5. Trends of NO; (blue line), PM; 5 (red line), PM1q (grey line) in Spain during Pre-lockdown, I period, and II period
in 2018-2020 (prepared by authors).

Northern Italy. Due to the specific topography of the region, where it is surrounded by
the Alps, climate features (weak wind), and high economic activity, the significant amount
of emissions produced is trapped in the area. The average concentration of NO, during
the first month of the Pre-lockdown period remained the same as it was in January 2019
(see Figure 6). During the I period, the average concentration of NO, was lower by 41.4%
and 30.1% in the II period, compared to the same periods in 2019. Although, the average
concentration of PM; 5 was lower by 76.8% and PM;y was lower by 72.3% by the end of
the II period in 2020 due to 77% reduced traffic intensity, halted economic activities, and
seasonal variations, comparative analysis results from the periods in 2018-2019 revealed
that the average concentration of PM;5 and PMjqg rose by 12.7% and 7.2% in the Pre-
lockdown period. The average concentrations of PM; 5 and PMjg also were higher by 24.1%
and 20.9% in the II period of 2020, compared to 2019. However, standard deviation results
show that the values of criteria pollutants in I and II period are close to the mean. Data
analysis results mean that the lockdown in Northern Italian cities reduced air pollution,
but comparative analysis shows that the average concentration of PM; 5 and PM;,, was
even higher compared to the same periods in 2018-2019.
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Figure 6. Trends of NO; (blue line), PM; 5 (red line), PMjg (grey line) in Northern Italy in Pre-lockdown, I period, and II
period in 2018-2020 (prepared by authors).
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France. The average concentration of criteria pollutants in French cities from January
to May 2020 is much lower compared to 2018-2019 in the same periods of the Pre-lockdown,
the I period response, and the II period response (see Figure 7). The average concentration
of NO, was lower by 25.4% and PM; decreased by 18.3%, compared to 2019 in the Pre-
lockdown period, and 38.2%, as well as 9.5% respective reduction of NO, and PM; during
the I period of the pandemic compared to the same period in 2019. According to the EEA
report on air quality in Europe, the air quality improvement in French cities cannot be
explained by meteorology [19]. Furthermore, the national lockdown impact on air quality
became clearer in May, when the official lockdown ended and all activities, including more
intensive traffic, were gradually resumed. The average concentration of NO,, PM; 5, and
PMj in Paris city rose to 80% of the emissions observed before the lockdown [70].
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Figure 7. Trends of NO, (blue line), PM, 5 (red line), PMj (grey line) in France in Pre-lockdown, I period and II periods in
2018-2020 (prepared by authors).

Sweden chose to implement a soft policy based on “principles of responsibility”
instead of a model of strict mobility regulation and national lockdown, implemented by
many other European countries. The average concentration of criteria pollutants in Swedish
cities from January to May 2020 is much lower compared to 2018-2019 in the same periods
of Pre-lockdown, I period response, and II period response. The concentration of PM; s,
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PM; decreased most significantly during the II period (see Figure 8). The results indicate
that during the II period, responsible activities and consideration to the government’s
recommendations by Swedish residents and businesses produced positive results in air
pollution reduction. The average concentration of PM; 5, PM;g decreased by 32.5% and
26.1% compared to 2019 in the Pre-lockdown period, and 25.2% and 44.2% reduction,
respectively, during the I period of the pandemic, compared to the same period in 2019.
Standard deviation analysis shows that the value of PMj 5 is close to the mean and did
not change drastically in all periods from 2018 to 2020, while standard deviation results of
NO; and PMyj show higher deviation during the I and II periods, with values in the data
set being farther away from the mean on average.
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Figure 8. Trends of NO; (blue line), PM; 5 (red line), PMjg (grey line) in Sweden in Pre-lockdown, I period, and II periods
in 2018-2020 (prepared by authors).

Table 1 provides the estimations of IoP association with environmental pollutants
NO,, PM; 5, and PMjg in countries during the COVID-19 pandemic in 2020. We find that
IoP with all pollutants has a positive correlation, but the degree of correlation is different
from country to country. Results showed the average correlation between IoP and NO, in
Sweden (p = 0.646, p > o« 0.05) with the lowest drop of IoP (15.5% in April and May), while
in other countries, the IoP decreased by more than 20% in March and April. On the other
hand, correlation results show weak and very weak correlation. A very weak correlation
between IoP and NO, concentration changes can be observed in Spain (p = 0.025) and
United Kingdom (p = 0.038), the correlation degree in Northern Italy and France is higher
but very similar—0.046 and 0.045, respectively. During the lockdown, Italy’s IoP declined
by 29.3% in March, 42.5% in April, and 20.3% in May [71]. However, there is no strong
correlation between IoP and selected pollutant concentration changes. IoP correlation with
the PM; 5 pollutant was very weak or weak in all countries with the highest value in the
United Kingdom (p = 0.303). The strong correlation between PM;y and IoP was found in
Sweden (p = 0.726) and average correlation in France (p = 0.643). In other countries, the
p value was lower than 0.2, which is considered to be a weak correlation.
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Table 1. Pearson correlation analysis of IoP with NO,, PM; 5, and PM;, pollutants from Pre-
lockdown, I and II periods of 2020 (prepared by authors).

Countries NO, PMy 5 PMyo

The United Kingdom 0.038 0.303 0.075

Spain 0.025 0.017 0.014

Pearson Correlation Coefficient (p) Northern Italy 0.046 0.077 0.085
France 0.045 - 0.643

Sweden 0.646 0.191 0.726

3.3. Trends in the Pollution Variables

Table 2 displays the results of Mann—-Kendall and Sen’s slope for different pollutants’
data. The negative value of Kendall’s tau indicates a decreasing trend in data. The Mann-—
Kendall test showed that p values were below significant level « (0.05) with the NO,
pollutant in the United Kingdom (p = 0.001) and Sweden (p = 0.003), with a negative
value of Kendall’s tau, which means almost no correlation and HO is rejected, confirming
alternative hypothesis H1 of acceptance of a trend in time-series data. H1 was accepted
for NO; concentration in Spain with p value of 0.012, Northern Italy with p value of 0.042,
France with p value of 0.009, and PMj; 5 concentration in Sweden with p value of 0.020. In
the case of PMs, Spain’s PMj value indicates a significant trend (p = 0.921), which is above
« value 0.05, accepting HO and no trend exists for PMjj. Other countries’” PMs p values
were higher than the significant level of « (0.05) and indicate that no trends exist for PMs.

Table 2. Results of Mann-Kendall and Sen’s slope tests results on NO,, PM; 5, PM;g data from the
Pre-lockdown, I, and II periods of 2018-2020 (prepared by authors).

Countries  Pollutants Kendall’s p-Value S-Value Interpretation Sen’s
Tau Slope
. NO, —0.657 0.001 —69.000 Accept H1 —1.167
Té‘fnUg;ﬁd PM, 5 ~0.287 0.137 ~30.000  Accept HO ~0.200
& PMyj —0.219 0.255 —23.000 Accept HO —0.282
NO, —0.486 0.012 —51.000 Accept H1 —1.036
Spain PM; 5 —0.096 0.620 —10.000 Accept HO —0.073
PMyj —0.019 0.921 —2.000 Accept HO —0.018
N‘;ﬁ;}l‘yem NO, —0.394 0.042 —41000  Accept H1 ~1.783
PM; 5 —0.200 0.299 —21.000 Accept HO —0.783
PMyp —0.257 0.181 —27.000 Accept HO —1.180
France NO, —0.505 0.009 —53.000 Accept H1 —0.840
PM, 5 - - - - -
PMyj —0.163 0.399 —17.000 Accept HO —0.130
Sweden NO, —0.580 0.003 —60.000 Accept H1 —0.733
PM, 5 —0.452 0.020 —47.000  Accept H1 —0.257
PMyp -0.107 0.584 —11.000 Accept HO —0.250

The Sen’s slope value validates the Man-Kendall test results and shows similar slope
orientations. As it is shown in Table 2, Sen slope values are negative and indicate a
decreasing trend in the data series. The highest value of the negative Sen’s slope of NO,
(—1.783) and PM;g (—1.180) in Northern Italy and negative value of NO; in the United
Kingdom (—1.167) and Spain (—1.036) indicate the decreasing trends observed in the
data series.

4. Discussion

A decline of pollutants NOy, PM; 5, and PM;g in many cases illustrate the clear benefit
of forced lockdowns allowing the evaluation of the impact of pollutant concentration,



Atmosphere 2021, 12, 290

14 0f 18

and providing a better understanding of the impact industrial site activities have on air
quality changes. All the study results shown above suggest that a direct improvement of
air quality during the lockdown periods was visible in all countries [20,29,72]. A significant
impact of COVID-19 lockdown on air quality improvement was found in all 4 countries
and the Northern region of Italy, including a significant decrease in NO, concentration (see
Figures 4-8). Previous studies conclude the significance of the effect of emissions resulting
from road and air transportation when it comes to the atmospheric concentration of the
NO2 pollutant [20,59,73]. Recent studies of Tian et al. [35] analysis results concerning city
air pollution changes in Canada during the pandemic imply that air quality improvement
correlates with national lockdown policy. However, analysis results show that the air
pollution rebounded in May, along with the return of more intensive economic activities.

The assessment of the effect the lockdown had on PM;( changes is more complex than
the identical NO; analysis. PMs in the air have many sources and the concentration of PM1g
might vary not only with meteorology and emissions of primary PMs from a variety of
sources, including traffic, industry, commerce, and domestic heating [74]. In some regions
where people had to stay at home, there might be an increase in primary PMs emissions
from domestic combustion of coal or wood, while emissions of NO; and primary PMs from
traffic were reduced [19,38-41,50]. The air pollution analysis results for Northern Italy (see
Figure 6 and Table 2) imply a less significant impact on pollution reduction, compared
to other countries during the lockdown period. The intensive industrial activities, high
population density, unfavorable geographical conditions for pollution dispersion—low
wind speed, particular orography—in Northern Italy are the probable reason for this
variation in results. Furthermore, recently published scientific research concludes that
the decrease of traffic-related PM;y was compensated by an increase in PM; associated
with wood burning for domestic heating [31,38-41,43,50,75,76], which is a very substantial
contributor to PMs concentration. However, Table 2 test results show a decreasing trend in
countries’ PMs concentration data.

5. Conclusions

This study proposed a new perspective regarding the dynamic impacts of the global
pandemic on air pollution and industrial activities. The national lockdowns imposed in
many countries drastically lowered human activity, both personal and in the industrial,
commercial, and transport sectors. As a result of nationwide lockdown policies, IoP
drastically decreased in all countries by 8.1-29.3% in March and additionally by 15.5-42.5%
in April. To conduct the analysis, the ground-based air pollution data from 4 European
countries and Northern Italy, which were highly affected by COVID-19, has been analyzed.
During the I period, when the national lockdown was announced in the majority of
European countries, the average concentration of primary pollutants NO,, PM; 5, PM1g
decreased in all countries according to Mann-Kendall and Sen slope test results. The
average concentration of NO, during I and II period in the United Kingdom fell by 31.9%
and 41.6%, respectively. In Spain it decreased by 46.8% and 35.4%, respectively, in Northern
Italy it decreased by 41.1% and 31.4%, respectively, in France it fell by 38.2% during the
I period and 30.7% during II period, compared to the same periods in 2019. Although
Sweden opted to forgo lockdown measures and used a softer responsibility-based approach,
the comparative analysis of NO; average concentration between I and II periods in 2019-
2020 showed the reduction of NO, concentration by 13.9% during I period and by 15.9%
during II period. While the average concentration of NO, pollutants is noticeable in all
countries when compared to the same periods in 2018 and 2019, the average concentration
of PM; 5 and PM;g changes indicate the impact of factors other than lower transport flows,
industrial, and economic activities. The analysis of Northern Italian cities revealed that the
national lockdown did not affect the average concentration reduction of PM; 5 and PMjg
in Pre-lockdown, I and 1II periods and they were higher by 24.1% and 20.9% during the
II period of 2020, compared to the same period in 2019. As it was confirmed in previous
studies, this can be explained by the region’s unfavorable geographical conditions for
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pollution dispersion and the decrease of traffic-related PM;y was compensated by an
increase in PMj associated with wood burning for domestic heating. The United Kingdom
had lower PM; 5 and PM;( concentrations in the I period but the average concentration of
PM;j rose by 11.0% in II period, compared to Pre-lockdown in 2019.

IoP and selected pollutants” Pearson correlation analysis results show a weak rela-
tionship between NO,, PM; 5, and PM;( changes and countries’ IoP, except the identified
strong correlation between PM; and IoP and average correlation between NO, and IoP in
Sweden (p = 0.726 and p = 0.646), and average correlation in France (p = 0.643). In summary,
Pearson air pollutants and IoP correlation varied significantly in the range 10.014-0.3031,
which suggests the independence of IoP on air pollutant changes.

This study helps to rethink how economic activities in the context of the global
pandemic could solve environmental issues and improve air quality. Regions and cities
with a high concentration of industrial sectors and intensive traffic are suffering from
extreme air pollution regularly. A forced lockdown, together with minimized economic
activity and transport flows, enabled a global air quality improvement. This means that air
quality in the future depends on economic and industrial activities, as well as the intensity
of the transport sector after the global pandemic ends, the economy enters a recovery
period, and any progress that is made gets reverted. While most studies focus on transport
emissions and air pollution analysis, the economic activities” impact on air quality during
and post-COVID-19 period requires deeper analysis in future studies.
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