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Abstract: The COVID-19 pandemic has affected human life worldwide and forced the implementa-
tion of lockdown periods in order to reduce the physical interactions of people. Italy has been heavily
affected by a large number of deaths. The government had to impose a long lockdown period during
the spring of 2020. In this paper, we provide a critical analysis of the 2020 Italian spring lockdown
(ISL) through observation of the spatiotemporal NOx pattern differences in connection with the social
changes imposed by such restrictions. Different freely available sources of information are used:
European Space Agency (ESA) TROPOspheric Monitoring Instrument (TROPOMI) measurements,
ground-based measurements, and model estimates. The results show high NOx pollution levels,
even during the lockdown, that suggest new approaches to sustainable mobility policies.
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1. Introduction

The disease caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
simply known as COVID-19, has led to 193,798,265 confirmed cases worldwide, with
4,158,041 deaths recorded by the World Health Organization (WHO) as of 26 July 2021 [1].
At the same time, Italy had confirmed 4,312,673 cases and 127,942 deaths. In spring 2020,
Italy was the second most affected country (after China) and the foremost in Europe to be
significantly affected by the COVID-19 pandemic. The first COVID-19 Italian disease case
was confirmed in the Lombardy region on 21 February 2020; this led to a consistent set of
restrictions on human activities within the region.

At the time when the analysis was considered, three different measures to counteract
the pandemic situation emerged, namely (i) vaccination, (ii) herd immunity development,
and (iii) lockdown [2]. As the first measure was not ready at that stage, and the sec-
ond measure was largely considered unreasonable—on account of the huge number of
fatalities—a vast majority of countries have practiced the third option, despite it having a
potentially immense adverse economic impact [3]. Although the virus mostly affected the
richest northern Italian regions in spring 2020, there was widespread concern regarding
the whole Italian national health system’s capacity to respond effectively to the needs of
patients, especially those requiring intensive care [4]. Hence, in [4], a data-driven model
was developed to estimate the time to get to the maximum capacity of an intensive care
unit (ICU).

In order to mitigate the spread of the virus in Italy and to keep the pressure on the
national health system (especially in terms of ICUs) under control, the Italian government
introduced progressive mitigation measures on 9 March and 11 March 2020; the aim of
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these measures was to limit social interactions drastically and, thus, to prevent the diffusion
of the virus. The period of time spanning from the beginning of March to the beginning of
May was named the Italian spring lockdown (ISL), with only drugstores, newsstands, and
grocery retailers open and fixed quotas of customers/clients allowed within a shop at the
same time. The spread of the virus after such a lockdown was effectively reduced, as well
as the mortality rate; however, in autumn 2020, after a summer of no or limited restrictions,
there was a new increase in infections and the mortality rate.

Implementing a strict lockdown is not easy in democratic countries, where such
personal limitations are often even considered out of lifestyle; however, at that moment,
without fully reliable care and with the vaccine campaign starting, albeit slowly, in De-
cember 2020, social distancing and (to the extreme) a lockdown was the only reliable
strategy to prevent the collapse of ICUs and, overall, to limit the number of fatalities [5].
Obviously, as people were forced to stay home, thus limiting their social life and personal
movements, the impact of the lockdown on the economy was striking. The Italian gross
domestic product (GDP) fell by 5.4% and 12.4% during the first and second quarters of
2020, respectively [6]. Travel, tourism, and leisure industries, which play a main role in
the Italian GDP, were hit the hardest. At the same time, along with the lockdown-related
drastic reduction of transport demand, external costs due to private motorized trips, such
as congestion and pollution, also decreased. This improved freight distribution due to the
withdrawal of vehicles normally circulating in crowded and congested urban roads and
allowed logistics operators to successfully manage a hugely increased number of deliveries,
due to the increase in e-commerce, with a further reduction of emissions.

Obviously, given the transport-related nature of these emissions, a positive correlation
is expected, which may prove the effectiveness of reducing urban transport for improving
air quality, even in nonpandemic conditions. At the high combustion temperatures of most
transport sources of air pollution, atmospheric nitrogen (N2) is oxidized into nitric oxide
(NO) and small quantities of nitrogen dioxide (NO2), in addition to smaller quantities from
nitrogen-containing impurities in the fuel, while nitrous oxide (N2O) is emitted only in
small quantities from the combustion process [7]. Hence, NOx emission levels are mostly
associated to the transport system. Nitrogen oxides are among the main drivers in air
quality degradation in urban and industrialized areas, since they act as catalysts of tropo-
spheric ozone formation and since they play the role of precursors of secondary inorganic
aerosols, affecting the global climate and human health [8–10]. In Italy, approximately
64% of the total NOx emissions come from transport-related sources, primarily originating
from the fuel combustion in road vehicles (33%)—quite equally split into passenger (18%)
and freight (15%)—maritime (23%), and aviation (7%), while the remainder of the NOx
emissions come from agriculture (14%), other production processes (11%), and heating
(9%); finally, natural sources, such as vegetation fires, volcanoes, lightning, and so on,
sum up to 2% [11]. The close link between NOx atmospheric levels over cities and human
activities has also been clearly witnessed, in terms of the significant reduction of NOx
emissions during official rest days and public holidays [12].

The global outbreak of the COVID-19 spring pandemic, declared as a public health
emergency of international concern by the WHO [13], led to unprecedented public health
safety rules, including travel restrictions, curfews, and quarantines, almost worldwide,
among which the most drastic were those in Italy [14]. Their enforcement, combined with
measures in other countries, as well as voluntary limitations of activity [15], resulted in
sweeping disruptions of social and economic activities and even risk of a global reces-
sion [16].

Within such a framework, it is interesting to place satellite and ground air pollution
measurements side-by-side, as well as ancillary information on economic and mobility
policies, during the ISL. To the best of our knowledge, no other study has analysed the
pollution reduction due to the lockdown and its likely mobility implications for a specific
region in Italy. Thus, in this paper, we try to fill the gap by observing NOx pollution
levels (provided by the TROPOMI), ground-based measurements, and model estimates vs.
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mobility activities around the city of Milan in the northwestern Lombardy region. The case
study region was chosen because it is not only the densest, richest, and most air-polluted
region in Italy, but it was also the most affected by the pandemic outbreak. To this aim, we
used both primary data on pollution and secondary data on mobility. In particular, we
considered the effects of the 2020 ISL on air pollution by means of remote-sensed nitrogen
oxides (NOx = NO2 + NO) measurements.

The remainder of the paper is organized as follows. In Section 2, the authors introduce
the relevant literature investigating the relationship between environmental pollution
and economic activities, as well as the most recent works considering the impact of the
COVID-19 pandemic. Section 3 briefly illustrates the case study context. In Section 4,
the authors present the key results of the multidisciplinary investigation. In Section 5,
a critical discussion of the results, some final remarks, and first policy recommendations
and methodology implications are given.

2. Literature Review

This section briefly presents some previous works dealing with the relationship be-
tween economic activities and environmental pollution (Section 2.1), as well as the more
recent literature focused on the impact of COVID-19 on the environment, economy, and
transport (Section 2.2).

2.1. Environment and Economy

First of all, it must be noted that the economic literature considering the relationship
between the economy and the environment has mainly been devoted to pollution and
externalities, observed from a theoretical perspective, while more empirical works have
dealt with the fiscal aspects related to market regulations. As transport is a derived demand
(i.e., it results from the demand of another good, service, or place to reach) [17], it is strictly
correlated to economic activities; thus, most of the previous conclusions also apply. One
of the first attempts to shed light on the interactions between economic activities and air
pollution dates back to [18], who studied the functional relationship between the economy
and environment within the input–output (I–O) model framework. The analysis was
carried out both theoretically and empirically, observing airborne wastes (including NOx)
as negative externalities from specific sources (e.g., private motorized mobility) in the
early 1960’s, comparing data from Canada and the USA, and making a proposal for an
economic–ecological I–O model for Britain.

From a theoretical perspective, the authors of [19] observed pollution as an inevitable
side effect of economic activity, then focused on the environmental care impact on the
optimal growth rate and technological choices. Actually, not only may economic growth
increase pollution and environmental degradation, thus making growth less desirable when
considering the amenity value of the environment, but the quality of the environment
also affects productivity and, consequently, economic growth. Moreover, as agents tend
to ignore the effects of their own actions on pollution levels, negative externalities arise,
market outcomes are thus inefficient, and there exists a role for the government [20].
More specifically, considering transport pollution sources, the authors in [7] recognized
that emissions from road traffic have already been substantially reduced through the
introduction of technology and local traffic reduction measures, such as road pricing
and parking.

In more detail, the authors of [21] used a two-stage production–pollution model
to investigate how a firm can maximize its profit subject to its polluting impact on the
environment, given only the incentive of a bad reputation (when polluting too much).
Despite the sustainability commitment power, which has been widely explored in the
corporate social responsibility field, policy interventions for incentivizing green technology
or pollution restrictions permits or taxation are also expected.

Interestingly, the authors of [22] explored the economy-and-environment-as-substitutes
hypothesis, that is, the pervasive belief among scholars, according to which proenviron-
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mental preferences (and, consequently, concern for the environment by policymakers)
weaken during economic downturns. An inverse correlation between national economic
strength and public commitment to environmental action has been traced due to the costs
of public commitment to climate reforms. Nonetheless, they empirically disproved this
hypothesis at the individual level using the results of a panel survey carried out in the
USA in 2008 and 2011. Therefore, in the future, policymakers may have broader latitude to
address environmental concerns across a range of economic circumstances. In particular,
as recently argued by [23], who analysed fiscal measures against pollution in terms of their
impact on the scale of the economy, a tax on pollution is less efficient than a subsidy on
abatement activity, which decreases pollution while increasing per capita consumption. Im-
portant implications follow; different green fiscal policies and individual preferences might
explain the differences and correlations between economic performance and environmental
outcomes (i.e., pollution flows) at the regional scale.

However, another economy-related impact has also been shown: the mobility was
reduced severely. Of course, such an unavoidable effect is expected to be environmentally
positive, as discussed in the next subsection.

2.2. Societal Effects of the COVID-19 Lockdown

After the outbreak of the pandemic, flourishing empirical literature addressed the
impact of lockdowns on the environment, especially in terms of pollution and emissions,
mobility, and the economy.

2.2.1. Impact of COVID-19 Lockdown on the Environment

Concerning the first group, the authors of [24,25] emphasized the impact of lockdown
on the environment, with an air quality increase due to the closure of factories and a
reduction in the use of transport vehicles. More specifically, the authors of [26] tested
the hypothesis that the lockdown reduced (tropospheric and ground-level) air pollution
concentrations through the use of satellite data and a network of more than 10,000 air quality
stations. After accounting for the effects of meteorological variability, they determined
declines in the population-weighted concentration of ground-level nitrogen dioxide by
about 60% in 34 countries, mainly due to reductions in transport sector emissions. Positive
effects on air quality have been observed in specific large cities in the USA, Spain, India,
Kazakhstan, New Zealand, South Korea, China, and Brazil, as well as in larger regions of
Canada, China, The Netherlands, and the United Kingdom.

Similar analyses have also been carried out in Italy. In [27], focusing on the impact
of the ISL on various emissions (PM10, PM2.5, NO2, and O3) in three cities of Tuscany,
the authors discovered a direct relationship between the ISL and PM reduction only in
high-traffic areas, while a significant decrease in NO2 concentrations was observed in all
the considered cities. As for Milan, whose outcomes are discussed in the following sections,
in [28], air pollutants were observed over the entire Metropolitan City (the former province),
by means of meteorological data from weather stations and air quality control units on the
ground provided by the Lombardy Regional Agency for Environmental Protection (ARPA).
Meanwhile, in [29], among other pollutants, NO2 in the atmosphere was compared over
eight major cities, including Milan, during their respective lockdowns. In this context,
long-term records of satellite observations of NO2 columns have already been used to
assess the effectiveness of long-term pollution reduction strategies [30–32], as well as the
effects of the 2008–2009 world economic crisis [33]. In addition, with reference to short-term
emission reduction programs during particular events, such as the 2008 Olympic Games
in Beijing [34,35] and the 2010 World Expo in Shanghai [36], satellite observations of NO2
columns, together with in situ data, have been used to determine their impact on air quality.
An analysis performed by the German Aerospace Center (DLR) using weather data and
models, pollution measurements from ground stations, and satellite spectral data has
indicated the dominant role of lockdown restrictions, compared with weather factors, in
improving air quality [37]. They found that NO2 emission levels due to manufacturing
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and transport were reduced, with respect to those of 2019, by 30% to 50% worldwide on
average during the COVID-19 pandemic. The role played by the restrictions adopted to
control the spread of the COVID-19 pandemic, in terms of improving the air quality, has
been assessed, over China, in [38]. The authors found that the significant reduction of NO2
emissions was highly correlated to the restrictions imposed on the transport sector.

2.2.2. Impact of COVID-19 Lockdown on Mobility

Other studies have mainly dealt with the relationships between lockdowns and mo-
bility. With regard to Italy, for example, the authors of [39] described the movements
which occurred during the lockdown, according to location-based social network (Face-
book) data and taking into account geographical differences. Focusing on those factors
contributing to the investigation of behavioural changes in mobility and/or aggregate
flows of short-distance trips makes it possible to identify different studies at the local
or national level. The authors of [40] analysed the impact of a lockdown in Santander
(Spain), focusing on new origin–destination trip matrices, daily mobility reduction, and
the changed modal distribution and journey purposes. They found that overall mobility
decreased by 76%, with public transport suffering the most (93%). Moreover, they also
confirmed that NO2 emissions were reduced by up to 60%. More specifically, the authors
of [41] compared transit ridership in La Coruna (Spain) during the lockdown to similar data
in 2017–2019 and to the 2020 nonlockdown standard situation, discovering that the impact
of the lockdown on transit ridership was more significant than that on the general level of
traffic, both public and private. The authors of [42] observed a drastic reduction (−75%) in
traffic in Madrid and Barcelona (with consequent NO2 concentration reductions of 62%
and 50%, respectively). The authors of [43] estimated that lockdown policies had generally
reduced the overall mobility by half in several major USA cities within the first week. The
authors of [44] developed mathematical models to cluster travelers, based on mode, trip
frequencies, and sociodemographic characteristics, before and during the lockdown. The
results of a multiple discrete choice extreme value (MDCEV) analysis indicated the high
propensity of shifting to virtual and private modes, depending on the trip purpose and
length. The age, income, and working status of respondents also mattered. This was also
in line with other studies who noticed that, apart from the lockdown-imposed restrictions
on personal mobility, the fear of being infected amplified the reduction in the number or
trips, especially with respect to collective and/or shared transport modes. For example,
the authors of [45] analysed 20 years of daily transit ridership data in Chicago, using a
Bayesian structural time series model and partial least squares regression. Their findings
suggest that, due to COVID-19, there was an 72.4% decrease in ridership on average, with
peak reduction in regions with more commercial lands and higher percentages of white,
educated, and high-income individuals, as well as regions with less jobs in the trade, trans-
port, and utility sectors or less COVID-19 cases/deaths. Similarly, the authors of [46] used
a logistic regression model to investigate the propensity of commuters to take rail transit
during the COVID-19 pandemic, taking into account occupation, commuting tools used
before the COVID-19 pandemic, walking time from residence to the nearest subway station,
and difference in perceived infection of risk between private cars and public transport. The
authors of [47] explored the early-pandemic impact on local trip daily mobility activities,
especially with respect to factors influencing changes in travel times and in the modal split
across various societal groups in Poland. They used a general linear model (GLM) and
observed similar decreases (−66%) across age groups and gender, while the purpose of
travel, means of transport, traveler’s household size, fear of coronavirus, main occupation,
and life change affected the time reduction. In more detail, the authors of [48] analysed
the public transport modal share variations in Poland at both the country and regional
levels and discovered that the forced lockdown, rather than the local epidemic status,
induced a greater decrease in mobility. Data were obtained from the Google Community
Mobility Report, which, with a wide perspective on 131 countries, allowed [49] to compile
a global modal transport shares data set, the aim of which was to serve for future analyses
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of global emissions reductions due to mobility restrictions. Similarly, the authors of [50]
presented insights on the effects of the intelligent lockdown on people’s activities and
travel behaviors in The Netherlands, as determined through panel data. Their findings
highlighted that outdoors activities were approximately reduced by 80%, especially in the
elderly age group. Trips and distance traveled also decreased by 55% and 68%, respectively.
Active travel round trips (e.g., walking or cycling tours) gained popularity, and people
were more likely to use a private car and avoid local public transport (LPT), as testified
by 88% of the sample leaving shared and collective modes. The authors of [51] collected
and analysed Global Positioning System (GPS) data on changes in average distance trav-
eled by individuals at the county level, COVID-19 infections, and other demographic
information in order to estimate how local disease prevalence and mobility restriction
orders affected individual mobility in the USA. The findings presented a reduction in
mobility by 2.31%, associated with a rise of local infection rate from 0% to 0.003%, while
an official stay-at-home restriction reduced mobility by 7.87%. Countries with an older
population, lower share of Republicans (2016 presidential election), and higher population
density were more responsive. These results are in line with [52], who used travel flows
reconstructed from mobile phone trajectories, in order to measure the impact of lockdowns
on mobility patterns at both local and national scales. In France, the lockdown caused a
65% reduction in the number of displacements at the national level, which was particularly
effective in reducing work-related short-range mobility, especially during rush hours, and
recreational long-range trips. Mobility drops across regions differed, depending on the
active population, occupation sectors, hospitalizations per region, and socioeconomic level
of the region. Major cities largely shrank their pattern of connectivity, reducing it mainly to
short-range commuting, despite the persistence of some long-range trips.

2.2.3. Impact of COVID-19 Lockdown on the Economy

While impacts on mobility and the environment were immediately observable, long-
term effects on the economy are expected, estimates of which are not easy to determine. The
authors of [53] affirmed that the global economy could shrink by up to 1% in 2020 due to the
pandemic, and even further if restrictions are not accompanied by adequate fiscal responses.
Foreign direct investment (FDI) flows will dramatically flop, while the impact on multi-
national enterprises (MNEs), local business, and investment will have far-reaching social
and economic repercussions. More specifically, focused on the economic–environmental
trade-off, the authors of [54] used a global multiregional macroeconomic model to capture
direct and indirect spillover effects, in terms of the social, economic, and environmental
effects of the pandemic. As the transport and tourism sectors suffered the most, especially
in Asia, Europe, and the USA, the world economy was finally hit through ripple effects.
This indicates the intrinsic link between socioeconomic and environmental dimensions,
as well as revealing the huge challenge of addressing unsustainable global patterns. The
authors of [55] used mobility data provided by Facebook to investigate the impact of lock-
downs on the economic conditions of individuals and local governments in Italy, modeling
the change in mobility as an exogenous shock. Their findings showed that the impact of
lockdown, in terms of mobility restrictions, was stronger in municipalities with higher
fiscal capacity and presented a segregation effect, as mobility restrictions are stronger in
municipalities where inequality is higher and where individuals have lower income per
capita. Furthermore, the authors of [56] aimed to estimate the economic consequences of
alternative lockdown lifting schemes by leveraging a massive data set of daily movements
of individuals in Italy under different scenarios: during the lockdown and in a postlock-
down phase. They found that different policy schemes tend to induce heterogeneous
distributions of losses at the regional level, depending on mobility restrictions. Another
simulation of a lockdown-related adverse economic impact has been provided by [2], who
proposed a data-driven dynamic clustering framework based on the intelligent fusion of
healthcare and simulated mobility data, validated in the Malaysian context.
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3. Reference Scenario

In the following section, a regional-scale analysis around Milan, the capital city of the
Lombardy region (Italy), is detailed. According to the aims of the present study, given
the mostly urban character of the pandemic, when dealing with transport activities, the
cities—as local administrative units (LAUs)—could be considered as a whole together
with their commuting zone, including the surrounding travel-to-work areas, in the so-
called functional urban region (FUR) or provincial/metropolitan area (NUTS3). Due to its
importance, in terms of occupation and high-rank urban functions hosted by the city, in
the case considered herein, the regional level (NUTS2) could seem even more appropriate.
From the demographic viewpoint, as derived from [57], in 2019, Milan had a population
of 1,395,980 at the LAU level and 4,965,808 at the FUR level (about 8.3% of the whole
population of Italy), while the Lombardy region (NUTS2) hosted 10,010,833 inhabitants
(i.e., about 17% of the Italian population).

Actually, the city of Milan is the second main Italian city by density (after Naples),
while its NUTS3 area is the third densest province (after Naples and Monza/Brianza, which
is its neighboring province), while Lombardy (NUTS2) is the densest region in Italy. It is no
surprise, then, that the province, with its 237,188 cases (as of 27 March 2021), is still the most
affected in Italy, while Lombardy itself counted three times the deaths of any other region
in Italy. Nevertheless, the first case of COVID-19 in Italy was registered on 21 February
2020 in Lombardy, where the lockdown was first imposed in specific microzones two days
after (23 February 2020) and in the whole region on 8 March 2020. The day after (9 March
2020), the ISL began, which lasted until 3 May 2020.

When analyzing the Italian situation, it should be noted that the NOx from road
transport decreased from 47% to 43% in the period 2009–2018 [11]. Following the approach
of the European Union, many Italian cities have adopted measures to achieve sustainable
mobility at the urban scale, such as transport policies, land use planning, technological
innovations, and campaigns for sensitizing citizens and operators [17,58,59]. The final
aim of all these measures (i.e., to reduce the number and length of motorized trips) is
actually a difficult task due to the high Italian motorization rate (646 passenger cars per
1000 inhabitants) in Europe (second only to Luxembourg in 2018 [60]), and more than
39 million cars overall [61]. In particular, Milan is characterized by a population density of
about 7700 inhabitants/km2 and a motorization level of about 480 cars per 1000 inhabi-
tants [62]. Hence, Milan has a population density much larger than other main European
cities, such as Berlin (about 3900 inhabitants/km2), Paris (about 2600 inhabitants/km2),
and Madrid (about 5200 inhabitants/km2) [63]; however, its motorization level is much
larger than that of Berlin (316 cars per 1000 inhabitants) but similar to that of Paris (464 cars
per 1000 inhabitants) and Madrid (517 cars per 1000 inhabitants) [63].

This mobility information indicates Milan as one of the most polluted places in Europe.
Focusing on NOx, in 2019, it presented the highest yearly average of NO2 (58 µg/m3), with
5 h (third value in Italy, after Turin and Naples) of passing the alert level (40 µg/m3) [62].
Conversely, Milan is one of Italy’s cleanest cities, in terms of vehicles. Not only is the
average NOx level for vehicles (0.425 g/km) one of the lowest for the major Italian cities,
but also the composition of the car fleet shows a high percentage of less-polluting vehicles,
such hybrid and electric (Euro 6), or those provided with a diesel particulate filter (Euro 5).
The same percentage applies to motor vehicles [64].

Finally, concerning the LPT fleet, the Milan Transport Company, Azienda Trasporti
Milanesi (ATM), has adopted a full electric plan, according to which, in 2030, the whole
bus fleet (1,200) will go electric. In 2020, it already included 26% of hybrid and 17% electric
buses; furthermore, the city, since 2020, has sworn to buy only electric buses. This is in
line with the efforts of Milan to achieve sustainable mobility. Following the Sustainable
Urban Mobility Plan (SUMP) approved in 2018 [61], with the so-called Strade Aperte plan,
Milan is to reallocate street space from cars (35 km of streets) to cycling and walking, in
order to fend off a resurgence in car use by citizens willing to avoid busy LPT after the
pandemic. Moreover, being one of the most polluted cities across Europe and hard hit by
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the pandemic, Milan has been considered as a roadmap for other bigger cities, such as New
York or Bogota [63].

4. Results

This section analyzes the case study region with reference to the ISL. NOx air pollution
is measured using different freely available sources (Section 4.1), contrasted with mobility
and economic changes (Section 4.2).

4.1. NOx Pollution

In this subsection, we analyze NOx air pollution during the ISL. NOx is a short-lived
pollutant that, once emitted, generally resides in the atmosphere for less than one day;
therefore, it remains close to its emission source. Most of the NOx emissions at the Earth’s
surface are due to anthropogenic activities, such as agriculture, energy production, residen-
tial heating, industries, use of pollutant vehicles, and so on; thus, it varies significantly over
the year. However, NOx emissions also indirectly depend on the weather; for example,
colder days may trigger larger residential heating and energy demand. The weather also
affects the surface NOx concentration, as winds and vertical mixing may promote (or not)
accumulation conditions close to the sources and high concentrations at the surface. As a
result of those variabilities, strong daily variations at hourly timescales characterize NOx
emissions. Due to their adverse impact on climate and human health, NOx emissions, as
well as those associated to other pollutants, have been regulated worldwide [65,66]. In the
European Union (EU), the allowed annual average NOx column is 40 µg/m3, while the
limit value (fixed to 200 µg/m3) can be exceeded no more than 1 h per day and 18 times
per year. In addition, one of the goals of the European Union is to achieve a 30% NOx
emissions reduction by 2030.

Typical sources of data are satellite TROPOMI measurements, ground-based stations,
regional air quality analyses, and forecast simulation models. Special emphasis has been
paid to freely available data, with respect to the area of interest. Satellite data have been
used in many air quality applications (see, e.g., [67]), thanks to their beneficial spatial
coverage, as compared to sparse ground measurements. Although satellite data do not
provide noise-level concentrations, they can perform high-quality measurements that are
useful to estimate the trend and variations of pollutants. Nevertheless, it must be noted
that TROPOMI NOx column data are different from NOx concentrations at ground level,
which have been related to potentially harmful effects on human health.

The estimate of NO2 supported by European Space Agency (ESA) Sentinel-5P TROPOMI
satellite observations, as analysed in [68], are first presented. Our first analysis is focused
on the comparison between NO2 tropospheric vertical column concentrations evaluated
during the first two weeks after the lockdown declaration, with respect to the same period in
2019 [68]. More technical details about the TROPOMI NO2 products can be found in [69,70].
The results are shown in Figure 1, where the reduction can be clearly noted. A quantitative
comparison over the main cities was also performed, whose results are listed in Table 1. The
observed reduction ranged between about 30% and 60%. A lower emissions reduction was
found over Naples (from 120 µmol/m2 down to 85 µmol/m2), while the most significant
emissions reduction was found over Florence (from 80 µmol/m2 down to 30 µmol/m2). It
is also interesting to notice that those cities, even during the ISL, exhibited NO2 emission
values much larger that the limit imposed by European regulation, except for Florence.

With respect to the use of TROPOMI NO2 pollution data over Italy, it is important to
refer to the study detailed in [69], where a temporal analysis of the NO2 emissions was
proposed. The authors used TROPOMI near cloud-free (cloud coverage below 40%) 0.05◦ ×
0.05◦ gridded NO2 column emissions obtained from the near real-time operational products
(Copernicus open data access hub, https://s5phub.copernicus.eu, accessed on 27 July
2021) [71,72] and removed systematic error by comparing 2020 data with the previous year,
in order to determine yearly return patterns and the photochemically induced seasonal
variability, while they reduced single-pixel uncertainties by applying temporal (14-day)

https://s5phub.copernicus.eu
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and spatial (7,500 km2) averaging. Four reference periods were considered: 15–22 February,
23–29 February, 1–7 March, and 8 March–12 April, all in 2020. It was shown that, during
the first period, the NO2 pollution was more relevant, in terms of extent and intensity.
The largest and most NO2-polluted areas were those located in the northern part of Italy
(i.e., the Po Valley), and were in correspondence with the cities of Florence, Rome, and
Naples. In the following three periods, there was a reduction in the NO2 pollution, in
terms of both intensity and extent, where the lowest values were obtained in the last
period. The authors also carried out a comparison with analogous time periods for 2019.
Comparison between the 2019 and 2020 periods demonstrated that the NO2 pollution
extent and intensity were always larger than the corresponding values in 2020; however,
the reduction was less remarkable for the first period. With reference to the main city of the
Po Valley—Milan—the average NO2 column during the lockdown period was found to be
between 38% lower than during the same period in 2019, where the uncertainty associated
to this estimate was lower than 9.5%.

Table 1. TROPOMI NO2 concentration in the major Italian cities in March 2019 and during the first
two weeks of the ISL.

City NO2 Column (µmol/m2) NO2 Column (µmol/m2) Reduction
March 2019 14–25 March 2020

Milan 160 110 31%
Turin 150 90 40%
Rome 130 70 46%

Naples 120 85 29%
Florence 80 30 63%Version July 26, 2021 submitted to World 9

Figure 1. 2020 versus 2019 TROPOMI NO2 columns, evaluated over Italy during the first two weeks of
the ISL. Source: [68].
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It must be noted, however, that interannual comparison can be tricky, as changes
in NO2 column values over short timescales cannot be directly associated to changes in
emissions, due to the effects of different meteorological conditions [73,74]. In fact, in [75], it
was underlined that the March 2020 NO2 concentrations likely decreased during ISL, even
though the 2020 winter season, which was the warmest ever recorded in Europe, had a
boosted general NO2 emissions decrease, in comparison to the winter of 2019.

In [76], the average TROPOMI column and in situ surface NO2 concentrations (using
a 14-day moving average) were evaluated over Milan and the Po Valley, comparing the
2019 and 2020 spring seasons. A large degree of correlation between the two types of
NO2 measurements was found. In [75,77,78], it was shown that, although the temporal
variability on the ground and along the vertical tropospheric column were different, a
good correlation was found, especially for the Po Valley. This is due to the fact that the Po
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Valley is characterized by pollution trapping (especially during winter), related to intense
anthropogenic activities and to orographic conditions, which can determine unfavourable
local weather conditions [75].

In summary, it can be stated that the general reduction in NO2 pollution during the
2020 winter was also clearly seen at ground stations and, therefore, was not an artifact of
satellite data. Ground station data are freely provided by the Lombardy ARPA, through an
open data portal available to users [79].

In the Lombardy region within the Po Valley, the 2020 emissions were analysed, based
on regional databases, according to the different pollutants and pollutant sources in [79].
The results are shown in Figure 2a, where reference is made to 2017 levels, against which
2020 emissions were evaluated, according to a linear relationship between the activity
of the pollutant source and its emissions. The latter were normalised with respect to a
baseline emission scenario during the same period, but without lockdown restrictions, in
order to evaluate the change rate. It was found that, during the ISL period of 9–29 March
2020, there was an increased weekly reduction of NOx emissions, with a reduction of −28%
overall (see Figure 2b). In particular, limited daily reductions of NOx emissions were found
before the nationwide lockdown declaration (i.e., lower than 10% from 15 February to
7 March 2020). The reduction increased up to 30% during the first nationwide lockdown
week, with a more than 30% reduction observed in the second half of March. Among all
the identified key sources of NOx emissions, including manufacturing processes, industrial
and nonindustrial combustion, and use of solvents, the lockdown-induced limitations
on road transport contributed the most (60%; see Figure 2a). During the first week, a
43% reduction of NOx emissions due to road transport was observed, which significantly
increased to 63% and 74% during the second and third weeks, respectively.

Version July 26, 2021 submitted to World 11

Figure 2. Daily NOx emissions in Lombardy region: (a) Daily values per source; and (b) change rate.
Adapted from [79].
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Figure 2. Daily NOx emissions in Lombardy region: (a) daily values per source; and (b) change rate.
Adapted from [79].

Air quality can be also estimated by advanced numerical models assimilating satellite
and ground-based observations. A freely available European service is the Copernicus
Atmosphere Monitoring Service (CAMS).

Figure 3 shows the hourly (red) and one-week running average (blue) time series
of surface NO2 concentration, evaluated over Milan during the first 11 weeks of 2020.
While no clear trend is visible over the first five weeks of the year, starting in the sixth
week, a decreasing trend can be seen (after a short period of low values, likely due to
weather conditions) [80]. It can be observed that, in January and February 2020, the
average NO2 emissions over Milan were well above the EU annual average limit (i.e.,
65 µg/m3 and 50 µg/m3, respectively) while, as the effects of the lockdown restrictions
included the closure of many industrial and commercial activities, as well as the consequent
traffic reductions, a linear decreasing trend in NO2 emissions was observed after the local
lockdown declaration (23 February 2020; week 7), with a rate of −4 µg/m3 per week, that
allowed for a decrease in NO2 emissions, for the first time, below the EU limit value during
the first half of March [80]. These results can be partly explained by the outcomes proposed
in [81], where the authors observed that Milan experienced, on average, the largest mobility
reduction with respect to 2019 (i.e., about 25%).

A similar trend was found in [82] (see Figure 4). The continuous and dashed red
plots refer to the 2020 and 2020 seven-day average trends, respectively, while gray and
dashed gray plots refer to the 2017–2019 range and 2017–2019 seven-day average trends,
respectively. The periods relevant to the local and nationwide Italian lockdown are also
annotated. Before the local lockdown, the daily average NO2 emissions were at least at
the same levels of previous years (2017–2019 range). Together with the seasonal reduction
of NO2 emissions, already visible during the 2017–2019 period, a further decrease can be
observed after the local lockdown and, more significantly, after the ISL declaration, with
surface NO2 concentration decreasing to less than 20 µg/m3. Even in this case, interannual
differences were not only due to different emission scenarios.
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Figure 4. Time series of daily average surface NO2 concentration over Milan. Source: [82].

A comparative analysis between CAMS-derived surface and TROPOMI total tropo-
spheric column NO2 emission levels was provided in [82]. The trend observed over the
Milan urban area during the ISL is shown in Figure 5, where the red and black plots refer
to the former and latter observables, respectively. Gaps in the TROPOMI observable are
due to data with insufficient quality. It can be noted that, even though the two kinds of
emission observables were different and independent, a high degree of correlation was
observed. On average, larger emissions levels were observed before the beginning of
lockdown restrictions (i.e., 10 × 10−6 kg/m−2 and 30 µg/m3 for TROPOMI total column
and CAMS surface emissions, respectively, during the period 3 February–9 March 2020),
which remarkably dropped due to the lockdown restrictions declared on 10 March 2020
(i.e., less than 5 × 10−6 kg/m−2 and 15 µg/m3 for TROPOMI total column and CAMS
surface emissions, respectively, until the end of June 2020).
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Figure 5. Surface CAMS regional analysis versus total column TROPOMI NO2 emission levels over the Milan urban area.
Source: [82].

The CAMS service also provides forecast emission scenarios for regional air quality
analyses. In this way, the relative influences of changing emissions and weather on the NO2
concentration can be removed when running the CHIMERE model with different sets of
emissions (i.e., one with reference standard emissions and one with lockdown emissions),
which were derived from country- and sector-dependent reduction factors provided by the
Barcelona Supercomputing Center (BSC) [82]. As all the other parameters of the runs (e.g.,
weather) remain the same, by calculating the difference between the two emission scenarios,
it can be seen how the change in emissions affected the surface NO2 concentrations.

The results are shown in Figure 6. In Figure 6a, the reference emissions scenario pro-
vided by the CHIMERE model for 31 March 2020 is shown, where no lockdown restrictions
were applied. Such results indicate that the largest surface NO2 values (i.e., >80 µg/m3)
were found in Italy (Po Valley, including Milan, Rome, and Naples), Turkey (Istanbul and
Ankara), Germany (Berlin and Ruhr region), Poland (Warsaw and Krakow), and midsouth-
ern England (Birmingham). Overall, in 0.16% of the considered area (corresponding to
about 53,600 km2), the surface NO2 emissions exceeded 80 µg/m3 (i.e., they more than
doubled the EU annual average emissions limit).

Conversely, in Figure 6b, the lockdown emissions scenario for the same day is con-
sidered, leading to surface NO2 values much lower than those observed in Figure 6a.
Nonetheless, it can be clearly noted that Figure 6b is not simply a rescaled version of
Figure 6a, but that the different national lockdown restrictions had a different impact on
the surface NO2 emissions. In this CHIMERE lockdown scenario, most of the regions char-
acterized by emissions larger than 80 µg/m3 in the reference scenario call for significantly
lower values. As a result, just 0.02% of the considered area (i.e., about 6900 km2) was
responsible for surface NO2 emissions larger than 80 µg/m3. However, it is interesting to
notice that some of the hottest pollution spots still call for surface NO2 emissions larger
than 80 µg/m3, that is, Milan, Istanbul, Warsaw, and Berlin.

The surface NO2 pollution reduction is shown in Figure 6c, which was dependent
on some key factors: (i) different national lockdown restrictions; (ii) different transport
systems; (iii) different manufacturing processes; and (iv) different use of green technologies.
The results indicate that a significant surface NO2 pollution reduction occurred over Italy
(Po Valley, Rome, and Naples), Germany, and England. The most remarkable reduction
(i.e., a surface NO2 difference between reference and lockdown emission scenarios larger
than 50 µg/m3) was generally observed far from the hottest pollution spots (excluding
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Rome), that is, in Munich, Alicante, and Bologna. This remarkable surface NO2 pollution
reduction was experienced by only 0.01% of the considered area (i.e., about 360 km2).
Nonetheless, in some areas (including Italy), the absolute value of surface NO2 pollution
remained well above the EU annual average emissions limit.

Version July 26, 2021 submitted to World 15

Figure 6. Surface NO2 (µg/m3) CAMS simulations run for March 31, 2020 over Europe: (a) reference
emissions scenario, (b) lockdown emissions scenario, and (c) difference.
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Figure 6. Surface NO2 (µg/m3) CAMS simulations run for 31 March 2020 over Europe: (a) reference
emissions scenario, (b) lockdown emissions scenario, and (c) difference.
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The remarkable NO2 pollution drop over all the main urban areas in Italy as a result
of lockdown restrictions has been confirmed by [81], who integrated NO2 emission levels
measured at ground level, from air quality and weather stations and traffic mobility data
from municipal databases during similar 2019 and 2020 periods (25 February–2 May 2019
and 24 February–30 April 2020). In particular, it was found that urban road traffic was
significantly impacted by the nationwide lockdown restrictions, with an average reduction
of about 48%–69%. Even according to meteorological conditions that may boost the NO2
pollution or not, the reduction of emissions during the ISL was found to be in the range of
25% (Milan) to 50% (Naples). The study also confirmed the highly complicated, nonlinear
nature of atmospheric phenomena and the key role played by weather conditions in
pollution formation, spreading, and removal.

4.2. Economic and Mobility Impacts

The impact of the pandemic on a single economy, sector, or company is related to
the chance to move the related activity online (i.e., the technological preparedness factor
and technical possibility to go virtual) and to the risk–benefit associated to the good itself.
According to a study published by a leading Italian merchant bank, Mediobanca, the
most affected sectors during the ISL were the airline manufacturing (−22.1%), energy
(−15.9%), fashion (−14.1%), and automotive (−9.1%) sectors; the tourism sector, including
catering and accommodation, representing 13% of the Italian GDP, was also severely
affected [6]. Conversely, some sectors had a positive outcome. Companies operating in
Web and software services benefited the most (+17.4% compared to the first semester of
2019), followed by major grocery retail groups (+9.1%), pharmaceuticals (+6.1%), online
payment system providers (+4.7%), electronics (+4.5%), and food (+3.4%) [6].

Manufacturing also faced an unprecedented crisis, thus reducing revenues and em-
ployment levels.

The Lombardy GDP loss in 2020 was estimated to be −7.1%, compared to the Italian
one (−12.8%). With regard to the Milan GDP specifically, also due to high growth rates
registered in the previous years, its drop was even higher (−7.7%), especially for retail
(−6.7%) and services (−8.8%) [83].

These estimates, provided in July 2020 (just after the ISL), were recently confirmed by
the National Confederation of Artisanship (CNA) for Lombardy, with a GDP loss of −9.8%
and for Milan [84]. With an added value drop of 11%, Milan was hit harder than Italy in
general due to a more severe pandemic diffusion, and also more than Lombardy due to a
higher service-oriented sectorial vocation.

As expected, transport-derived demand suffered from the drastic reduction in move-
ment of people, as imposed by the lockdown. Along with the reduction in private motor-
ized trips, both emissions and congestion also decreased. In particular, NOx, whose main
anthropogenic sources at the regional scale are transport-related, dramatically fell.

Based on Google Mobility Reports data, the authors of [85] investigated the change in
use of public transport hubs, such as subway, bus, and train stations, during the COVID-19
pandemic. In Italy, where the usage reduction was also accompanied by a reduced service
supply and the widespread perception of public transport as the riskiest way to move, due
to the associated crowded conditions, the largest reduction was achieved. The use of public
transport decreased by about 80% during the ISL period (18 March–6 May 2020).

Considering Milan in particular, according to [84], with smart working helping to
mitigate human losses, a huge impact has been registered over time for places in the city,
as well as on the transport demand, which was already reduced by behavioral changes in
purchasing channel choice (online, instead of in-store) and, of course, by the limitations
on private mobility imposed by the restrictions. In the specific period of the ISL, mobility
in Milan showed a 51% decrease in buying necessary goods; an 86% decrease in leisure,
entertainment, shopping, and cultural trips; and a 70% decrease in terms of reaching
workplaces. Residential mobility, in contrast, increased by 32%; for most, this meant
traveling by bike or on foot. A modal shift towards private modes also occurred. In the last
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year, public transport dropped by 70%, while that of private vehicles decreased only by
35%; congestion, which was previously addressed by the road pricing measure called Area
C (which was suspended during the first period of the pandemic), increased (see Figure 7).
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Figure 7. Usage change rate of mobility sources in Milan since the 2020 ISL. Adapted from [84].
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Figure 8. Overview of the traffic flows in Milan relative to their January averages. The number of daily
trips between and within cities are compared to the average number of daily trips in January. Source:
[86].

These findings are in accordance with those related to public transport; see Figure 9 [87]. Since the539

beginning of the nationwide lockdown restrictions, a reduction of more than 50% in the usage of public540

transport was observed, with respect to a typical working day, resulting in a maximum reduction541
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Figure 7. Usage change rate of mobility sources in Milan since the 2020 ISL. Adapted from [84].

An important source of information about Italian traffic and road mobility is the data
set provided by the TomTom company, showing that traffic reduction during the ISL was
remarkable [86]. Figure 8 shows an overview of the traffic flows in Milan, relative to their
January averages. Since the week after the local lockdown restrictions, the daily traffic in
the Milan urban area was found to be less than 20% of the traffic in January. This level was
conserved until the end of April, with the first week of May resulting—for the first time
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These findings are in accordance with those related to public transport (see Figure 9) [87].
Since the beginning of the nationwide lockdown restrictions, a reduction of more than
50% in the usage of public transport was observed, with respect to a typical working day,
resulting in a maximum reduction change rate (i.e., about 90%) in the period of 27 March–
18 April 2020. After that, a slight increase in the usage of public transport in Milan was
observed during May and June, once more reaching the 50% reduction level, with respect
to a typical working day, on 1 July.
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Figure 9. Change rate in public transport usage in Milan during 2020. Source: [87].
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In [88], the effects of the lockdown restrictions on mobility and transport were analysed
from 1 March to 24 May 2020 (i.e., during the ISL), in terms of a mobility index derived
from CityMapper data, which includes trips made on public transport, walking, cycling,
and some micromobility and taxi services. Changes were identified with respect to a
typical usage period (6 January–2 February 2020). Results relevant to Milan are shown
in Figure 10, from which it can be noted that the mobility index significantly dropped
from the beginning of the nationwide restrictions—that is, from more than 35% in the first
week of March to less than 5% until the end of April. Only in May was observed a slow
increasing trend, up to about 15%.
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5. Discussion and Conclusions

In order to face the pandemic, the Italian government adopted strict two-month lock-
down measures in spring 2020 (also known as ISL), in order to minimize social interactions
and limiting the spread of the virus. With offices and schools closed, social and cultural
places banned, transport (derived) demand also severely decreased. Side effects of the ISL
thus included a decrease of the negative externalities provoked by the use of public and
private motorized vehicles, such as congestion and pollution, which constitutes a positive
environmental impact.

In this paper, we investigated the potential correlation between ISL and NOx pollution
levels, which is mainly related to transport activities, in the area around Milan, in the
North of Italy. On one hand, we conducted a multidisciplinary analysis based on freely
available NOx air pollution measurements/estimates (primary data) while, on the other
hand, ancillary information on the economy and mobility during the ISL (secondary data)
was utilized. Exceptional decreases in NOx levels were observed over the Milan area during
the 2020 ISL, compared with the same period in 2019. Satellite TROPOMI measurements,
ARPA ground-based measurements, and CAMS model estimates were considered. In
the area of interest—the Po Valley—the correlation between satellite and ground-based
measurements was high; apart from the small variability due to different meteorological
conditions, this decrease was due to activity and transport reductions. This peculiar
pollution trapping behavior is due to the orography of the region. In this period of time,
the warmer meteorology was favorable for limiting NOx pollution; however, although the
interannual reduction with reference to 2019 was remarkable, the pollution level was still
high, even during the lockdown.

From the point of view of policymakers, it is important to underline that freely avail-
able and reliable different sources of measurements/estimates can be exploited, beyond
those of standard ground measurement stations.

At first glance, these findings, which confirm other previous analyses conducted
in the same line (see Section 2.2), could seem obvious and worthless; nonetheless, they
present some interesting food for thought. Similar scenarios of severely reduced urban
and suburban mobility are not likely to be reproduced, as the lockdown was an extreme
measure, accepted only due to extenuating (and, hopefully, temporary) circumstances.

This is especially clear when considering both the social and economic impacts of
a lockdown, which is not sustainable, as it increases the risk of an economic recession,
with an associated spike in job and GDP losses, and withers social and cultural life. To
the contrary, environmental concerns, despite their “public” dimension, always seemed
to be far less crucial [89], even when considering the first evidence provided regarding
the correlation between the COVID-19-related death rate and pollution [90–92] or, more
specifically, NOx [93]. Therefore, once the lockdown is released, its results should be used
as convincing arguments for the population to accept urban car-free zones.

Another important issue deals with the future of mobility during the reopening
process and life coming back to “new” normal. After many years—and plenty of efforts—
of transport policies and planning aimed at achieving sustainable mobility, the pandemic
could turn out to be a double-edged sword, being worse for the future of cities than for
their present. In fact, if the number of trips suddenly dropped during the lockdown,
the loosened restrictions have led to a new and reinforced propensity toward private
mobility, which may worsen the future situation. Private motorized mobility has already
turned out to be preferred over public (i.e., collective and shared) transport, due not
only to the fear of contagion but, paradoxically, to reduced costs (less congestion, more
available parking spaces, and suspended fees, such as the Area C fee) of the road modes,
and to a lowered perceived level of supply efficiency and service quality of the LPT. The
new deal for achieving medium- and long-term sustainable mobility might then consider
several tools, such as: promoting active travel at the urban scale and multimodality, and
enhancing a behavioral change in modal share for commuting by launching information
campaigns for restoring confidence in transit usage, especially in terms of cleanliness and
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vehicle occupancy rate, but also improving a real-time information system. Technological
incentives could also help by reducing the impact of private motorized vehicles, in terms of
pollutants, and fostering the adoption of electric and hybrid vehicles. This is in line with the
currently adopted mobility policies of the city of Milan, whose congestion charge—Area
C—does not apply to electric vehicles and provides fiscal revenues that are partially used
for the maintenance of bike sharing services.

Nonetheless, this extreme event has demonstrated that: (1) remarkable transport
mobility reductions are not able to generate lower pollution levels; (2) national emissions
limits are not enough to ensure the respect of air quality standard norms in critical areas
such as those examined herein; (3) green transport technologies must be implemented in
such areas; and (4) strong policies encouraging switching to green alternative transport
must be more time-efficient and cost-effective.

Moreover, it is also interesting to notice that the pandemic provided a huge and
widespread information communication technology (ICT) improvement, in terms of both
demand and supply, which supported not only a reduction of trips—for example, by
fostering remote working and e-commerce—but also a new way to look at different cultures,
countries, and socioeconomic systems and to use technology as a real “connecting” tool
covering physical distances [94].

Last, but not least, from a purely methodological point of view, these restriction mea-
sures allow us to assess the impact of anthropogenic (mainly transport-related) activities
on air quality in an unprecedented way; actually, the ISL represents a unique opportunity
to analyse the effects—through lockdown restrictions—of transport policies on the envi-
ronment. In this sense, the analysis undertaken in this study can be framed within the EU
Agenda 2030 program on sustainable development, which, among the seventeen goals to
be pursued, includes goals 11 and 13, regarding sustainable cities and communities and
climate action, respectively.

Summarizing, the main points highlighted by this multidisciplinary study are as follows:

• The pandemic-related lockdown forced people to stay at home and economic activities
to stop.

• NOx emissions, mainly related to transport, consequently decreased.
• Freely available TROPOMI satellite measurements, ground-based measurements, and

model estimates were used.
• A correlation between NOx emission levels, the mobility habits (e.g., movements) of

people, and economic activities was observed
• Policymakers could take inspiration from this extreme and unavoidable scenario for

developing sustainable mobility policies.
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