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Abstract: The increasing concentration of human activities in cities has been leading to a worsening
in air quality, thus negatively affecting the lives and health of humans living in urban contexts.
Transport is one of the main sources of pollution in such environments. Several local authorities
have therefore implemented strict traffic-restriction measures. The aim of this paper is to evaluate
the effectiveness and limitations of these interventions, by analyzing the relationship between traffic
flows and air quality. The used dataset contains concentrations of NO, NO2, NOx and PM10, vehicle
counts and meteorology, all collected during the COVID-19 lockdown in the city of Padova (Italy),
in which severe limitations to contain the spread of the virus simulated long and large-scale traffic
restrictions in normal conditions. In particular, statistical tests, correlation analyses and multivariate
linear regression models were applied to non-rainy days in 2020, 2018 and 2017, in order to isolate
the effect of traffic. Analysis indicated that vehicle flows significantly affect NO, NO2, and NOx
concentrations, although no evidence of a relationship between traffic and PM10 was highlighted.
According to this perspective, measures to limit traffic flows seem to be effective in improving air
quality only in terms of reducing nitrogen oxide.
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1. Introduction

In recent years, many cities have undergone a worsening in air quality [1–3], due to the increasing
concentration of human activities, which produce polluting emissions [4–6]. For instance, throughout
Italy in 2018, the percentages of stations monitoring air quality, which exceeded the limits set by the
World Health Organization (WHO) [7] in terms of average annual concentrations of NO2 and average
daily concentration of PM10, were about 6% and 75%, respectively [8].

Poor air quality greatly affects the ‘livability’ of both cities and human health. In 2016, the World
Health Organization (WHO) estimated that about 91% of the world’s population lived in areas in
which the WHO air quality guideline levels were not met [9]; in addition, in the same year, according
to the United Nations, air pollution caused about 4.2 million deaths [10]. In Europe in 2017, about 44%
of the population was exposed to PM10 concentrations exceeding the limit set by WHO and about 7%
to nitrogen dioxide exceeding the WHO limit [11]. Many studies have demonstrated clear connections
between exposure to air pollution components and negative health effects for people living in urban
areas [1,4] and near roads and motorways in particular [6,12,13]. Road traffic is in fact considered as
one of the main sources of air pollution in urban environments [1,14–17]. In 2017 in Europe, almost
25% of greenhouse gas emissions were produced by the transport sector [11]. In particular, among
other pollutants, internal combustion engines emit nitrogen oxides [12] like NO and NOx (mainly
from diesel engines) [1,13,14], which generate NO2 [14,18,19] and particulate matter [5,12,13] such
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as PM10 [2], which also originates through mechanical processes [12]. Both primary and secondary
pollutants are transported far from roads, thus worsening the air quality of whole urban areas [1,20].
In addition, transport externalities soundly affect not only environment, but also society and economy
of cities [21]. For all these reasons, the United Nations included the creation of sustainable cities and
communities as one of the 17 Sustainable Development Goals in agenda 2030, in which sustainable
transport is one of the themes of several targets and goals [22].

In order to reduce pollutant concentrations, many policies have therefore been implemented by
many local authorities to limit vehicle circulation [2,3,13,23,24], such as low emission zones [25,26].
In addition, restrictions on the use of most polluting vehicles or on all vehicles during a limited number
of days, such as car-free days or odd-even plate schemes, are frequent measures [2,27] during pollution
episodes. In order to test the effectiveness of these interventions towards air quality improvement,
many previous studies investigated the relationship between traffic flows and air pollution [23].
Several authors found positive correlations between traffic volumes and nitrogen oxides, such as
NO [1,14,28,29], NOx [1,29] and NO2 [1,4,14,15,18,20,26,28–31]. However, results on the relationship
between vehicle flows and particulate matter were uneven; in particular, some authors noted that raising
PM10 levels in urban areas may be due to increasing traffic [4,23,32], whereas others highlighted very
poor [5,15,20] or null [2,3,13,26,30] correlations between the variables. Overall, the relationship between
air quality and traffic is not clear [13,16,23,25], because of the many aspects which have to be examined.
First, the recorded concentrations of pollutants in urban environments are generated by many sources as
well as vehicle circulation (e.g., residential and industrial sectors) [4,24,26,31,33–35], which are difficult
to collect [16,24]: the effect of traffic on pollutant levels is thus very challenging, due to its uncertain
results [4]. In addition, the distance between air quality monitoring stations and roadways significantly
affects the relationship between measured concentrations of pollutants and traffic [1,17,36], leading to
results and conclusions that are often site-specific [2,5,13,17]. Again, meteorological factors, such as
precipitation level, wind speed and direction, temperature, relative humidity, and thermal inversions,
all play significant roles on pollution formation and transport [4,12,14,17,24,25,28,29,32,34,35,37–46],
especially with regards to PM10 [2,15,23,36,47]. Last but not least, delays between emitting sources
and recording stations may occur, due to slow and/or lagged photochemical reaction processes [18].

In order to examine all these effects, many authors have included meteorological parameters
in their models [2,4,14,15,17,23,28,29,32,35,37–39,42,44] or have only examined periods with similar
meteorology as the basic unit of analysis [5,18,25,34,37,40,41,43]. One result is the appearance of a
causal relationship between reduced traffic flows and improved air quality, which cannot be assessed
accurately [1,16,24].

From March 2020 to May 2020, a huge reduction in human activities has occurred, which has led
to changes in air pollution in many regions throughout the world [43] and which was caused by the
global lockdown due to the outbreak of the COVID-19 pandemic, an infectious disease generated by
SARS-CoV-2 [48]. At the end of February, the WHO reported about 58,400 confirmed cases and 2920 deaths
in the world [49], corresponding, respectively, to 0.0007% and 0.00004% of the world population [50].
On 11 March 2020, the WHO announced the COVID-19 outbreak as a pandemic [51]. At the end of
August 2020, there were about 24,850,000 confirmed cases and about 839,000 deaths worldwide [52],
corresponding respectively to the 0.3188% and 0.0107% of the world population [50]. In order to contain the
spread of the virus by minimizing potential contacts among people, many governments adopted restrictions
limiting many non-essential human activities [34,37,47,53]. Besides the industrial and manufacturing
sectors, transport was the most badly affected [19,24]. In this way, most of the sources of polluting
emissions were greatly reduced [24,34] and led to improved air quality in many countries [19,54], values
depending on the period of analysis chosen [55] and meteorological conditions [47,56]. Reduction of NO2

was reported in China [19,57], Spain [25,58], France [59], Europe [19,44], United States [19,59], India [37,43],
Brazil [47,53,59,60], and New Zealand [24]; a lowering in the level of NO was then measured in Brazil [60].
In addition, decreasing concentrations of PM10 were identified in India [37,43] and Brazil [53]. However,
only a few authors applied statistical techniques to assess the significance of these changes [29].
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In Italy, the earliest confirmed COVID-19 case occurred on 31 January 2020 [42]. By the end of
February, the number of confirmed cases was 888, with 21 deaths [49], which respectively correspond
to 0.0015% and 0.00003% of the country’s population [50]. On 8 March 2020, the Italian Prime Minister
decreed a lockdown for regions in North Italy, which was extended to the whole nation in the following
days [34]: these measures included not only the suspension of all educational, cultural, social and
sports activities, but also the closure of all public places where events involving large crowds could
occur, examples being restaurants, theatres and cinemas [34,42]; in addition, only transfers to reach
workplaces or for essential needs were permitted [41]. Then, on 23 March 2020, all activities in sectors
not related to essential supply chains, such as food and medicines, were shut down [41]. This led to
an improved global air quality, like in many countries worldwide [19]. For instance, reductions of
NOx and PM10 were reported in Milan (North Italy) [41]; in the Campania region (Southern Italy) NO2

and PM10 levels decreased during the lockdown [34], and low NO2 levels during the pandemic were
measured in Brescia (North Italy) [42].

This paper aims to contribute to the understanding of the relationship between traffic flows and
concentrations of pollutants in urban areas (i.e., NO, NOx, NO2, PM10), in order to test the effectiveness
of typical (and strict) traffic-reduction measures to improve air quality, using data obtained both prior
and during the lockdown in the city of Padova (North Italy). The event provided a unique opportunity
to study the effects of anthropogenic activities [37,41,54] and vehicle flows in particular [25]: With
regards to air quality, it may be considered as an extensively controlled experiment [24,25,34] during
which almost all typical anthropogenic polluting sources were nullified [34,54]. Moreover, many
previous works tested the effectiveness of measures against pollution, which are limited in time and
space [2,5,24], since they only focus on reduced traffic flows lasting a few days or affect only specific
areas [26,27]. Unlike these studies, in this paper, the considered period of analysis has a large scale and a
long duration, strengthening our results. In addition, the effect of meteorology on decreasing polluting
concentrations is clearly discussed, in order to isolate and specifically focus on the impact of reduced
vehicle flows. It is also worth noting that the aim of this paper was not to predict concentrations after
changes in traffic levels, but rather to assess the relationship between reduced traffic flows and lowered
concentrations of NO, NOx, NO2, and PM10.

Local authorities usually implement traffic restriction measures with the aim of improving air
quality. The focus of this paper is to highlight the effectiveness and limitations of these interventions.
Our results are therefore useful in supporting policymakers in such decision planning by providing
sound bases to optimize air quality management policies, towards the creation of sustainable cities.

2. Materials and Methods

2.1. Study Area

The Municipality of Padova is located in the valley of the river Po, in the Veneto region of
north-eastern Italy. At the end of 2019, the population was approximately 211,000 people [61], with
about 22,762,276 inhabitants per square kilometer [62], one of the highest in the region. The area in
question suffers from several pollution problems, due both to its location and to the concentration of
many human activities. In particular, in 2018 [62] and 2019 [63], PM10 value exceeding the WHO limit
was reported by urban traffic and background stations for about 60 days. This prompted the local
authority to implement several traffic-restriction measures, e.g., in 2018, there were 5 car-free days and
140 days during which most polluting vehicles were banned [62].

This paper examines days during the lockdown due to the COVID-19 pandemic in 2020, when
measures to contain the spread of the virus lead to a drastic reduction in traffic flows. This event
is equated with a long-duration and large-scale experiment, which caused travel conditions similar
to those which could be obtained by traffic restrictions, aiming at reducing air pollutants during
non-pandemic periods. According to this perspective, the purpose of this paper is to test the effectiveness
of these interventions on air quality improvement.
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2.2. Air Quality Data

Data on air quality were gathered from two monitoring stations in the study area. Both are
located in the urban area of the city (Figure 1): However, Station A is an urban traffic station in
the northern part of the city, i.e., recorded pollution levels are mainly affected by emissions from
nearby roads [15,40], whereas Station B is an urban background station in the southern part of the
city, i.e., recorded pollutant concentrations are not influenced by a single source, but are the integrated
contribution from all surrounding sources [15]. The two monitoring sites were selected in order to
evaluate and compare the potential relationship between pollutant concentrations and traffic in two
sites, thereby testing the strength of the relationship.
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Specifically, data were collected by ARPAV, the Veneto Region Environmental Protection Agency,
which owns and manages the two stations which record the average daily concentrations of PM10

(in µg/m3) and the hourly concentrations of NO (in µg/m3), NO2 (in µg/m3), and NOx (in µg/m3).

2.3. Traffic Data

Traffic flows were obtained from the automated inductive-loop detectors, managed by the
Municipality of Padova and located on road sections along the boundaries of the city. This system
collects traffic counts, average speeds, and densities every 10 min, for both inbound and outbound
traffic, of four classes of vehicles. The detector closest to each of the two monitoring stations was
selected (Figure 1), in order to represent the traffic status in both sites. In detail, Detector A is about
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570 m from Station A, and Detector B is about 1170 m from Station B. Data for detector A were available
only for outbound traffic; data for detector B were provided for both directions. Since this paper
focuses on the effect of reduced traffic on air quality on a city scale, using data obtained both before
and during the lockdown due to the COVID-19 pandemic, although the distances between the air
quality monitoring stations and traffic detectors were quite high, it is worth noting that the drastic
decrease in traffic flows in the lockdown period occurred on a national scale; for this reason, data
obtained at a local level may represent the situation on larger scales.

2.4. Meteorological Data

To consider the effect of meteorology on the recorded values of pollutant concentrations,
meteorological data were retrieved from the reference site for the province of Padova, managed
by ARPAV. The following parameters were recorded on a daily basis, together with minimum and
maximum air temperatures (◦C), main wind directions and average speeds (m/s), total precipitation
(mm), average solar radiation (W/m2), and number of hours with thermal inversion.

2.5. Data Preparation

To analyze the relationship between traffic reduction and air quality, the lockdown period during
the COVID-19 pandemic was chosen as a controlled experiment in which traffic flows greatly decreased,
thus simulating strict measures on vehicle circulation during normal conditions. For this reason,
the days in 2020 when the strictest policies to contain the diffusion of the virus were in force, were
compared with the corresponding days in 2017 and 2018 (2019 was not retained, since traffic data were
not available for that year). Since PM10 concentrations and meteorological parameters are expressed
on a daily basis, the single day was defined as the unit of analysis. Therefore, all the other variables
were aggregated; in particular, the average values of NO, NOx, and NO2 concentrations and the total
number of vehicles in a day were recorded.

In order to compare days belonging to different years, since this paper is focused on the role of
traffic flow, Sundays and holidays (i.e., Easter Sunday Easter Monday and April 25, which is a national
holiday in Italy) were discarded, as traffic levels on these days are lower than usual.

As pollutant levels are affected by meteorology, only days with stable meteorological conditions
were retained [5,18,25,34,37,40,41,43]. In particular, precipitation level also plays an important role
in pollutant concentrations, since it tends to remove particles from the atmosphere [2,5,25,34,39,40];
therefore, only days with no rainfall were considered, thus neglecting the potential confounding effect
of this factor. In this way, the final dataset contains only non-rainy days in weekday traffic conditions,
in 2020, 2018, and 2017. Thus, the impact of reduced vehicles flows (in 2020) on air quality can be
isolated, giving a clear insight into the corresponding potential relationship.

2.6. Relationship between Air Quality and Traffic Levels

To study this relationship, three steps were performed and applied to the values of pollutants
recorded by both the monitoring stations.

The first one is to verify whether pollutant concentrations and traffic flows were actually reduced
during the lockdown, and to what extent. To reach this aim, a statistical technique was applied to
test if the mean values of daily total traffic flows and daily averages of recorded concentrations of
NO, NO2, NOx, and PM10 in the considered period of 2020 were lower than the average values on
the corresponding days in 2018 and 2017. As data are not normally distributed, a non-parametric
Wilcoxon rank-sum test was applied [29].

Then, to evaluate the degree of association between pollutant concentrations, traffic flows,
and meteorological parameters, a correlation analysis was developed [5,14,15,30–32]. In particular,
a non-parametric Spearman’s correlation test was adopted for each day of the period in question.

In order to study the potential effect of traffic flows and meteorology on pollutant concentrations,
multivariate linear regression models, which had been widely applied in previous works [5,15,30,32],
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were implemented. In detail, one model was developed for each daily pollutant concentration
(NO, NO2, NOx, PM10) as dependent variables and variable, whereas traffic flows and meteorological
parameters considered as independent variables. In addition, in order to follow the assumptions of
the model, the natural logarithms of concentrations were used [29]. Other approaches, like machine
learning techniques, were not adopted, although they may have produced better accuracy, since the
main aim of the paper was to understand the effect of traffic reduction on air quality, and not to predict
pollutant concentrations. According to this perspective, a multivariate linear regression model can
interpret the effect of each independent factor on the outcome variable, thus clearly analyzing the
impact of vehicle flows on pollutant levels.

In descriptive statistics of data and tests on means, data were divided into two periods: The days
during the lockdown (in 2020) and the corresponding days before the lockdown (i.e., in 2017 and
2018), for comparison and visualization purposes. Whereas, in the subsequent analyses, each day was
individually considered; therefore, a unique dataset made up of all the days in 2020, 2018 and 2017
was adopted.

All analyses were carried out with R statistical software [64].

3. Results

The three-fold statistical analyses were applied in a period from 8 March to 30 April 2020 and to the
corresponding days in 2018 and 2017, selecting non-rainy days. In particular, preliminary descriptive
statistics were first shown, followed by the results of tests on means and correlation analyses; lastly, the
outcomes of multivariate linear regressions are reported. These methods contributed towards creating
a clear picture of the effect of traffic flows on all pollutant concentrations (NO, NO2, NOx, PM10).

3.1. Descriptive Statistics

This section presents descriptive statistics of pollutant concentrations and traffic flows for the
period in question, in order to provide a preliminary picture of the data distribution (Tables 1–3).
In particular, Tables 1 and 2 show descriptive statistics of the sample of concentrations of NO, NO2,
NOx, and PM10 recorded by Stations A and B, respectively; in particular, these two tables report the
number of observations in the dataset, as well as means, standard deviations, medians, interquartile
ranges, and coefficients of variation for the average daily values of considered pollutants. Table 3
shows the corresponding values for total daily traffic flows collected by Detectors A and B. In the
following tables, the dataset was split into two groups for comparison purposes: The first set contains
days of 2020 and the second one includes days in 2017 and 2018.

Table 1. Descriptive statistics for concentrations of NO, NO2, NOx, and PM10 for Station A.

NO NO2 NOx PM10

2017–2018 2020 2017–2018 2020 2017–2018 2020 2017–2018 2020

N. of observations 56 38 54 40 55 39 57 35
Mean [µg/m3] 10.04 5.41 39.67 26.06 54.21 34.52 36.07 35.40

Std. Dev. 1 [µg/m3] 7.13 6.52 8.99 9.09 19.93 18.04 16.92 18.84
Median [µg/m3] 7.94 3.02 38.30 24.10 49.69 29.90 32.50 30.00
IQR 2 [µg/m3] 9.58 3.73 13.04 13.52 27.26 18.81 18.50 12.00

CV 3 71 121 23 35 37 52 47 54
1 Standard deviation; 2 Interquartile range; 3 Coefficient of variation.

In order to analyze the trends of pollutant concentrations and traffic flows before and during the
lockdown due to the COVID-19 pandemic, the following charts were generated extending the period
of analysis by a few days before 8 March 2020 (although the following analysis does not consider this
extension). Moreover, all the days of the three years were aligned in terms of similar travel habits and
mobility needs. Specifically, days were matched according to type of day (e.g., Monday, Tuesday, etc.)
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and week number in the year. In particular, Figures 2–5 show the daily average concentrations of NO
(Figure 2), NO2 (Figure 3), NOx (Figure 4), and PM10 (Figure 5) in selected days during 2020, 2018,
and 2017, for urban traffic station A and urban background station B). The aim of these figures was to
compare the registered values of pollutants in 2020 with those obtained in the same days of 2017 and
2018; for this reason, the horizontal axis indicates the dates in 2020, i.e., each day was matched with the
corresponding days of 2018 and 2017. For each day, the solid red line represents the value for 2020, the
dashed blue line indicates the average concentration value between days in 2017 and 2018, the pale
blue line shows the min-max ranges recorded in 2018 and 2017, and the vertical green line mark the
first day of the global lockdown in 2020. Similarly, Figure 6 depicts the total number of vehicles for
each day in the selected periods of 2020, 2018, and 2017, for detectors A and B. In this way, values
recorded in 2020 were compared with the average and range min-max of values registered in 2017 and
2018. In both figures, lines and colored areas are not all continuous, since some days were excluded
because of non-compatible meteorological conditions or public holidays.Sustainability 2020, 12, x FOR PEER REVIEW 8 of 19 
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Table 2. Descriptive statistics for concentrations of NO, NO2, NOx, and PM10 for Station B.

NO NO2 NOx PM10

2017–2018 2020 2017–2018 2020 2017–2018 2020 2017–2018 2020

N. of observations 53 39 53 39 53 39 57 35
Mean [µg/m3] 6.92 3.15 32.23 19.46 42.54 24.00 36.56 32.85

Std. Dev. 1 [µg/m3] 4.95 4.19 8.36 7.91 15.36 13.53 15.71 18.69
Median [µg/m3] 5.13 1.82 31.10 17.60 39.21 19.09 35.00 27.50
IQR 2 [µg/m3] 6.79 2.15 11.27 8.19 18.04 10.26 16.00 15.50

CV 3 72 132 26 41 36 56 43 57
1 Standard deviation; 2 Interquartile range; 3 Coefficient of variation.

Table 3. Descriptive statistics for traffic flows recorded by two detectors.

Detector A Detector B

2017–2018 2020 2017–2018 2020

N. of observations 56 38 53 39
Mean [veh/day] 7605 2341 14,650 4182

Std. Dev. 1 [veh/day] 1916 904 3394 1682
Median [veh/day] 8354 2228 15,930 4036
IQR 2 [veh/day] 1372 549 2300 1234

CV 3 25 39 23 40
1 Standard deviation; 2 Interquartile range; 3 Coefficient of variation.
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Figures 2–4 show that, before the lockdown, average concentrations of pollutants were quite
similar among the three years. However, after 8 March 2020, the values of NO, NOx, and NO2 for days
in 2020 tended to decrease, when compared with the average values of the corresponding days in 2018
and 2017. Instead, PM10 in 2020 does not show a clear-cut reduction with respect to the mean values
of 2018 and 2017 (Figure 5). In addition, concentrations for Station A (Figures 2a, 3a, 4a and 5a) are
slightly higher than the corresponding values for Station B (Figures 2b, 3b, 4b and 5b). This may be
due to the different locations of the two monitoring sites: In fact, with respect to Station B, Station A is
closer to the city center, where sources of pollution are more frequent.
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Analogously, Figure 6 shows that daily traffic flows significantly fell during the lockdown in 2020,
when compared with the average values of the corresponding days in 2018 and 2017. This was an
expected result, caused by restrictions to contain the spread of the virus during the COVID-19 lockdown.

3.2. Statistical Comparison between Periods

Table 4 shows the results of the Wilcoxon rank-sum test for all pollutants and monitoring stations.
It compares the average values of concentrations recorded during the lockdown (in 2020) with the
average value of the corresponding days in 2018 and 2017, in order to assess if the former was lower
than the latter. The table shows that significant reductions occurred for NO, NO2, and NOx in both
monitoring stations: In particular, in the two periods, NO decreased by 46% (Station A)–54% (Station B),
NO2 by 34% (Station A)–40% (Station B), and NOx by 36% (Station A)–44% (Station B). In addition,
the corresponding estimated effect sizes are large. Instead, PM10 concentrations were reduced by 2%
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(Station A)–10% (Station B). However, only the difference calculated for Station B was statistically
significant, perhaps due to the different conditions in the two stations.

Table 4. Results of Wilcoxon rank-sum test and effect size calculations for comparison of daily average
values of pollutant concentrations [µg/m3] between 2020 and 2018–2017 for two monitoring stations.

Station A Station B

Variable Avg.
2018–2017

Avg.
2020 W-Test p-Value Effect

Size
Avg.

2018–2017 Avg. 2020 W-Test p-Value Effect
Size

NO 10.04 5.41 501 0.000 0.45 6.920 3.150 391 0.000 0.53
NO2 39.67 26.06 314 0.000 0.61 32.230 19.460 283 0.000 0.62
NOx 54.21 34.52 427 0.000 0.51 42.540 24.000 308 0.000 0.60
PM10 36.07 35.40 875 0.200 0.09 36.560 32.850 725 0.020 0.21

Table 5 shows the results of the Wilcoxon rank-sum test for daily total traffic flows obtained from
the two detectors. The test was applied to verify whether average daily traffic flows in 2020 were lower
than average in the corresponding days in 2018 and 2017. Table 4 shows that the mean daily traffic
level in 2020 was significantly lower than that for 2018–2017 for both detectors, with a large effect size
in both cases. In addition, although Detector A traffic counts were available only for the outbound
direction, the percentual reduction (69%) is similar to that obtained from Detector B (71%). This shows
that traffic flows consistently decreased in both directions and over a wide area.

Table 5. Results of Wilcoxon rank-sum test and effect size calculations for comparison of daily total
vehicle flows [veh/day] between 2020 and 2018-2017 for two traffic flow detectors.

Detector A Detector B

Variable Avg.
2018–2017

Avg.
2020 W-Test p-Value Effect

Size
Avg.

2018–2017 Avg. 2020 W-Test p-Value Effect
Size

Traffic
flow 7605 2341 58 0.000 0.80 14,650 4182 28 0.000 0.83

The results presented in this section partially confirmed the previous visual analysis. In particular,
a comparison of the lockdown days in 2020 with the corresponding days in 2018 and 2017 highlights
a statistically significant reduction in traffic flows, and in NO, NO2, and NOx; PM10 significantly
decreased for only one station.

3.3. Correlation Analysis

Table 6 shows Spearman’s correlation coefficients and related p-values, which were calculated
to evaluate the degree of association among pollutants and traffic flows obtained from detectors
at Station A and Station B, and meteorological parameters, for selected non-rainy days. The table
shows significant positive correlations between traffic flows and NO, NO2, and NOx; in particular,
the highest values of coefficients were obtained for NO2 and NOx. Instead, traffic flows and PM10

are not statistically correlated and show very low coefficients. The results for the two stations are
similar, confirming the spatial transferability of results. With regards to meteorological parameters,
as expected, correlation coefficients between pollutants and wind speed are negative, since the latter
facilitates the dispersion of polluting concentrations in the atmosphere. The relationship with thermal
inversion is also significant, since this factor causes unfavorable dispersion of air pollutants emitted at
ground levels. In addition, a high significantly negative correlation between pollutant concentration
and solar radiation may be observed for PM10. This may be due to the shutdown of heating systems, a
source of PM10, because of the relevant contribution of biomass burning for domestic heating in the
area [65].
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Table 6. Spearman’s correlation coefficients and p-values among traffic flows, pollutant concentrations,
and meteorological parameters for two monitoring stations.

Station A Station B

NO NO2 NOx PM10 NO NO2 NOx PM10

Traffic flow +0.51 *** +0.56 *** +0.55 *** +0.14 +0.63 *** +0.66 *** +0.66 *** +0.16
Minimum temperature −0.18 −0.09 −0.14 +0.08 −0.12 +0.08 +0.02 −0.01
Maximum temperature +0.06 +0.08 +0.06 −0.01 +0.09 +0.16 +0.14 −0.07

Solar radiation −0.21 † −0.22 † −0.22 † −0.55 *** −0.12 −0.22 † −0.20 † −0.53 ***
Thermal inversion +0.44 *** +0.40 *** +0.43 *** +0.14 +0.41 *** +0.36 ** +0.37 *** +0.16

Wind speed −0.47 *** −0.41 *** −0.44 *** −0.39 *** −0.48 *** −0.44 *** −0.45 *** −0.40 ***

Significance codes for p-value of correlation: *** p-value ≤ 0.001; ** p-value ≤ 0.01; * p-value ≤ 0.05; † p-value ≤ 0.10.

To sum up, the correlation analysis shows that only concentrations of NO, NO2, and NOx are
positively associated with traffic flows, confirming results from the previously applied techniques.

3.4. Multivariate Linear Regressions

Results for the multivariate linear regression models are now presented. In particular, Tables 7–10
show the estimated coefficients, associated statistical tests, and model performances for the daily
concentrations of NO (Table 7), NO2 (Table 8), NOx (Table 9), and PM10 (Table 10) from Stations A and B,
for selected non-rainy days. Non-significant variables were removed both manually, in order to avoid
multicollinearity problems, and an automated stepwise procedure was applied. In all the tables, even
non-significant variables were reported using dashes, for better reading and comparing the results of
the four regression models.

Table 7. Multivariate linear regression for NO concentrations.

Station A Station B

Variable Coeff. Std. Err. t-Value p-Value Coeff. Std. Err. t-Value p-Value

Intercept 0.774 0.138 5.60 0.000 *** 0.470 0.116 4.05 0.000 ***
Traffic flow 0.067 0.008 8.31 0.000 *** 0.040 0.004 10.00 0.000 ***
Wind speed −0.067 0.027 −2.50 0.014 * −0.074 0.026 −2.85 0.006 **

Solar radiation −0.003 0.000 −6.00 0.000 *** −0.003 0.000 −6.67 0.000 ***
Thermal inversion 0.052 0.007 7.49 0.000 *** 0.043 0.007 6.34 0.000 ***

Maximum
temperature – – – – – – – –

Statistics
N 94 92

Adj. R2 0.65 0.68
F-stat 35.95 p-value 0.000 *** 50.22 p-value 0.000 ***

Significance codes for p-value: *** p-value ≤ 0.001; ** p-value ≤ 0.01; * p-value ≤ 0.05; † p-value ≤ 0.10.

Tables 7–9 show that the coefficients of variables related to traffic flows are all significant and
positive, clearly indicating that traffic flows lead to increased concentrations of NO, NO2, and NOx.
The same result was obtained at both the monitoring stations, indicating that the effect of traffic on
these pollutants extended to most of the whole area. Instead, with regards to the model for PM10

concentrations (Table 10), traffic flows were not identified as significant variables affecting the outcome.
This shows that PM10 is not mainly influenced by traffic levels. In addition, the R2 value of these
models was lower than the corresponding values in Tables 7–9, indicating that other exogenous factors
not considered in this model specification may affect PM10 levels.

As regards the effect of meteorological factors in the selected non-rainy days, wind speed negatively
affects concentrations of NO, NO2, and NOx, as expected, since it produces a dispersion and dilution of
pollutants in the atmosphere [5,25,39,40]. In addition, solar radiation has a negative effect on pollutant
levels, as it contributes towards raising the mixing-layer altitude, leading to decreasing concentrations
of pollutants in the air [66,67]. Also, the coefficient related to thermal inversions is positive, as expected,
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since frequent temperature inversions usually affect the formation and suspension of pollutants in
the air [68,69]. Lastly, PM10 was found to be positively affected by temperature (Table 10), since it
accelerates the chemical process of secondary aerosol formation [32,38], which may surpass the reduced
use of heating systems.

Table 8. Multivariate linear regression for NO2 concentrations.

Station A Station B

Variable Coeff. Std. Err. t-Value p-Value Coeff. Std. Err. t-Value p-Value

Intercept 1.377 0.048 28.79 0.000 *** 1.363 0.047 28.82 0.000 ***
Traffic flow 0.034 0.003 10.39 0.000 *** 0.022 0.002 13.43 0.000 ***
Wind speed −0.019 0.010 −1.98 0.050 * −0.036 0.011 −3.29 0.001 **

Solar radiation −0.001 0.000 −5.16 0.000 *** −0.001 0.000 −7.78 0.000 ***
Thermal inversion 0.018 0.003 6.33 0.000 *** 0.017 0.003 5.82 0.000 ***

Maximum
temperature – – – – – – – –

Statistics
N 94 92

Adj. R2 0.68 0.77
F–stat 49.53 p-value 0.000 *** 75.24 p-value 0.000 ***

Significance codes for p-value: *** p-value ≤ 0.001; ** p-value ≤ 0.01; * p-value ≤ 0.05; † p-value ≤ 0.10.

Table 9. Multivariate linear regression for NOx concentrations.

Station A Station B

Variable Coeff. Std. Err. t-Value p-Value Coeff. Std. Err. t-Value p-Value

Intercept 1.499 0.065 23.18 0.000 *** 1.416 0.055 25.81 0.000 ***
Traffic flow 0.041 0.004 9.53 0.000 *** 0.027 0.002 14.13 0.000 ***
Wind speed −0.027 0.014 −1.89 0.063 † −0.041 0.011 −3.60 0.001 ***

Solar radiation −0.001 0.000 −6.59 0.000 *** −0.002 0.000 −8.12 0.000 ***
Thermal inversion 0.028 0.004 7.61 0.000 *** 0.022 0.003 6.64 0.000 ***

Maximum
temperature – – – – – – – –

Statistics
N 94 92

Adj. R2 0.67 0.79
F–stat 47.15 p-value 0.000 *** 87.26 p-value 0.000 ***

Significance codes for p-value: *** p-value ≤ 0.001; ** p-value ≤ 0.01; * p-value ≤ 0.05; † p-value ≤ 0.10.

Table 10. Multivariate linear regression for PM10 concentrations.

Station A Station B

Variable Coeff. Std. Err. t-Value p-Value Coeff. Std. Err. t-Value p-Value

Intercept 1.725 0.074 23.32 0.000 *** 1.786 0.066 27.22 0.000 ***
Traffic flow – – – – – – – –
Wind speed – – – – – – – –

Solar radiation −0.003 0.000 −9.45 0.000 *** −0.003 0.000 −10.11 0.000 ***
Thermal inversion 0.015 0.004 3.75 0.000 *** 0.010 0.003 2.99 0.004 **

Maximum
temperature 0.017 0.004 3.97 0.000 *** 0.013 0.004 3.50 0.001 ***

Statistics
N 94 92

Adj. R2 0.50 0.53
F–stat 30.62 p-value 0.000 *** 34.83 p-value 0.000 ***

Significance codes for p-value: *** p-value ≤ 0.001; ** p-value ≤ 0.01; * p-value ≤ 0.05; † p-value ≤ 0.10.
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4. Discussion and Conclusions

The main aim of this paper was to assess the effectiveness of interventions limiting traffic, such as
car-free days or odd-even number-plate schemes, on air quality. Statistical analyses were performed on
pollutant concentrations of NO, NO2, NOx, and PM10, traffic counts, and meteorological data collected
during the recent lockdown due to the COVID-19 pandemic in Italy, when strict limits were imposed
on human activities and transfers in Italy, and also during the corresponding days in 2018 and 2017.
In particular, three-fold analysis was applied to selected non-rainy days, in order to control the effect of
rain on pollutant concentrations. The approaches were tested on daily air quality data obtained from
urban traffic and urban background monitoring stations.

In particular, statistical tests were first applied to evaluate changes in average daily values of
traffic flows, NO, NO2, NOx, and PM10 during the lockdown, with respect to the corresponding days
in 2018 and 2017. Statistically significant reductions of vehicle flows (by 69–71%), NO (by 46–54%),
NO2 (by 34–40%), and NOx (36–44%) were obtained. Conversely, a significant decrease in PM10 was
observed at only Station B (10%). The difference between results from the two stations might be due
to local characteristics of the areas near the stations. In particular, Station A is set in a residential
zone near the city center, whereas Station B is located in a peripherical area, with many different
activities as sources of pollutants. In 2015, in Veneto region, 69% of PM10 emissions were generated
by combustion of biomass in residential buildings (natural gas is used in most houses to cook and to
heat buildings and water), 13% by traffic, 4% by agricultural sector, and 4% by industrial sector [70].
In the same region, no reduction of the use of residential heating systems was registered in March
2020 (lockdown period) with respect to March 2017 [71]. Therefore, unlike Station B, Station A is
located in an area where emissions produced by residential activities might not be compensated
for the reduction of other PM10 sources, like traffic flows [34,35,42]. The results are consistent with
those obtained by previous authors, who reported lowered nitrogen oxide concentrations during the
lockdown in many countries [19,24,25,31,37,41,43,44,47,53,57–60,72]. In addition, the uneven estimated
results for PM10 were confirmed by an overall analysis of past researches: Some authors reported
reductions in PM10 levels [37,41,43,53] while others did not find any significant changes [24]. Different
results were obtained, depending on the considered effect of meteorology and the selected period of
analysis [25,29,47,55,56].

Correlation analyses were then carried out, to evaluate the degree of association among pollutant
concentrations, traffic flows, and the meteorological factors examined. Results showed that NO, NO2,
and NOx were positively correlated with traffic flows. The values of correlation coefficients were
consistent with those obtained by previous authors [15,30]. Instead, no significant correlations were
found for PM10 and vehicle counts, as in previous works [30]; however, other authors observed low
correlation coefficients [5,15].

Multivariate linear regression techniques were then applied to assess the causal relationship
between traffic flows and pollutants, with traffic flows and meteorological parameters as independent
variables. The results showed that vehicle counts play a significant negative role for concentration
levels of NO, NO2, and NOx, as in similar models applied by previous authors [15].

On the other hand, traffic flows did not seem to affect PM10 concentrations to any great extent.
As regards the effects of meteorology on the non-rainy days, the impacts of significant factors
were consistent with those obtained in other studies; in particular, wind speed has a negative
effect [5,25,39,40], as does solar radiation [66,67,73–75], whereas thermal inversions positively affect
concentrations [45,46,68,69], and PM10 was positively influenced by temperature [32,38,45].

To sum up, all the results of the three approaches are consistent with each other. Specifically,
statistical tests on means indicate that, comparing the lockdown period with the corresponding days
in 2018 and 2017, despite a significant decrease in traffic flows, PM10 reduction was not statistically
significant for one of the two monitoring stations. Moreover, correlation analyses indicated that
PM10 concentrations were not correlated with traffic levels, and regression models showed that traffic
flows caused changes only in nitrogen oxides. Therefore, the three-fold developed analysis indicates
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that vehicle flows significantly affect NO, NO2, and NOx concentrations, but there was no evidence
of a relationship between traffic and PM10. A similar result was obtained by previous authors [3],
who concluded that PM10 levels are not primarily affected by local traffic [2,26,35,42]. The present
work confirms these findings, using data recorded during a period in which a drastic and large-scale
reduction in traffic flows occurred, thus contributing to strengthening the bases of these conclusions.

According to this perspective, interventions to limit traffic flows, such as car-free days or odd-even
number-plate schemes, seem to be effective in improving air quality, but only if the aim of these
measures is to reduce NO, NO2, and NOx. Obtained results are helpful in supporting local authorities
in optimizing the planning phase of traffic-limitation policies to control air pollution, in order to
promote the sustainable development of cities.

Starting from the outcomes of this research, transport policies should be oriented to a global
perspective, entailing the changes of travel habits of users towards the use of sustainable transport
means. According to this perspective, policies restricting the use of private vehicles should be combined
with interventions to foster the adoption of public transport or active modes, such as free public transit
tickets to access car-free zones or the design of a wide and safe cycling/pedestrian network. In this way,
citizens might experience the possibility to accommodate all their mobility needs, using low-polluting
transport modes, thus contributing to the diffusion of long-term sustainable travel habits.
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