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Abstract: In order to slow the spread of SARS-CoV-2, governments have implemented several
restrictive measures (lockdown, stay-in-place, and quarantine policies). These provisions have
drastically changed the routines of residents, altering environmental conditions in the affected
areas. In this context, our work analyzes the effects of the reduced emissions during the COVID-19
period on the ultrafine particles number concentration and their turbulent fluxes in a suburban area.
COVID-19 restrictions did not significantly reduce anthropogenic related PM10 and PM2.5 levels,
with an equal decrement of about 14%. The ultrafine particle number concentration during the
lockdown period decreased by 64% in our measurement area, essentially due to the lower traffic
activity. The effect of the restriction measures and the reduction of vehicles traffic was predominant in
reducing concentration rather than meteorological forcing. During the lockdown in 2020, a decrease
of 61% in ultrafine particle positive fluxes can be observed. At the same time, negative fluxes
decreased by 59% and our observation site behaved, essentially, as a sink of ultrafine particles. Due to
this behavior, we can conclude that the principal particle sources during the lockdown were far away
from the measurement site.
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1. Introduction

SARS-CoV-2 is one of the deadliest viruses in the last century, which spread during a
pandemic of COVID-19 [1]. The virus outbreak started in Wuhan, China [2] in the month
of December 2019. China reported this new pathogen to the World Health Organization
(WHO) on 31 December, and three months later the organization declared it a pandemic.
To help slow the spread of SARS-CoV-2, governments have implemented several restrictive
measures (lockdown and quarantine policies). These provisions have drastically changed
the routines of residents, altering environmental conditions in areas of interest as many
commercial activities are closed and many employees are working remotely from their
homes. The impact of this virus on the socioeconomic level is causing markets to shake,
world stock markets to collapse, all flights to be canceled, and borders to close. In Italy,
the first confirmed case of infection was detected on 20 February 2020, in a small town in
the north of Italy near Milan. On 21 February, the government adopted the first restrictive
measures limiting travel, social, and economic activities. On 4 March, schools and universi-
ties were closed throughout the whole country. To contain the rapid spread of the infection,
the government enforced the first lockdown measures over a large part of northern Italy
on 8 March, restricting home-work mobility. Lockdown was extended to the entire country
on 11 March and was maintained until 3 May 2020 (Figure 1).
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Figure 1. (a) A map of the measurement area and the indication of the observation site (red circle). 
(b) Timeline of the significant milestones of 2020, including the starting and closing of the 
confinement measures taken in Italy during the first six months of the year to prevent infection by 
COVID-19. 

However, this pandemic also caused air quality to improve in many of the world’s 
cities, reducing environmental pollution. As expected, also in Italy, after the local 
government adopted the mandatory measures, there was a significant reduction in 
transport and industry emissions. Recent research clearly shows that the restrictive 
measures adopted during March–April 2020 led to a significant reduction (about 64%) in 
Rome’s personal vehicle usage [3]. In large cities, air quality is influenced essentially by 
pollutant emissions from vehicular and industrial sources. The main pollutants emitted 
and monitored in urban regions are nitrogen compounds (NO, NO2), carbon monoxide 
(CO), ozone (O3), sulfur dioxide (SO2), and particulate matter (PM10, PM2.5) [4]. Adverse 
health effects related to particulate matter (PM) and nanoparticle exposure mainly 
concern the respiratory and cardiovascular systems [5], but there is also evidence that PM 
affects atherosclerosis and leads to adverse birth outcomes [6,7]. According to the World 
Health Organization (WHO; 2018), about 4 million deaths related to outdoor air pollution 
occur yearly around the world [8]. Particles enter directly into the respiratory system and 
are deposited in the lung region causing serious diseases, such as stroke, lung cancer, 
chronic obstructive pulmonary disease, heart disease, and respiratory infections, such as 
pneumonia [9,10,11]. This global closure has made it possible to obtain interesting 
environmental data for analysis and several scientific investigations related to these socio-
ecological changes. Thus, these circumstances provide an unprecedented opportunity to 
assess the impact of anthropogenic activities, in particular road traffic, on air quality 
changes [12,13]. Several studies focused on the impacts of COVID-19 lockdown on air 
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Figure 1. (a) A map of the measurement area and the indication of the observation site (red circle).
(b) Timeline of the significant milestones of 2020, including the starting and closing of the confinement
measures taken in Italy during the first six months of the year to prevent infection by COVID-19.

However, this pandemic also caused air quality to improve in many of the world’s
cities, reducing environmental pollution. As expected, also in Italy, after the local govern-
ment adopted the mandatory measures, there was a significant reduction in transport and
industry emissions. Recent research clearly shows that the restrictive measures adopted
during March–April 2020 led to a significant reduction (about 64%) in Rome’s personal
vehicle usage [3]. In large cities, air quality is influenced essentially by pollutant emissions
from vehicular and industrial sources. The main pollutants emitted and monitored in
urban regions are nitrogen compounds (NO, NO2), carbon monoxide (CO), ozone (O3),
sulfur dioxide (SO2), and particulate matter (PM10, PM2.5) [4]. Adverse health effects re-
lated to particulate matter (PM) and nanoparticle exposure mainly concern the respiratory
and cardiovascular systems [5], but there is also evidence that PM affects atherosclerosis
and leads to adverse birth outcomes [6,7]. According to the World Health Organization
(WHO; 2018), about 4 million deaths related to outdoor air pollution occur yearly around
the world [8]. Particles enter directly into the respiratory system and are deposited in
the lung region causing serious diseases, such as stroke, lung cancer, chronic obstructive
pulmonary disease, heart disease, and respiratory infections, such as pneumonia [9–11].
This global closure has made it possible to obtain interesting environmental data for anal-
ysis and several scientific investigations related to these socio-ecological changes. Thus,
these circumstances provide an unprecedented opportunity to assess the impact of anthro-
pogenic activities, in particular road traffic, on air quality changes [12,13]. Several studies
focused on the impacts of COVID-19 lockdown on air quality in different regions world-
wide. In many works, the effect of the lockdown measures has been analyzed through
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the reduction in the concentration of PM10 and PM2.5 [14–18], or NO2, O3, and CO [19–23].
Other works specifically studied the effect of the lockdown period on ultrafine particle
number concentrations [24–26]. However, to our knowledge, no studies deal with the effect
of COVID-19 lockdown measures on the exchange (in emission and deposition) fluxes of
ultrafine particles (UFPs). In this context, our work analyzes the effects of the reduced
emissions during the COVID-19 period on the UFP number concentration and fluxes in a
suburban area in Italy. For this study’s purpose, we compared the UFP number concentra-
tion and relative deposition and emission fluxes measured during the lockdown, with the
corresponding values of the same period recorded in the previous 4 years (2016–2019).
The mean values for the previous period were used as a baseline scenario, corresponding
to regular traffic mobility conditions. In addition, the impact of lockdown on PM10 and
PM2.5 mass concentration was investigated.

2. Materials and Methods
2.1. Site and Instruments

The observational campaign was carried out at the Environmental-Climate Observa-
tory (ECO) of the Institute of Atmospheric Sciences and Climate (ISAC), Italian National
Research Council (CNR) from April 2016 to November 2020. The site is located inside the
university campus (N 40◦20′80′′, E 18◦07′28′′), about 3.5 km southwest of the town of Lecce
in the southeast of Italy. The Observatory is a regional station of the Global Atmospheric
Watch (GAW) network [27,28]. The area is characterized by clumps of trees (5–10 m tall),
an open arrangement of buildings 3–6 stories tall, and internal campus roads. It can be con-
sidered an urban background site [29]. The measurement site is influenced by the activities
(including traffic) inside the university campus and by the diffuse emissions of the town of
Lecce and other small villages located nearby. Moreover, the area is sometimes downwind
of the largest industrial settlements of the territory: the area of Taranto, about 80 km in the
NW direction, and the area of Brindisi, about 30 km in the NNW direction [29].

The equipment was located about 10 m above the roof (20 m above ground level) on
a telescopic mast to measure vertical fluxes using the eddy covariance method. An ul-
trasonic anemometer (Gill R3) was used to measure the three wind velocity components
at 100 Hz and sonic temperature. The eddy covariance station included a condensation
particle counter (CPC; TSI 3776), measuring the total particle number concentration at a
sampling frequency of 10 Hz [30–32]. A thermo-hygrometer (Rotronic MP100) was used
for the measurement of temperature and relative humidity. Temperature, air pressure,
relative humidity, and wind speed and direction were also collected by a Vaisala WXT520
automatic weather station. The CPC inlet was placed at a small distance from the sampling
volume of the anemometer (about 17 cm). The air sample was driven into the shelter by
a silicon conductive tube 10 m in length (internal diameter 26 mm). A flow rate of 50 L
min−1 was applied to the flow splitter for the sampling operation giving a turbulent flow
(Reynolds number of about 2803) and minimizing the temporal distortion of concentration
fluctuations. A portion of 1.5 L min−1 was aspirated by the CPC through a 0.42 m-long
silicon conductive tube (6 mm internal diameter). The system used was able to detect
particles of between 3 and 1000 nm in diameter (the upper limit of the CPC). A further
detailed description of the instrumental setup for fluxes can be found in [33]. Daily PM10
and PM2.5 measurements were carried out using a dual-channel sampler (SWAM 5a Dual
Channel Monitor, FAI Instruments, Italy) operating at the flow rate of 2.3 m3 h−1. Through
the β-ray attenuation method, the instrument measures particulate mass concentration,
collected on quartz microfiber filters (Whatman Q-grade, diameter 47 mm), with an un-
certainty of 0.5–0.6 µg m−3 [34]. Measurements of particle number size distribution were
carried out by a mobility particle size spectrometer (MPSS) composed of a Vienna-type
differential mobility analyzer (DMA)(electrode length 28 cm) coupled with a condensation
particle counter (TSI 3772, British Antarctic Survey, Cambridge, England), located inside
the observatory. Each measurement was made in five minutes and covered a particle
diameter range of 10 to 800 nm, divided into forty channels [35].
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2.2. Methods

The UFP dataset from the CPC is a discontinuous time series from April 2016 to
November 2020. A spike detection algorithm (Vickers et al. 1997) was applied on raw
high-frequency data for both the sonic anemometer and the CPC, which defines spikes as
absolute deviations from the mean of a threshold value, that is 6 times σ (where σ is the
variance of 10 min sub-interval). This threshold allows recording of, within 1%, the number
of spikes within a 30-min-averaging period. The measured time series were treated with a
three-dimensional rotation in the local streamlines reference system to remove errors due to
wind sensor misalignment [36,37]. The turbulent particle fluxes from UFP data, FN = w′N′,
were calculated as the covariance between the fluctuations of the scalar particle number
concentration (N′) and fluctuations (w′) of the vertical wind velocity (w), using the eddy
covariance method [38] over 30-min-averaging periods. The average and fluctuating parts
were extracted by performing a linear detrending to reduce the effects of slow changes
in atmospheric parameters (i.e., the daily meteorological cycle) on the calculated vertical
turbulent fluxes [39,40]. A data selection was performed taking in consideration wind
calm periods (u * < 0.1 m s−1) [41]. A percentage of about 14% was discarded. Time lag,
due to the transport of air samples from the sonic anemometer position to the CPC by
the sampling line, was determined with a mean value of 5 s. Finally, a stationarity test
was performed for the particle concentration data series, after the detrending process,
as described in [42], choosing a threshold for the non-stationarity index of 2, which gave
good results in other similar works [43]. The percentage of non-stationary data was 14.5%.
Non-stationary cases were removed from the following analysis. The high frequency under
sampling generates an error on FN that needs to be corrected. The correction used was
based on the approach developed by [44]. The average correction for the high-frequency
losses was about 6%. The uncertainty on FN due to the random statistical counting errors
in the CPC was estimated according to [45], and it was 0.2%. A detailed description of
all methods and corrections utilized in the eddy covariance measurements can be found
in [33]. The source areas for both scalar concentrations and fluxes have been evaluated
using a “scalar passive tracer” model [46]. As established in [33], the mean footprint of our
site, considering the average atmospheric conditions, is about 1 km for fluxes and 2 km
for concentration.

3. Results

The main aim of this work is to establish whether the lockdown period, with the
essential switching-off of a series of anthropogenic sources, had an impact on UFP number
concentration and its exchange fluxes on our site. In order to obtain strong evidence of
air quality changes during the 2020 lockdown period at our site, environmental data have
been compared against the pre- and post-lockdown periods in the first attempt. Thus,
environmental data have been compared against a mirrored period occurring during the
previous 4 years (from 2016–2019), as is done in many other works [47–49]. Data analysis
focused on an extended period from January 1 to July 31, 2020, dividing it further into
the following phases: (a) from January 1 to March 10—pre-lockdown phase; (b) from
March 11 to May 3—lockdown phase; (c) from May 4 to July 31—post-lockdown period.
To investigate the statistical significance of the differences in concentration values among
the two measurement periods, the PM concentration time series of the two different groups
were compared using the Mann–Whitney–Wilcoxon (MWW) rank-sum test [50].

3.1. PM Concentration

The typical yearly average mass concentrations at the site are 24.0 µg m−3 (±0.4 µg m−3

standard error) for PM10 and 15.0 µg m−3 (±0.2 µg m−3) for PM2.5, taking into considera-
tion only the 2016–2019 years. Average mass concentration has been calculated only on this
last dataset in order to avoid a bias in the mean values introduced by the lockdown period
and the general decrease in human activities during 2020. The typical yearly average ratio
PM2.5/PM10 is 0.6 (±0.1). Overall, PM10 and PM2.5 concentration show a decreasing trend
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in the last years (from 2016 to 2020) in our measurement site, with a general decrease
of 20% and 42% for PM10 and PM2.5, respectively. On the other hand, there is no clear
reduction trend throughout the period regarding PM10 and PM2.5 concentration, as can be
observed in Figure 2a,c. However, considering a comparison between the lockdown period
and the mirror period in 2016–2019 for PM concentrations, a decrease has been observed.
In particular, a reduction of 14% (with a mean anomaly of −1.27 µg m−3) in PM10, from a
mean value of 25 (±2 µg m−3) to 22 (±2 µg m−3) during the 2020 lockdown. The p-value
being slightly greater than 0.05 (p = 0.06) for reductions in concentration levels shows that
the COVID-19 restriction did not significantly reduce anthropogenic-related PM10 levels.
PM2.5 mass concentration changed from 13.6 (±0.5 µg m−3) to 11.7 (±0.8 µg m−3), with a
percentage reduction of 14%. (with a mean anomaly of−1.89 µg m−3). In this case, p = 0.10,
so the median difference is not statistically significant at a 5% probability level.
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Figure 2. Time series of daily (a) PM10 and (c) PM2.5 concentrations for the measurement period from
January to July 2020 and the corresponding period in the years 2016–2019. Anomalies for each day are
calculated from the difference with a baseline value (mean concentration level for each phase of the
period 2016–2019) for (b) PM10 and (d) PM2.5. The lockdown period is evidenced by a yellow band.

According to the reduction of the concentrations, the ratio of PM2.5/PM10 does not
show a significant change, remaining constant (0.54). The small reductions in PM10 and
PM2.5 mass concentrations are not as significant as observed for the UFP number concentra-
tion, as we will explain in the following. However, a Saharan dust transport event has been
observed during the lockdown phase in 2020, starting on March 28 and ending on 31 March,
with a maximum concentration in PM10 of 80 (±2 µg m−3). In order to avoid introducing a
bias in the calculation of the decrease, the Saharan dust event has been eliminated from the
analysis of the reduction in mass concentration of PM10 and PM2.5. In this case, a decrease
of about 11% for PM10 and 12% for PM2.5 can be observed. In the pre-lockdown period,
a slight decrease in mass concentration can be observed both for PM10 and PM2.5, with a
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reduction of 20% and 41%, respectively. On the other hand, during the post-lockdown,
a larger reduction can be noted: PM10 exhibited a 28% decrease (with a mean anomaly of
−5.94 µg m−3) while PM2.5 decreased by 42% (with a mean anomaly of −5.09 µg m−3).
This decrease is probably due to the general restriction in societal activities in the extension
of safe pandemic measures (such as working from home, mobility restriction, curfew).
A similar reduction in PM2.5 mass concentration has been observed also in Dubai and
Mumbai, with a reduction of 11% and 14%, respectively [14]. However, great effects of
lockdown measures have been observed for PM2.5 (50% less) in the city of Beijing [14].
PM2.5 decreased by 12% in São Paulo, 37% in Los Angeles, 24% in New York, and 28%
in Paris [21]. PM10 and PM2.5 concentrations reduced by about half in comparison to the
pre-lockdown [15] in New Delhi. PM2.5 concentration reduced by 21% to the average of
the same days in 2018–2019 in Almaty, Kazakhstan [13]. It is worth considering that our
observations are representative of a suburban area of a medium-sized Mediterranean city,
while many of the aforementioned cities exceed 10 million inhabitants.

3.2. UFP Concentration

On average, in this measurement site, an average UFP number concentration of 9606
(±4027 standard deviation) cm−3 was observed at this measurement site, also taking into
consideration the period from 2016 to 2019 for PM10 and PM2.5 analyses. The average UFP
concentration observed for the year 2020 is 6551 (±3880) cm−3 with a reduction of about
32% on average per year, essentially due to the pandemic restrictions. Particle number
concentration during the lockdown period was 3726 (±2044) cm−3, against a mean value
in the previous mirror period (from March 11 to May 3 within 2016–2019) of 10538 (±4357)
cm−3 with a percentage decrease of 64% in our measurement area (Figure 3a). As can be
observed in Figure 3b, a negative anomaly is present during the 2020 lockdown phase.
Specifically, a mean anomaly of −6902 cm−3 was observed in this phase. This difference
was calculated with respect to the mean value in that phase of the same days in 2016–2019.
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Figure 3. (a) Time series of daily ultrafine particle (UFP) concentration for the measurement period
from January to July 2020 and the corresponding period in the years 2016–2019. (b) Anomalies for
each day were calculated from the difference with a baseline value (mean concentration level for
each phase of the period 2016–2019). The lockdown period is evidenced by a yellow band.

Results of testing for UFPs indicate that during the lockdown, at a 5% probability level
(p < 0.05), the observed median concentrations are statistically different for the two groups.
As at our site, also in Somerville (MA, USA), a contraction between 45% and 69% in the
median particle number concentration has been observed [24]. In Tianjin, China, particle
number concentration of traffic nucleation and traffic emissions decreased by 41% [25].
The same analysis has been performed for periods pre- and post-lockdown, in order to
assess concentration differences. A mean anomaly of −614 cm−3 for pre-lockdown and
−984 cm−3 for post-lockdown was calculated. This behavior was also confirmed by the
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comparison between particle number size distributions. As shown in Figure 4, the shape of
curves is very similar in each phase, with number concentrations governed by the Aitken
particles mode (less than 100 nm in diameter). Each curve has a maximum median diameter
of around 80 nm but exhibits different concentrations. During the lockdown, in the size
distribution range between 20–70 nm, the particle number size distributions showed a
reduction that is on average 30% lower compared to the same days in 2016–2019, which is
probably correlated to lower traffic activity during this phase. Additionally, during the
post-lockdown period, there was a reduction of 23% on average, but only concerning the
interval between 40–200 nm.
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Figure 4. Size distribution for UFPs separated into three different phases (pre-lockdown, lockdown, and post-lockdown).
The graphs show a comparison with the mirror period of 2016–2019.

In order to concurrently outline the differences between UFP number concentration
during the pre-lockdown, lockdown, and post-lockdown phases and also a further differ-
ence with the previous mirror period in the period from 2016 to 2019, a diurnal cycle has
been calculated for each of these periods (Figure 5). The diurnal cycle is very similar for the
pre-lockdown period with respect to the previous period (Figure 5a), with differences of
about 12%, whereas, for the post-lockdown phase, the contraction is about 10%. The gen-
eral pattern of the diurnal cycle during the lockdown does not change with respect to the
previous period, although it is completely flattened by the reduced human activities in
the area observed. For the pre- and post-lockdown periods, the diurnal pattern is strictly
similar, evidencing the road traffic activity in the morning (8:00) and evening (20:00) with
its rush hours.

Atmosphere 2021, 12, x FOR PEER REVIEW 8 of 15 
 

 

 
Figure 5. Diurnal cycle for ultrafine particle number concentration separated into three different phases (a) pre-lockdown, 
(b) lockdown, and (c) post-lockdown. The graphs show a comparison with the mirror period of 2016–2019. Circles in the 
graphs indicate the median values. On the right axis (dashed line) the relative percentage ratio between 2020 and the 
relative period for the three different phases is represented. 

In this measurement data set, the correlations of the concentration with the wind field 
were studied. For this purpose, bivariate polar plots (pollution roses) [51] of UFP 
concentration were evaluated in each considered period (lockdown and the mirror) 
(Figure 6). 

 
Figure 6. Pollution roses (bivariate polar plots) for UFP number concentrations during (a) the 
mirror period (2016–2019) and (b) lockdown phase. Wind speed and wind direction are 
represented by the concentric circles and the colored shape, respectively. The color bar is the 
average value of mean particle number concentration. 

In the plots, the average concentration is reported as a color scale, the distance from 
the center is proportional to the wind velocity, and the radial position represents the wind 
direction. The results indicate that for UFPs in the mirror period (2016–2019), the highest 
concentrations are associated with a wind direction from N and NW and are essentially 
concentrated in a wind velocity range from 2 m s−1 to 10 m s−1 (Figure 6a). Further, a spot 
in UFPs can be observed in the N-NE sector for lower wind velocity (from 2 m s−1 to 4 m 
s−1). This observed pattern suggests the influence of a local, ground-level source with large 
concentrations of wind velocities between 2 m s−1 and 10 m s−1. On the other hand, the 
concentration was reduced during the lockdown period, for all wind velocities and in 

Figure 5. Diurnal cycle for ultrafine particle number concentration separated into three different phases (a) pre-lockdown,
(b) lockdown, and (c) post-lockdown. The graphs show a comparison with the mirror period of 2016–2019. Circles in
the graphs indicate the median values. On the right axis (dashed line) the relative percentage ratio between 2020 and the
relative period for the three different phases is represented.



Atmosphere 2021, 12, 407 8 of 14

In this measurement data set, the correlations of the concentration with the wind field
were studied. For this purpose, bivariate polar plots (pollution roses) [51] of UFP concentra-
tion were evaluated in each considered period (lockdown and the mirror) (Figure 6).
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respectively. The color bar is the average value of mean particle number concentration.

In the plots, the average concentration is reported as a color scale, the distance from
the center is proportional to the wind velocity, and the radial position represents the wind
direction. The results indicate that for UFPs in the mirror period (2016–2019), the highest
concentrations are associated with a wind direction from N and NW and are essentially
concentrated in a wind velocity range from 2 m s−1 to 10 m s−1 (Figure 6a). Further, a spot
in UFPs can be observed in the N-NE sector for lower wind velocity (from 2 m s−1 to
4 m s−1). This observed pattern suggests the influence of a local, ground-level source with
large concentrations of wind velocities between 2 m s−1 and 10 m s−1. On the other hand,
the concentration was reduced during the lockdown period, for all wind velocities and in
almost every direction (Figure 6b). With respect to the previous time interval, all the UFP
sources in the N-NW sector that usually impacted the observation site disappeared or were
substantially reduced.

3.3. Meteorology

An accurate analysis of meteorological parameters has been performed in order to
exclude the impact of the meteorological forcing on the UFP number concentration and
turbulent fluxes in this particular period. The site’s meteorology was characterized by the
typical Mediterranean climate with mild autumn-winter seasons and a warm spring [52].
Winds blowing from the N-NW sector are the strongest (3.1 m s−1) compared to that
coming from the SE sector (2.3 m s−1). The cold/wet season (from October to February) is
characterized by significant rainfall (80% of the mean annual total). Lower temperatures
reaching a minimum value of 9 ± 3 ◦C in January and high relative humidity conditions
(up to 83 ± 9%) prevail in this period. The warm/dry season (from March to August)
is generally characterized by high temperature (up to 40 ◦C in August). In this period,
the total mean monthly rainfall decreases (down to 110 mm), as well as the relative
humidity (53 ± 9% in July). Meteorological conditions can have a significant influence
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on the concentration of pollutants. A change from unfavorable to favorable conditions
for the dispersion of pollutants normally occurs when a weather system reaches a region,
making the atmosphere unstable. Precipitation also has a considerable influence, especially
on the mass concentration, by its scavenging process. The following statistical analysis is
carried out to show the influence of temperature, relative humidity, wind speed, and rain
on pollutant concentrations. The temperature within the lockdown period ranged from
9.3 ◦C to 17.9 ◦C and the relative humidity from 48% to 82%. Precipitation occurred at
the end of March and the beginning of April (with an accumulated precipitation peak of
15 mm). Then, rain occurred at the end of April at a greater intensity with an accumulated
precipitation peak of 23 mm and a four-day duration. Wind velocity range in this period
from 1 to 3.2 m s−1, with a prevalent direction in the N-NW sector.

From a comparison between this meteorological framework and the mirror period’s
framework, no particular differences can be observed among meteorological variables
(Table 1). Indeed, the mean temperature for the lockdown period is slightly lower (13.6 ◦C)
with respect to the previous years, whereas relative humidity (67%) is essentially in the pre-
vious range, from minimum to maximum. Wind velocity is the minimum value (2.07 m s−1)
with respect to mirror days. Thus, the reduction of UFP number or mass concentration
cannot be considered due to the influence of temperature, relative humidity, and wind.
Finally, a total of 10 rainy days (for accumulated rain >1mm) are recorded, with an accumu-
lated precipitation amount of 101 mm. The number of rainy days and relative accumulated
precipitation is greater with respect to the 2016–2018 interval, even if it is lower than that of
2019. In particular, a reduction of about 60% is observed on the mass (PM10 and PM2.5) and
UFP number concentrations during intensely rainy days with accumulated precipitation
greater than 15 mm. Indeed, the reduction is enhanced through extended continuous
rainy periods (2–3 days), while no significant impacts can be observed during light rainy
days. (Figure 7). In order to exclude any effects on the concentration decrease (both in
mass and UFP number), rainy periods with accumulated precipitation greater than 15 mm
and an extension in time greater than 2 continuous days is excluded from the analysis for
lockdown and the corresponding mirror period (Sections 3.1 and 3.2).

Table 1. Mean average meteorological variables for the lockdown period in 2020 and the same days
in 2016–2019.

T (◦C) RH (%) Wind (m s−1) Rain (mm)

2016 14.8 ± 0.4 68 ± 1 2.1 ± 0.1 85 (13 days)
2017 14.1 ± 0.3 64 ± 1 2.2 ± 0.1 30 (4 days)
2018 15.6 ± 0.5 67 ± 1 2.1 ± 0.1 66 (9 days)
2019 14.2 ± 0.3 67 ± 1 2.8 ± 0.1 128 (12 days)
2020 13.6 ± 0.4 67 ± 1 2.1 ± 0.1 101 (10 days)

Specifically, throughout the entire lockdown phase, a further reduction of 1% was
observed for mass and number concentration. It seems that the rain’s contribution to this
contraction is negligible. Overall, meteorological forcing did not influence the reduction of
UFP number or mass concentration. The effects of meteorological parameters show that
air pollutants were improved at a higher rate through the restrictions when compared to
changes in meteorological parameters. Therefore, the effect of the restrictions was more
important in improving air quality than the effects of meteorology.
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3.4. Turbulent UFP Fluxes

The measurement site is generally characterized by a series of sources emitting ultra-
fine particles. In other works [33,53,54], this site was described as essentially influenced
by emissions of ultrafine particles. Our dataset from 2016 to 2019 shows a time series for
particle number fluxes that is primarily positive, indicating emission of UFPs from the
surface around the site. In this data set, 61.9% of fluxes are positive (emission processes)
and 31.1% of fluxes are negative (deposition processes). The yearly average is 6729 (±199)
particles cm−2 s−1 in positive fluxes, while −5202 (±124) particles cm−2 s−1 in negative
fluxes. Thus, as previously stated, the area behaves as a source of UFPs, due essentially to
traffic activities, domestic heating, and other spurious sources related to human activity.
Figure 8 indicates a clear trend in the positive-flux time series during the lockdown phase.
In this phase, a decrease in positive fluxes of 61% can be observed with respect to the
same days in 2016–2019, with a decrement from 6960 (±440) particles cm−2 s−1 to 2695
(±492) particles cm−2 s−1. At the same time, negative fluxes decrease from −5915 (±323)
particles cm−2 s−1 to −2430 (±358) particles cm−2 s−1 with respect to the same period
(59%). However, this decrement is lower with respect to emission fluxes. As was conducted
for UFP concentration, a mean daily anomaly was calculated for emission and deposi-
tion fluxes with respect to the mean value of the phase considered in the mirror period
(Figure 8b,d). It is possible to deduce from this analysis a prevalence of negative anomalies
for the lockdown period. A mean daily anomaly of −4223 particles cm−2 s−1 for positive
fluxes is calculated, whereas a mean anomaly of −2432 particles cm−2 s−1 for negative
fluxes. In the pre-lockdown phase, the anomalies were on average positive (7388 particles
cm−2 s−1 for emission and 620 particles cm−2 s−1 for negative fluxes). These anomalies
became negative (−210 particles cm−2 s−1 and −490 particles cm−2 s−1 on average) in the
post-lockdown phase, for both emission and deposition fluxes. Thus, during the lockdown
phase in 2020, our observation site behaved as a sink of UFPs, essentially registering a
greater contraction in positive (emission) fluxes than negative (deposition) fluxes. From this
behavior, we can conclude that the principal UFP sources during the lockdown were far
away from the measurement site, probably due to long-range transport pollution. At the
same time, many local UFP sources (above all vehicular traffic) were switched off due to the
pandemic restriction measures. Additionally, in the turbulent flux analysis, rainy periods
with accumulated precipitation greater than 15 mm days were excluded. Substantially,
no change in reduction percentage can be observed.
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4. Conclusions

In this paper, the effect of lockdown on ultrafine particle (UFP) number concentration
and the relative exchange fluxes in a suburban site in the south of Italy were assessed.
In addition, the impact of the lockdown period on the PM mass concentration was studied.
The severe restriction on people’s movements following the lockdown measures resulted in
a significant reduction of pollutant concentrations (especially UFP), mainly due to vehicular
traffic. However, COVID-19 restrictions did not significantly reduce anthropogenic-related
PM10 and PM2.5 levels, with a contraction of about 14%. According to the reduction of
the concentrations, the ratio of PM2.5:PM10 does not show a significant change, remain-
ing constant (0.54). During the post-lockdown period, a larger reduction can be noted:
PM10 exhibits a 28% reduction, while PM2.5 decreased by 42%. The decrease observed
post-lockdown is due to the general restriction in societal activities in the extension of safe
pandemic measures (such as home working, mobility restriction, and curfew). Furthermore,
excluding a Saharan dust transport event from the reduction analysis of PM10 and PM2.5
mass concentrations, the decrease during the lockdown period can be established as 11%
in PM10 and 12% in PM2.5. The reductions in PM10 and PM2.5 mass concentrations are not
as significant as that in UFP number concentration in our suburban site, where vehicular
traffic represents the primary source of these emissions. Particle number concentration
during the lockdown period decreased by 64% in our measurement area. Additionally,
the number size distribution showed a reduction that was on average 30% lower than the
same days in 2016–2019, which is probably correlated with lower traffic activity during
this phase. Secondary sources could also have played an important role in particle number
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distribution. In particular, the percentage variation observed at midday in the diurnal
cycles could be related to the reduction of new particulate formation events, occurring
when climatic conditions and high concentrations of precursor species create suitable
conditions to trigger the process. During the lockdown, the simultaneous reduction in
the concentrations of pollutant compounds such as SO2 and volatile organic compounds,
which act as precursors to the formation of secondary aerosols, could then explain the
reduction of UFP number concentration observed in this period.

An analysis of meteorological parameters has been performed in order to exclude
the impact on this particular period of the atmospheric forcing on the contraction of
concentration levels. From a comparison between the lockdown meteorological framework
and the mirror period framework, no particular differences occur among meteorological
variables. Thus, air pollutants were improved at a higher rate throughout the restriction
period when compared to changes in meteorological parameters; this means that the effect
of the restriction measures and, consequently, the reduction of vehicle traffic, was more
important in improving air quality than the effects of meteorology. The observation area
behaves as a source of UFP, essentially due to traffic activities, domestic heating, and other
spurious sources related to human activity. During the lockdown phase, a decrease in
positive fluxes of 61% can be observed with respect to the same days in 2016–2019. At the
same time, negative fluxes decreased by 59%. However, this decrement is lower with
respect to emission fluxes. Therefore, during the lockdown phase in 2020, our observation
site behaved as a sink of UFP particles. From this behavior, we can conclude that the
principal UFP sources during the lockdown were far away from the measurement site,
probably due to long-range transport pollution. At the same time, many local UFP sources
(above all vehicular traffic) were switched off due to the pandemic restriction measures.
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