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Abstract: The combined use of Lecce-University AERONET-photometer measurements and PM2.5, 
PM10, NO2, CO, and SO2 concentrations from different sites of Apulia-Region Air-Quality Agency 
represents the peculiarity of this study, which evaluates the impact of COVID-19 lockdown (LD) 
measures on aerosol and gaseous pollutants. Monthly-averaged columnar and surface parameters 
of the 2020-year were compared with corresponding monthly parameters of the ref-year obtained 
by averaging 2017, 2018, and 2019 measurements in order to evaluate LD measure impacts by 
Average Percent Departure (APD%). Photometer measurements showed that LD measures were 
likely responsible for the decrease in Aerosol Optical Depth (AOD). The APD% estimated between 
the 2020- and ref-year AOD (at 440 nm) was characterized by negative values from June to August, 
reaching the smallest mean value (−46%) in June. Moreover, the columnar aerosol load appeared 
less affected by continental urban/industrial particles than previous years in the summer of 2020. 
The PM-concentration-APD% calculated at ten sites was characterized by monthly trends similar to 
those of AOD-APD%. PM-APD% values varied from site to site and smaller values (up to −57% in 
June) were on average detected at urban/suburban sites than at background sites (up to −37%). The 
impact of LD measures on gaseous pollutants was observed from the onset of LD. 

Keywords: COVID-19; Aerosol Optical Depth; Ångström exponent; PM mass concentrations; 
gaseous pollutants 
 

1. Introduction 
The virus SARS-CoV-2 (Severe Acute Respiratory Syndrome Coronavirus 2) caused 

the COVID-19 (COrona VIrus Disease 2019) pandemic [1], which has been responsible for 
several million deaths across the world (https://covid19.who.int/; accessed on 22 July 
2021). Lai et al. [2] have provided a comprehensive review on the potential mechanisms 
underlying the SARS-CoV-2 transmission exacerbated by background air pollutants. 
Therefore, various measures of lockdown (LD) and/or stay-at-home policies were issued 
in 2020 around the world by national and local governments to slow down the spread of 
the COVID-19 pandemic by trying to balance the safeguarding citizen’s health and the 
negative LD impacts on economy. On 9 March 2020, Italy became the first European 
country to impose national lockdown measures to contain the spread of the SARS-CoV-2, 
restricting the movements of the population, except for necessity, work, and health. 
Further restrictive measures were adopted on 11 March 2020, concerning the suspension 
of retail commercial activities, catering services, and personal service activities; on 22 
March 2020 came the suspension of most industrial and commercial activities and the 
prohibition to leave the residence municipalities, except for proven work needs, absolute 
urgency, and health reasons. Some of the restrictive measures started being removed from 
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4 May 2020 onward. The reopening of commercial activities and intra-regional mobility 
was allowed to begin from 18 May 2020. 

Since human activities decreased because of the prevention and control measures 
during the lockdown, several studies have been undertaken and are still carried out 
around the world to investigate the possible changes in aerosol pollution because of the 
COVID-19 lockdown measures (e.g., [3–6]). Venter et al. [7] have shown that the global 
response to the COVID-19 pandemic resulted in unprecedented reductions in economic 
activity, and that lockdown events reduced the population-weighted concentration of 
nitrogen dioxide and particulate matter levels by about 60% and 31%, respectively, in 34 
countries. Reductions in transportation sector emissions were largely responsible for NO2 
anomalies. Gkatzelis et al. [8] provided a critical review of the global impact of COVID-19 
lockdown measures on air quality, in addition to some recommendations. 

The first confirmed Italian case of infection by SARS-CoV-2 was detected at the end 
of February in southern Lombardy, which is characterized by very large urban areas and 
represents one of the most polluted areas of Europe due to its unfavourable geographical 
position, climate characteristic, land use, and emission sources. Lonati and Riva [9] 
assessed NO2 and benzene reductions in the −40% to −35% range compared with the 
previous years in the Po Valley of Northern Italy, concluding that this was because of the 
corresponding reductions in the emissions from road traffic. Air quality improved in all 
of the countries in which strict lockdown measures were adopted, in contrast to the 
detrimental social and economic effects (e.g., [10–16]). Sulaymon et al. [17] have 
investigated the relationships between different air pollutants and meteorological 
variables before, during, and after lockdown measures in Wuhan (China), which 
represented the Chinese city with the first confirmed cluster of COVID-19 cases. 
Moreover, Albayati et al. [18] have reported a comprehensive summary of the main effects 
of the COVID-19 lockdown measures on air pollution in different countries (India, China, 
United States, Italy, Brazil, and Malaysia). Arregoces et al. [12] reported a review of the 
2020 studies on the impact on air quality during the COVID-19 pandemic (Table 1 of their 
work). Another review of the lockdown impacts on the air quality has been provided by 
Skiriene and Stasiskiene [19]; they have estimated that the reduction in NO2, PM2.5, and 
PM10 was approximately in the range of 20–40%, analysing data from 5 different 
European countries (England, Italy, Spain, France, and Sweden). Munir et al. [20] 
compared three different approaches to assess their performance, using both estimated 
and measured air quality and meteorology data from several air quality monitoring 
stations in Reading (England). They found that changes in pollutant concentrations varied 
both in space and in time according to the adopted approach, the type of monitoring site 
and the data type. The comparison with the same period in previous years before the 
pandemic reported by Cao et al. [3] has shown that the aerosol pollution, especially PM2.5, 
significantly decreased, the aerosol reduction in areas with high air pollution was more 
obvious, and the levels of PM2.5 were more sensitive to emission reductions than PM10. 
In contrast, other studies showed no significant changes in particulate matter (PM2.5 and 
PM10) mass concentrations over Northern Italy, according to [21], indicating that the 
lockdown effects on the air quality can be strictly site-dependent. In addition to surface-
monitored air quality parameters, several studies also focused on remote sensed data from 
surface- and/or satellite-based devices [22–26]. Campanelli et al. [22] investigated the 
COVID-19 lockdown effects on the atmospheric composition in five Italian urban sites by 
using data collected from 1 January to 31 May 2020. These data were related to 
meteorological conditions which identify the long-range transport events. They found 
that the impact on the Aerosol Optical Depths (AOD), PM, and gaseous pollutant 
concentrations varied from site to site. Therefore, the analysis of the LD measure impacts 
on pollution at different sites deserves attention; moreover, most of the previous studies 
focused on the LD impacts up to April and/or May 2020. 

The COVID-19 lockdown (LD) measure impacts both on columnar and on surface air 
pollution parameters have been investigated in this study over south-eastern Italy. More 
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specifically, measurements from the “Lecce University” sun/sky photometer operating 
within the AErosol RObotic NETwork (AERONET) have been used to evaluate the LD 
measure impact on columnar aerosol properties. In contrast, ground-based air quality 
measurements from ten different monitoring stations of the Apulia-Region Air Quality 
Agency (ARPA-Puglia) have been used to evaluate LD impacts on PM2.5, PM10, NO2, 
CO, and SO2 concentrations. It is commonly assumed that ground-level aerosol properties 
are mainly determined by local meteorology and sources of pollution, while aloft aerosol 
particles are also strongly affected by long-range transboundary air pollution because 
atmospheric particles are generally lifted to high altitudes before being transported over 
long distances. South-eastern Italy is a narrow and flat peninsula in the central 
Mediterranean basin, whose aerosol particles are significantly affected by long-range 
transported air masses from the surrounding countries either at the surface and along the 
aerosol column, as shown in several studies (e.g., [27,28]). Therefore, considering the 
relevant long-range transport of aerosol particles over south-eastern Italy, column-
integrated aerosol parameters and surface PM properties were likely affected by the 
impacts of the lockdown measures issued in 2020 around different European countries. 

The analysis of the relationships between surface and column-integrated aerosol 
parameters represents one of the novel investigations of this study, which have been 
examined in rather few studies to the best of our knowledge. Note also that measurements 
performed throughout the whole year of 2020 have been compared with the 
corresponding mean values of the years 2017, 2018, and 2019 (selected as reference years) 
to investigate how long the LD measure effects lasted after the removal of the restrictive 
measures: this represents the main novel contribution of this study. Particular attention 
has also been paid to the comparison between data retrieved from measurements 
performed before, during, and after the LD measures. Moreover, LD measure impacts on 
PM mass concentration have been investigated at 10 sites within a monitoring area less 
than 50 km wide, to investigate how LD measure impacts on pollution varied between 
sites few kms away but with different features (i.e., urban, suburban, industrial or 
background site). Therefore, besides evaluating the effective impact of the human 
activities on the columnar aerosol properties and surface pollutants, the analysis of their 
relationships could contribute to the development of new procedures for the management 
and control of the air quality. 

Table 1. Corresponding time intervals and number of days for the three selected periods Pre-LD, 
LD (lockdown), and Post-LD. 

Period Time Interval Number of Days 
Pre-LD 1 January–8 March 2020 68 

LD 9 March–17 May 2020 69 
Post-LD 18 May–26 July 2020 69 

2. Experimental and Methodology 
2.1. Study Area, Analysed Time Intervals, and Statistical Analyses 

Figure 1 shows the study area, which is located in a narrow and flat peninsula of 
south-eastern Italy, distant from large pollution sources, less than 100 km away from the 
Balkan and Greek coast and about 700 km away from the Africa coast. The locations of the 
10 selected monitoring sites (Sites 1–10) of the Apulia-Region Air Quality Agency (ARPA 
Puglia; https://www.arpa.puglia.it/, accessed on 10 October 2021) are shown in the insert 
of Figure 1, in addition to the AERONET sun/sky photometer site at the Mathematics and 
Physics Department of the University of Salento in Lecce (Site 11). A characterization of 
the mean aerosol properties and meteorological conditions at the study area has been 
provided in previous works [28–30]. 

The Italian COVID-19 lockdown lasted 10 weeks from 9 March to 17 May 2020. 
Therefore, columnar and surface air pollution parameters of the 68 days prior to the 
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lockdown start time (Pre-LD days; 1 January – 8 March, 2020) and of the 69 days following 
the lockdown end (Post-LD days; 18 May – 26 July, 2020) have firstly been compared to 
those of the 69 lockdown (LD) days, to obtain a first estimate of the lockdown impact on 
the investigated parameters (Table 1). Firstly, the statistics of Pre-LD, LD, and Post-LD 
periods have been compared estimating the respective mean values and the 5th, 25th, 
50th, 75th, and 95th percentiles of each tested parameter that have been represented by 
box plots. Then, we have defined a so-called reference year (ref-year) based on measure-
ments performed in the years 2017, 2018, and 2019, according to the selection performed 
in other studies [31,32]. In more detail, the daily mean values of each tested parameter 
referring to each of these three years have been averaged to calculate the corresponding 
monthly mean values of the ref-year. The monthly means of each parameter have been 
computed as a good compromise between temporal resolution and statistical robustness 
of the data to be compared. We believe that day-by-day comparisons may not be signifi-
cant, since both pollution and meteorological impacts may significantly vary day-by-day 
in each year. We also believe that meteorology impacts on pollution are embedded in the 
ref-year dataset. 

 
Figure 1. The map illustrates the geographical location of the study area in south-eastern Italy, in 
the Central Mediterranean basin. The location of the monitoring stations of the Apulia Region Air 
Quality Agency (ARPA Puglia) considered in this study (Maglie 1, Galatina 2, Arnesano 3, Lecce—
Libertini 4, Lecce—Garigliano 5, Surbo 6, Campi Salentina 7, Guagnano 8, Cerrate 9, and San Pan-
crazio 10) is also reported in the insert, in addition to the AERONET photometer site at the Depart-
ment of Mathematics and Physics of the University of Salento in Lecce (11). 

The monthly evolution of each ref-year parameter has been compared with the cor-
responding one of the year 2020 to evaluate by box plots and statistical analyses the 
COVID-19 impact throughout that year. The average percent departure (APD%) for se-
lected time intervals was also calculated to quantify the lockdown impact both on colum-
nar and on surface air pollution parameters throughout the year 2020: 

APD% = [(Data2020 − Dataref)/Dataref] × 100 (1)

where Data2020 and Dataref represent the selected parameters of the 2020 and ref-year, re-
spectively. 

Since we have proved that not all the analysed datasets were normally distributed 
based on the Kolmogorov-Smirnov test, non-parametric statistical methods were used to 
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test if significant differences were present among parameters referring to different time 
intervals. More specifically, the comparison among the Pre-LD, LD, and Post-LD datasets 
for each columnar and surface analysed parameter was performed by the Kruskal-Wallis 
One Way Analysis Of Variance on Ranks. This test was then followed by the Dunn’s test, 
which was used to identify which pair of samples significantly differed by testing the dif-
ference in the sum of the related ranks, with an overall confidence level greater than 95% 
[33,34]. On the contrary, the Mann-Whitney test was used to identify the statistically sig-
nificant differences between the 2020 and the ref-year datasets. A similar procedure of 
statistical analyses on air pollutants has also been conducted in previous studies [17,35]. 

2.2. Columnar Aerosol Parameters 
The AERONET sun/sky photometer denoted as “Lecce University” is located on the 

roof of the Mathematics and Physics Department of the University of Salento (Site 11 in 
the insert of Figure 1), where it has been operating since May 2003. AERONET is an inter-
national federation of ground-based sun/sky photometers established by NASA (e.g., 
[36,37]). The data reported in this study were downloaded on 26 April 2021 and are based 
on Version 3, Level 1.5 daily solar data of the years 2017, 2018, 2019, and 2020. The Aerosol 
Optical Depth (AOD) at the 440 and 870 nm wavelengths was used as extensive parame-
ter. Then, the Ångström exponent (Å) and the Ångström exponent difference (ΔÅ) were 
calculated as intensive parameters. The column-integrated Ångström exponent describes 
the spectral dependence of the AOD and at the 440–870 nm wavelength pair it is given by: 

Å(440 nm, 870 nm) = −ln[AOD (440 nm)/AOD (870 nm)]/ln(440/870) (2)

Å (440 nm, 870 nm) is commonly adopted by the users of AERONET data as a qual-
itative indicator of the particle size: the smaller the particle size, the larger the Å value. In 
general, Å < 1 and Å > 1 represent populations dominated by coarse and fine mode parti-
cles, respectively. However, Å alone does not provide unambiguous information on the 
relative weight of coarse and fine mode particles if the particles are characterized by a 
bimodal/multimodal size distribution, according to [38]. Fine mode particles can have the 
same Å as mixtures of coarse and fine mode particles and some authors (e.g., [38–40]) have 
demonstrated that ΔÅ can provide more information on the relative contribution of fine 
and coarse mode particles, where: 

ΔÅ = Å (440 nm, 675 nm) − Å (675 nm, 870 nm) (3)

Negative ΔÅ values are representative of size distributions with dominant fine par-
ticle contributions [38]. ΔÅ increases with the contribution of the coarse particle contribu-
tions as shown by [29,41] for the study site, where bi-modal or multi-modal particle size 
distributions are generally prevailing. 

2.3. Surface Air Pollution Parameters: PM2.5, PM10, NO2, CO, and SO2 
Mass concentrations of some air pollutants as PM2.5, PM10, NO2, CO, and SO2 have 

been used to evaluate the LD impact on air pollution at the surface. Table S1 lists the ten 
selected monitoring sites of ARPA Puglia, shown in the insert of Figure 1, with the corre-
sponding monitored pollutants and monitoring area type. Note that all the air pollutant 
concentrations are regularly a priori quality controlled according to the Directive CEN\TS 
16450:2013, which defines a criterion of valid data for daily means as at least 75% of the 
data availability within a day. Five, three, and two monitoring sites are located in subur-
ban, urban, and rural areas, respectively. Sites 9 and 10 are background monitoring sites 
according to ARPA Puglia (https://www.arpa.puglia.it/, accessed on 10 October 2021). Ni-
trogen dioxide (NO2), carbon monoxide (CO), and sulphur dioxide (SO2) are the main gas-
eous pollutants monitored by ARPA Puglia. However, only some of the mentioned gase-
ous pollutants are monitored at each monitoring site, as shown in Table S1. The 
PM2.5/PM10 and NO2/CO ratios have likely been used to distinguish between potential 
emission sources. 
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3. Results and Discussion 
The LD measure impacts on columnar aerosol optical parameters and PM mass con-

centrations at the surface are firstly analysed, followed by their relationships. Then, the 
LD measure impacts on NO2, CO, and SO2 mass concentrations have been investigated. 

3.1. Changes in Columnar Aerosol Parameters before, during, and after the Lockdown 
Figure S1a shows the time series of the AOD daily means both at 440 and at 870 nm 

from 1 January to 26 July 2020, covering the Pre-LD, LD, and Post-LD time intervals. Dis-
continuities in the time series are due to meteorological (cloudy and/or rainy days) or 
technical reasons. The variability range of the AOD daily means (both at 440 and at 870 
nm) decreased in the Post-LD period (Figure 2a). In particular, Figure 2a shows that both 
mean and median values of the AOD at 440 nm in the Pre-LD period are slightly smaller 
than the LD ones. Accordingly, as summarized in Table S2, Dunn’s test results show for 
the AOD at 440 nm that Pre-LD and LD data are the only statistical different, while only 
Pre-LD and Post-LD data are statistically different in the case of AOD at 870 nm, high-
lighting a slightly different impact of the lockdown measures at different AOD wave-
lengths λ. Note that AOD values mainly decrease with λ when fine particles are prevail-
ing. The time series of the daily-averaged intensive parameters Å and ΔÅ displayed in 
Figures S1b and S1c, respectively, show that both parameters on average increased with 
time from Pre-LD to Post-LD periods, as it is also clearly shown by the Å and ΔÅ box plots 
in Figures 2b and 2c, respectively. The Dunn’s test results displayed in Table S2 show that 
only the Pre-LD/Post-LD pair was statistically different in the case of Å, while both the 
Pre-LD/Post-LD and the LD/Post-LD pairs were statistically different for ΔÅ. As men-
tioned, Å and ΔÅ are intensive parameters and their values change with the column-based 
size distribution of atmospheric aerosols (e.g., [38,40]). In particular, for bimodal size dis-
tributions, the combined temporal increase in Å and ΔÅ values may be associated with 
the decrease in the fine mode particle radius, as shown by [29,42] at the study site. The 
decrease in the anthropogenic activities (e.g., traffic, industry, and coal-burning emis-
sions) and, consequently, of air pollutant emissions since the LD starting time have likely 
been responsible for the decrease in the secondary particle formation in the atmosphere 
and for the shift of the fine mode particle radius toward lower values. On average, sec-
ondary particles contribute to accumulation mode particles [43]. Air pollution events tend 
to occur when condensation processes produce significant number concentrations of ac-
cumulation-mode particles [44]. Martins et al. [45] measured aerosol size distributions in 
the ultrafine particle range at the Metropolitan Area of São Paulo (Brazil) during a transi-
tion period between a highly polluted episode and a clean one. They found particles dis-
tributed in the nucleation and Aitken mode during the clean period and particles with 
larger geometric mean diameters during polluted periods. Analogously, Monteiro dos 
Santos et al. [46] also found a strong increase in accumulation mode particles with the 
larger presence of secondary species such as organics and sulphates. Analysing Å and 
volume size distribution data from the AERONET photometer, Sannino et al. [47] found 
at Naples (Italy) a reduction in the column-based coarse-mode aerosol component during 
the lockdown, according to our results (Figure 2b,c). They explained this reduction as 
likely associated with the decrease in particulate produced by vehicular traffic and an-
thropogenic activities. Shukla et al. [48] found an opposite result from AERONET sun/sky 
photometer measurements in Kanpur (India). Due to the restricted anthropic activities 
during lockdown, they found that fine mode particle contributions decreased, while 
coarse-mode particles were predominant during the LD. Pre-LD and Post-LD periods 
were characterized by fine particles with slightly absorbing properties. Therefore, lock-
down measure effects on columnar aerosol properties are strictly site-dependent because 
of the highly variable aerosol types/sources and the long-range pollution impacts. LD 
measures were applied to several European countries in the 2020 spring-summer (SS) 
months. Consequently, the main properties of the long-range transported air masses from 
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these countries were also likely affected by the LD measures with a potential effect partic-
ularly on the columnar aerosol properties. In conclusion, at the study site LD measures 
have likely been responsible for the weak AOD increase from the LD to the Post-LD period 
and the increase in both the Å and ΔÅ mean values. We must be aware that meteorological 
parameter and aerosol particle variations from winter (Pre-LD) to summer (Post-LD) have 
also likely contributed to the observed LD impacts. An accurate analysis on the potential 
effects of the seasonal meteorological variations on the columnar aerosol properties at the 
study site were reported in [28]. 

 
Figure 2. Box plots of the (a) Aerosol Optical Depth AOD at 440 nm (grey boxes) and 870 nm (white boxes), (b) Ångström 
Exponent Å at the wavelength pair 440–870 nm, and (c) Ångström Exponent difference ΔÅ in Pre-LD (before lockdown), 
LD (during lockdown), and Post-LD (after lockdown) periods. Horizontal lines and dots in each box are the median and 
mean values, respectively. The 25th and the 75th percentiles are indicated by the lower and upper boundaries of the box, 
respectively. The lower and upper whiskers represent the 5th and the 95th percentiles, respectively. 

3.1.1. Columnar Optical Parameter throughout the Year 2020 and Comparison with the 
Corresponding Ref-Year Data 

Columnar aerosol properties are season-dependent at the study site [28,29,49,50]. 
Therefore, a proper estimate of the LD measure’s impact can likely be obtained by com-
paring aerosol parameters of selected time intervals of the year 2020 with the averaged 
ones of previous years. In particular, the 2020 AOD, Å, and ΔÅ time series have been 
compared with the corresponding ones of the so-called reference year (ref-year) to better 
evaluate the LD restriction’s impacts, which were calculated by averaging corresponding 
daily mean values of the years 2017, 2018, and 2019. Figure S2 provides an overview of 
the comparison between the AOD (440 nm) daily means retrieved at the study site in 2020 
and the corresponding ones of (a) 2017, (b) 2018, and (c) 2019 to show the AERONET data 
availability from 2017 to 2020. The lack of data points, which varied from year-to-year, 
was due to meteorological (cloudy and/or rainy days) and/or technical reasons. Figure S3 
compares by box plots the monthly time series of (a) AOD (440 nm), (b) Å, and (c) ΔÅ of 
the 2020- and the ref-year, highlighting that both ref- and 2020-AOD monthly mean and 
median values on average increased in summer, as commonly observed all over the Med-
iterranean basin because of the lack of rainy days and the prevailing stagnant atmospheric 
conditions that favour the accumulation of atmospheric particles. Moreover, the large so-
lar irradiance, which favours the secondary particle formation, likely contributed to the 
summer AOD increase at the study site (e.g., [28]). Figure S3a shows that the AOD in-
crease in June, July, and August was smaller in 2020 than in the corresponding one of the 
ref-year. This last result is likely to be strictly related to the lockdown measures and/or the 
stay-at-home policies issued in 2020 in Italy and in other countries, which determined the 
decrease in anthropogenic activities and, hence, in air pollutant emissions since 
March/April. Figures S3b,c suggest that the 2020 Å and ΔÅ values were also affected by 
the LD measures. In particular, Figure S3c shows that the ΔÅ rate of increase in June, July, 
and August 2020 was greater than the corresponding one of the ref-year. The Mann-Whit-
ney test was used to identify the significant monthly differences between the 2020 and the 
ref-year dataset. Main results are summarized in Table S3, which shows that June, July, 
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and August AOD and ΔÅ values of the 2020 were all statistically different (at p-level ≤ 
0.001) from the corresponding values of the ref-year. Å values were statistically different 
(at p-level ≤ 0.05) only in June and July. These results might indicate that the columnar 
aerosol parameters were significantly affected by the LD measures mainly since June 2020, 
when most of the restrictive measures were removed in Italy and likely in most European 
countries. The LD impact on columnar aerosol parameters lasted several months from the 
removal of LD measures, likely because most of the atmospheric particles were not di-
rectly emitted in the atmosphere, as on the contrary is the case for gaseous pollutants 
[9,21]. In fact, atmospheric particles may also be formed by coagulation, mixing, and sec-
ondary processes, which in turn depend on the particle residence time in the atmosphere. 
The monthly AOD, Å, and ΔÅ APD% (Figure 3) was calculated according to Equation (1), 
from the monthly time series of the 2020- and ref-year datasets, to quantify the percentage 
changes of each tested parameter. Figure S4 provides the monthly AOD APD% calculated 
from the AOD time series of the years (a) 2017 and 2020, (b) 2018 and 2020, and (c) 2019 
and 2020, from which the AOD APD% shown in Figure 3a was calculated. We believe that 
Figure 3 can likely indicate that the APD% changes in June, July, and August were mainly 
due to LD measures, which have likely been responsible in June for the −46% and −14% 
decrease in the AOD and Å, respectively, and the 110% ΔÅ increase in August, because of 
the changes of the columnar aerosol load and their microphysical properties. We must be 
aware that dust events and forest fires occurring in summer over the Mediterranean basin 
may affect the year-by-year variability of columnar aerosol properties up to autumn if the 
stagnant atmospheric conditions persist, whose impacts, we believe, are embedded in the 
spring-summer monthly means of both the ref- and the 2020-year. Sannino et al. [47] high-
lighted the 2020 combined effect of Saharan dust intrusions and LD measures on colum-
nar aerosol properties at Naples (Italy) studying the variations between Pre-LD and LD 
periods both in presence and in absence of desert dust. 

Å versus AOD scatterplots are commonly used to obtain a qualitative graphical in-
dication on the aerosol load due to particles of different size and type, since they tend to 
concentrate in different areas of the plot, and this can enable the inference of particles from 
different sources [51]. In this study, Å-AOD scatterplots referring to measurements per-
formed in 2020 have been compared with the corresponding ones of the ref-year to infer 
the main differences on the probable particle sources. Figure 4 shows the Å versus AOD 
scatterplot referring to (a) June, (b) July, and (c) August 2020, colour-coded by the ΔÅ 
values. Corresponding plots referring to ref-year June, July, and August are then shown 
in Figure 4d–f, respectively. Santese et al. [52] used a graphical mask to classify aerosols 
of different type by the Å-AOD scatterplot at the study site. It was assumed that marine 
particles were characterized by the data points with AOD < 0.15 and Å ≤ 1.6, according to 
[53]. Data points characterized by both AOD ≥ 0.15 and Å ≤ 0.9 were considered repre-
sentative of desert dust, while all the other data were considered representative of conti-
nental urban/industrial particles. Figure 4a shows that most of the Å-AOD data points 
were characterized by AOD < 0.15 and Å ≤ 1.6 in June 2020 and, therefore, they were likely 
associated with marine particles. In contrast, Figure 4d shows that most of the June-ref-
year Å-AOD data points were characterized by AOD > 0.15 and Å > 0.9, thus likely asso-
ciated with continental urban/industrial particles. Similar deductions can be obtained by 
comparing Figure 4b,c with Figure 4e,f. Therefore, the results illustrated in Figure 4 have 
likely indicated that the columnar aerosol load in June, July, and August 2020 was less 
affected by continental urban/industrial particles than previous years, likely because of 
the LD measures over Italy. Being columnar aerosol properties also affected by long-range 
transported air masses, LD impacts on some European countries may have contributed to 
Figures 3 and 4 outcomes. To this end, note that during the first period of COVID-19 lock-
downs in Europe, solid fuel for residential heating is believed to have been an important 
source of primary aerosols in many regions, because individuals stayed more at home 
than in previous years. 
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Figure 3. Time series of monthly average percent departure (APD%) in the year 2020 with respect to the reference years 
(2017, 2018, and 2019) for (a) Aerosol Optical Depth AOD at 440 nm, (b) Ångström Exponent Å at the wavelength pair 
440–870 nm, and (c) Ångström Exponent difference ΔÅ. Error bars represent the corresponding uncertainty estimated by 
the propagation of error on the APD%. 

 
Figure 4. Scatterplot of Ångström Exponent Å at the wavelength pair 440–870 nm as a function of Aerosol Optical Depth 
AOD at 440 nm colour-coded by Ångström Exponent difference ΔÅ referring to (a) June, (b) July, and (c) August 2020. 
Corresponding scatterplots referring to ref-year (2017, 2018, and 2019) June, July, and August are shown in (d–f), respec-
tively. 

3.2. PM Mass Concentrations before, during, and after the Lockdown 
The impacts of the LD measures on the ground-based PM mass concentration moni-

tored at 10 sites of south-eastern Italy (Table S1) are analysed in this section. Figures 
S5a,c,e show, as an example, both PM2.5 and PM10 mass concentration time series at Sites 
4, 7, and 9, respectively, during the Pre-LD, LD, and Post-LD days. The three sites have 
been selected because they are located in areas differently affected by pollution, as indi-
cated in Table S1. Site 4 (Lecce—Libertini) is in an urban area affected by traffic, Site 7 
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(Campi Salentina) is located in a suburban area, while Site 9 (Cerrate) is in a rural-back-
ground site close to the Adriatic Sea (Figure 1). The PM2.5 and/or PM10 time series refer-
ring to the other 7 sites (Figure 1) are in Figure S6. Discontinuities in the time series are 
due to technical reasons. Figures S5 and S6 show that PM2.5 and PM10 mass concentra-
tions were characterized by similar trends at most of the monitoring sites: both PM2.5 and 
PM10 daily means on average decreased with time after the start time of the LD, high-
lighting the LD measure impact on both PM fractions. 

The time series of the PM2.5/PM10 mass ratios and the (PM10–PM2.5) mass concen-
trations are also shown in Figures S5b,d,f for Sites 4, 7, and 9, respectively. Mass concen-
trations of coarse particles (PM10–PM2.5) appear less affected by the LD measures, prob-
ably because the natural sources that are generally responsible for their emission were less 
affected by the LD measures. The PM2.5/PM10 mass ratios, which on average decreased 
after the LD start, suggest that the LD measures were likely responsible for a smaller de-
crease in the PM10 mass concentration than that due to PM2.5 particles. PM2.5 particles, 
which are mostly due to the anthropogenic activities, were likely more affected by the LD 
measures. Cao et al. [3] also found that the PM2.5 levels were on average more sensitive 
to emission reductions than PM10 in different world regions, according to our findings. 

PM10, PM2.5, PM2.5/PM10, and (PM10-PM2.5) box plots referring to the Pre-LD, LD, 
and Post-LD days at Sites 4, 7, and 9 are shown in Figure 5. Figure S7 provides the corre-
sponding box plots referring to the other 7 monitoring sites. Figures 5 and S7 highlight 
that the PM changes were strictly associated with the monitoring area/type (Table S1), 
with larger PM reductions in urban and suburban sites and not-significant PM variations 
in rural background sites. More specifically, considering the urban/suburban sites repre-
sented in Figure 5, PM2.5 and PM10 mean mass concentrations decreased from the Pre-
LD to the Post-LD period by 40 and 30%, respectively, at Site 4, and by 68 and 50%, re-
spectively, at Site 7, likely because of the decrease in the anthropogenic activities deter-
mined by the LD measures. Conversely, PM2.5 and PM10 mean mass concentrations de-
creased to a lesser extent (by 26 and 11%, respectively) from the Pre-LD to the Post-LD 
period at Site 9 (Cerrate), which is a background monitoring site weakly affected by local 
anthropogenic activities and in turn less affected by LD measures. The Kruskal-Wallis and 
the Dunn’s tests shown in Table S4 support our comments. The LD measure effects on the 
PM10 and PM2.5 concentrations were highly site-dependent, according to previous stud-
ies, either because each site has its own specific characteristics (e.g., type, meteorology, 
anthropogenic activities) or because of the different LD measures adopted by the different 
countries. Monitoring stations in urban sites such as Milan [54], Florence [13], Athens [55], 
Barcelona [56], and Baghdad [57] experienced a significant PM decrease due to the LD 
measures, since the PM pollution was strictly related to the anthropogenic activities at 
these sites, as we found at Sites 4 and 7. Conversely, other studies reported PM concen-
tration increases during the LD periods, as summarized by [58]. In particular, they esti-
mated a PM10 and PM2.5 positive gain during lockdown ranging from 21.96% to 62.00% 
and from 36.24% to 80.31%, respectively, analysing measurements performed in Leeds, 
Sheffield, and Manchester (England). They explained that the increase in PM levels during 
the COVID-19 LD was likely associated with seasonal variations, and that it would have 
been even higher in absence of the LD. 

The LD impacts on the PM2.5/PM10 mass ratio and on the coarse-mode fraction 
(PM10–PM2.5) at Sites 4, 7, and 9 are shown by box plots in Figures 5c,d, respectively. The 
mean PM2.5/PM10 mass ratio decreased since the LD measure start time (Figure 5c) and 
was stronger at the suburban Site 7. In more detail, PM2.5/PM10 mass ratio of Site 7 pre-
sented a significant difference among all the 3 studied periods, according to the Dunn’s 
test (Table S4), confirming the results reported in [3]. The background Site 9 was less af-
fected by the human activity reductions due to the LD measures and, consequently, the 
PM2.5/PM10 mass ratio did not present any significant difference between the Pre-LD and 
LD periods, in addition to PM2.5, PM10, and (PM10–PM2.5) mass concentrations. Any 
marked impact of the LD measures on (PM10–PM2.5) mass concentrations was observed 
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mainly between the LD and Post-LD periods as Figure 5d and Table S4 show, since coarse 
particles were weakly affected by anthropogenic activities at the tested sites. 

 
Figure 5. Box plots of (a) PM10 and (b) PM2.5 mass concentrations, (c) PM2.5/PM10 mass ratio, and (d) (PM10—PM2.5) 
mass concentrations of the Sites 4 (Lecce—Libertini, white box), 7 (Campi Salentina, light grey box), and 9 (Cerrate, dark 
grey box) in the Pre-LD (before lockdown), LD (during lockdown), and Post-LD (after lockdown) periods. Horizontal lines 
and dots in each box are the median and mean values, respectively. The 25th and the 75th percentiles are indicated by the 
lower and the upper boundaries of each box, respectively. The lower and upper whiskers represent the 5th and the 95th 
percentiles, respectively. 

3.2.1 Comparison between PM Mass Concentrations in 2020 and Ref-Year 
Ground-based PM2.5 and PM10 mass concentrations are also season-dependent at 

the study site, as columnar aerosol properties (Section 3.1.1). Therefore, PM2.5 and PM10 
monthly concentrations of the year 2020 have been compared with the corresponding pa-
rameters of the ref-year to obtain a better estimate of the onset and duration of the LD 
measure impacts on the PM at the surface. Figure S8 shows by box plots the monthly 
evolution of PM2.5 and PM10 mass concentrations in 2020 and the ref-year at Sites 4, 7, 
and 9, highlighting that mean and median values of the PM10 mass concentrations on 
average increased in summer and that this effect was even larger for PM2.5 concentra-
tions. However, the increasing rate was less evident in 2020 than in the ref-year, as the 
monthly column-based AOD box plots have also shown (Figure S3a). The stagnant atmos-
pheric conditions prevailing in summer over the Mediterranean likely contributed to 
these results. The Mann-Whitney test was used to identify significant differences for 
PM2.5 and PM10 concentrations between each month of 2020 and the ref-year (Table S5). 
We found that in June, July, and August 2020 the PM2.5 and most of the PM10 mass con-
centrations were significantly smaller than the corresponding monthly means of the ref-
year at the three sites, likely because of the LD measure impact. Therefore, last results can 
indicate that the LD measure effects on PM concentrations have likely been detected up 
to several months after the removal of the LD measures (17 May), as observed for colum-
nar aerosol properties (Section 3.1.1). 

Figure 6 shows the APD% monthly evolution of PM10 (black) and PM2.5 (grey) mass 
concentrations at (a) Site 4, (c) 7, and (e) 9, to quantify the monthly mass concentration 
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changes between 2020 and the ref-year and clearly identify the months significantly af-
fected by LD measures. PM10 and PM2.5 concentrations of June, July, and August appear 
to have been mostly affected by the LD measures. The PM10 and PM2.5 June-APD% val-
ues were equal to −33% and −39%, respectively, at Site 4, to −33% and −57%, respectively, 
at Site 7, and to −35% and −37%, respectively, at Site 9. These last results show that the 
APD% was higher for PM2.5 than for PM10, besides confirming the LD impacts up to 
several months after the removal of the LD measures. Figure S9 shows the PM2.5 (grey 
line) and/or PM10 (black line) monthly APD% at Site (a) 1, (b) 2, (c) 3, (d) 5, (e) 6, (f) 8, and 
(g) 10. All the seven sites reported in Figure S9 were characterized in June, July, and Au-
gust by negative PM-APD% values varying from site to site. The highest PM10-APD% 
values (−23%, −6%, and −10%, in June, July, and August, respectively) were found at Site 
10, which is a background site, while the smallest values (up to −92% in June) were found 
at Site 6, which is a rural/industrial site. Wetchayont et al. [32] identified a reduction in 
PM2.5 concentration by −15.79% in the LD period and by −23.34% in the Post-LD period 
by analysing measurements performed in Bangkok (Thailand) in a highly urbanized area 
and considering the same reference years of this study. The PM2.5 and PM10 mass con-
centration reductions observed in 2020 with respect to the ref-year are within the variabil-
ity range evaluated by Sicard et al. [31], who also considered 2017, 2018, and 2019 as ref-
erence years. They evaluated the PM concentration decrease in 4 southern European sites 
(Nice, Rome, Turin, and Valencia) and found an average reduction of −8%, which was 
significantly lower than the corresponding reduction estimated at Wuhan in China 
(−42%). 

Figures 6b,d,f show the APD% monthly evolution at Sites 4, 7, and 9, respectively, of 
(PM10–PM2.5) mass concentrations and PM2.5/PM10 mass ratios. Few studies have been 
devoted to the LD measure impacts on both parameters, while the LD effects on PM con-
centrations have been addressed by several works. The PM2.5/PM10 APD% values as-
sumed negative values at the three sites from May to October. This last result might sug-
gest that the LD measure impact on the PM properties started to be significant since May 
and likely lasted up to October. The June, July, and August (PM10–PM2.5)-APD% values 
are negative at Sites 4 and 9 and positive at Site 7, where PM2.5 mass concentrations sig-
nificantly decreased as a consequence of the LD measures. 

3.3. Correlations between Columnar Aerosol Parameters and Corresponding PM2.5 and PM10 
Mass Concentrations in the 2020- and Ref-Year 

Several studies have investigated the relationships between remotely-sensed AODs 
and PM mass concentrations at the surface, since AODs from surface- and satellite-based 
sensors could be used as a proxy for the surface PM2.5 and/or PM10 mass concentration 
estimates (e.g., [59]). One must be aware that remote sensing devices are sensitive to aer-
osol optical properties and, consequently, AODs depend on the aerosol extinction, ab-
sorption, and scattering in the atmospheric column. In contrast, PM mass concentrations 
depend on the particle gravimetric mass. Therefore, PM-AOD relationships are strongly 
dependent on both columnar and surface particle properties. AODs at 440 nm have been 
selected since they are also quite sensitive to fine particle contributions. The relationships 
between PM2.5 and PM10 mass concentrations and corresponding AODs (at 440 nm) have 
been investigated in this section for the 2020- and the ref-year datasets in order to estimate 
how they were affected by the LD measures. Our analysis has been restricted to Site 4 
because it represents the closest site (about 6 km away) to the AERONET photometer site 
(Site 11, Figure 1), where both PM2.5 and PM10 mass concentrations were available. We 
are aware that the two selected sites are characterized by a different monitoring area, as 
reported in Table S1. However, considering the closest sites among the analysed ones, we 
can minimize possible effects due to different sources/features that can differently affect 
the LD measure impacts. Figure 7 shows the PM2.5 and PM10 mass concentrations refer-
ring to Site 4 as a function of the corresponding AODs (at 440 nm) for May, June, July, and 
August, since they were the months likely affected by the LD measures, in accordance 
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with APD% plots (Figure 6a,c,e). Firstly, in May (Figure 7a,b), we identified significant 
correlations (at the p-level < 0.05, according to the two-tailed t-test) of both PM2.5 and 
PM10 concentration with corresponding AOD values in 2020, while the ref-year PM2.5- 
and PM10-AOD correlations were rather weak (r = 0.17 and 0.11, respectively). In June, 
the month most affected by the LD measures, we found a significant correlation between 
PM2.5 and AOD values at the p-level < 0.05, according to the two-tailed t-test, for both the 
2020 (r = 0.47) and the ref-year (r = 0.46), as shown in Figure 7c. The main differences 
between the 2020- and the ref-year PM2.5-AOD relationships were mainly due to smaller 
PM2.5 concentrations and AOD values in 2020 than in the ref-year, because of the LD 
measure impact in 2020. Conversely, in June (Figure 7d) we identified a significant corre-
lation (at the p-level < 0.02) between PM10 and AOD values in 2020 (r = 0.53), while the 
correlation was poor (r = 0.29) for the ref-year datasets. In July, the PM2.5- and PM10-AOD 
correlations were both statistically significant at the p-level < 0.05 based on the two-tailed 
t-test both in 2020 and in ref-year (Figure 7e,f, respectively). 

 
Figure 6. Monthly evolution of Average Percent Departure (APD%) of PM10 (black) and PM2.5 (grey) mass concentration 
and of PM2.5/PM10 mass ratio (black) and (PM10–PM2.5) coarse fraction concentration (grey) for Site 4 (Lecce—Libertini; 
(a,b), respectively), for Site 7 (Campi Salentina; (c,d), respectively), and for Site 9 (Cerrate; (e,f), respectively). 
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Figure 7. Scatterplot of PM2.5 and PM10 mass concentrations as a function of AOD (Aerosol Optical Depth) at 440 nm, in 
May (a,b), in June (c,d), in July (e,f), and in August (g,h), respectively, for Site 4 (Lecce—Libertini). Full dots and circles 
represent data from the reference year (average of the years 2017, 2018, and 2019) and the year 2020, respectively. Fitting 
regression line equations, Pearson correlation coefficient (r), and the number of points (N) are also included. 
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Finally, as shown in Figure 7g, the PM2.5-AOD correlation coefficient was low in 
2020 (r = 0.31) in contrast to the corresponding ref-year r-value (0.55) in August. Con-
versely, in the same month we found a significant correlation between PM10 and AOD 
values at the p-level < 0.01 both in 2020 (r = 0.69) and in ref-year (r = 0.50) (Figure 7h). 
Therefore, PM2.5 and PM10 mass concentrations were on average correlated with the cor-
responding AODs at Site 4 in both the 2020 and the ref-year. The smaller variability range 
of PM mass concentrations and AOD values in 2020 than in the ref-year represented the 
main difference, which was quite marked in June, the month most affected by the LD 
measures, and decreased from July to August. The weak dependence of the correlation’s 
slopes between the 2020 and the ref-year ones could likely indicate that both PM mass 
concentrations and AOD values were similarly affected by the LD measures. 

We have also investigated the relationships between the PM2.5/PM10 mass ratio and 
the Ångström exponent, which are related to the size distribution of the surface and co-
lumnar aerosol properties, respectively. Figure 8 shows the PM2.5/PM10 ratio as a func-
tion of Å in May, June, July, and August referring to Site 4 for both the 2020- and the ref-
year. Observe from Figure 8 that almost all the reported correlations were statistically sig-
nificant at the p-level < 0.05 based on the two-tailed t-test and that the correlation’s slopes 
appear to have not been significantly affected by the 2020-LD measures. The LD measures 
appear to have only affected the variability range of the PM2.5/PM10 ratio and the Å val-
ues mainly in June since it was the month mostly affected by the LD measures, as Figure 
8b clearly shows. The rather poor correlation between the two parameters estimated in 
May 2020 (r = 0.10, Figure 8a) likely occurred because ground- and column-based aerosol 
properties were differently affected by the LD measures. Conversely, note that 
PM2.5/PM10 and Å were significantly correlated (r = 0.63) in May of the ref-year. In con-
clusion, the small differences between the 2020 and the corresponding ref-year investi-
gated aerosol parameters (Figures 7 and 8) likely occurred because both PM concentra-
tions and columnar aerosol parameters were similarly affected by the LD measures. The 
similar PM and AOD APD% trends (resulting from comparison of Figure 6a with Figure 
3a) support the previous comment. 

3.4. NO2, CO, and SO2 Mass Concentrations before, during, and after the Lockdown 
To have a comprehensive picture of the LD restriction impacts on air pollution at the 

monitoring area of this study, we also investigated the LD effects on the mass concentra-
tions of some gaseous pollutants. According to Table S1, nitrogen dioxide (NO2) and car-
bon monoxide (CO) were the gaseous pollutants monitored at Site 4, while NO2 was the 
only gas monitored at Sites 7 and 9. The time series of their mass concentrations during 
the Pre-LD, LD, and Post-LD periods are reported in Figure S10. Discontinuities in the 
time series are due to technical reasons. The NO2 corresponding box plots are shown in 
Figure 9a for the three analysed sites. In contrast to PM10 and PM2.5 mass concentrations, 
the LD impact on NO2 mass concentrations was observed immediately after the onset of 
the LD restrictions, as Figures S10 and 9a clearly show. Table S4 shows that the differences 
between the Pre-LD and the LD NO2 mass concentrations were statistically significant at 
the p-level < 0.001 at the three sites. These results are strictly related to the reduction in 
the road traffic, because of the LD restrictions, since traffic generally represents the main 
outdoor source of NO2 (e.g., [54,56]). Consequently, Figure 9a shows that the highest Pre-
LD NO2 mass concentrations were monitored at Site 4 that is an urban site. 
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Figure 8. Scatterplot of PM2.5/PM10 mass ratio as a function of Å (Ångström exponent at the wavelength pair 440–870 
nm) in (a) May, (b) June, (c) July, and (d) August for Site 4 (Lecce—Libertini). Full dots and circles represent data from the 
reference year (average of the years 2017, 2018, and 2019) and the year 2020, respectively. Fitting regression line equations, 
Pearson correlation coefficient (r), and the number of points (N) are also included. 
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Figure 9. (a) Box plots of NO2 mass concentration for Sites 4 (Lecce—Libertini, white boxes), 7 (Campi Salentina, light grey 
boxes), and 9 (Cerrate, dark grey boxes) in the Pre-LD (before lockdown), LD (during lockdown), and Post-LD (after 
lockdown) periods. Box plots of (b) CO mass concentration and (c) NO2/CO ratio for Site 4 in the Pre-LD, LD, and Post-
LD periods. (d) Box plots of SO2 mass concentration for Site 1 (Maglie, white boxes) and Site 6 (Surbo, grey boxes) in the 
Pre-LD, LD, and Post-LD periods. Horizontal lines and dots in each box are the median and mean values, respectively. 
The 25th and the 75th percentiles are indicated by the lower and the upper boundaries of each box, respectively. The lower 
and upper whiskers represent the 5th and the 95th percentiles, respectively. 

Another relevant effect clearly shown by Figures S10 and 9a is the weak NO2 concen-
tration increase during the Post-LD after the first release of the LD measures, confirming 
the strong correlation between anthropogenic activities and NO2 concentrations. The NO2 

mass concentration increase in the Post-LD period was higher at Site 4 than at Sites 7 and 
9 since road traffic emissions rapidly increased after the removal of LD restrictions at the 
urban site (Figures S10 and 9a). Accordingly, Table S4 shows a statistically significant dif-
ference between the LD and the Post-LD period (at the p-level < 0.001) based on the 
Dunn’s pairwise test only at urban Site 4. The CO mass concentration also suddenly de-
creased immediately after the beginning of the LD restrictions at Site 4 (Figure S10a). In 
fact, cars, trucks, and all the other vehicles or machinery that burn fossil fuels (with in-
complete combustion processes) are the greatest CO sources [60], whose emissions were 
all affected by the LD restrictions. The Pre-LD, LD, and Post-LD CO box plots are then 
shown in Figure 9b. The results on the significance of the differences between different 
periods are shown in Table S4. Figure 9c illustrates the Pre-LD, LD, and Post-LD box plots 
of the NO2/CO ratio, because this parameter was generally used to determine the relative 
contributions from combustion sources and road traffic (e.g., [61,62]). We found a signifi-
cant increase in the mean values of the NO2/CO ratio in Post-LD period with respect to 
the corresponding values in Pre-LD and LD periods. The reason of this effect could be 
associated with the considerable decrease in the heavy-goods vehicle traffic due to the 
lockdown measures, because these vehicles are generally the most responsible for the CO 
emission. Finally, we also investigated the LD restriction effects on the SO2 mass concen-
trations that were only monitored at Site 1 (Maglie, urban) and Site 6 (Surbo, rural/indus-
trial) among the studied sites (Table S1). The corresponding box plots are reported in Fig-
ure 9d, which shows a significant decrease in the SO2 concentrations mainly from the Pre-
LD to the LD periods at both sites. Note that the largest sources of SO2 are generally asso-
ciated with the burning of fossil fuels by power plants and other industrial facilities and/or 
processes (e.g., [60]). 

The results reported in this study regarding the gaseous pollutant and PM concen-
tration time evolution after the beginning of the LD measures are basically in agreement 
with those reported in other previous works. In fact, Teixidó et al. [63] analysed NO2, SO2, 
and CO concentration in Abu Dhabi (UAE) in the Pre-LD (1 January–21 March), LD (22 
March–24 June), and Post-LD period (25 June–24 October) and found a decrease in NO2 
concentrations by −40.0% in the LD and −35.8% in the Post-LD with respect to the Pre-LD 
period. Lower concentration reductions were found for SO2 and CO concentration (in the 
range from −12.2% to −31.0%). Conversely, they observed a PM concentration increase 
during the LD and Post-LD periods with respect to the Pre-LD period (in the range from 
+33.4% to +71.1%) as a result of the influence from natural events (sand and dust storms) 
and other anthropogenic sources. In Naples (Italy), Sannino et al. [47] found a significant 
reduction in NO2 concentration (from −49 to −62%) in urban/suburban area, while CO and 
SO2 presented a larger reduction in urban or industrial sites (up to −58% and −70%, re-
spectively). PM concentrations were instead characterized by lower reductions (up to 
−49%). In an urban context and in a traffic site in Barcelona (Spain), Tobias et al. [56] found 
a similar decrease in PM10 (−27.8 and −31.0%, respectively) and NO2 (−47.0 and −51.4%, 
respectively) in the LD period compared to the Pre-LD period. Moreover, in this case, the 
authors explained that the lower PM10 reductions compared to the NO2 ones were related 
to some desert dust outbreaks during the LD period. 
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3.4.1 Comparison of the Monthly NO2, CO, and SO2 Mass Concentrations of the Year 
2020 with the Corresponding Ref-Year Ones 

The NO2, CO, and SO2 mass concentrations of the year 2020 have been compared 
with the corresponding concentrations of the ref-year to obtain a better estimate of the 
onset and duration of the LD measure impacts on their concentrations. Figures S11a,b 
show the monthly box plots of NO2 and CO concentration for Site 4 (urban), while Figure 
10 shows the mass-concentration APD% monthly evolution of (a) NO2 and CO at Site 4 
(urban) and NO2 at (b) Site 7 (suburban) and (c) Site 9 (background). The SO2 APD% 
monthly evolution is then reported in Figure 10d for the urban Site 1 and the rural/indus-
trial Site 6. Figures S11a and 10a,c show that the LD measure impact on NO2 mass concen-
trations was clearly observed since March at Sites 4 and 9, respectively, reached the small-
est value in April (APD% = −64% at Site 4 and −38% at Site 9), and likely lasted up July 
and September at Site 4 and 9, respectively. In contrast, the NO2 concentration was mainly 
affected by the LD measures only in April (−31%) at Site 7. Figure 10a shows that the CO 
APD% at Site 4 decreased up −41% in March, reached the minimum value in May (−62%), 
and the negative APD% values lasted up to November (−36%). The monthly differences 
between the 2020 CO concentrations and the corresponding ref-year ones (Figure S11b) 
were statistically significant at p-level < 0.001 from March up to October (Table S5). Figure 
S11c illustrates the monthly box plots of the NO2/CO ratio, generally used to determine 
the relative contributions from combustion sources and road traffic, as reported in the 
previous section. We found a significant increase in the monthly mean values of the 
NO2/CO ratio in 2020 with respect to the corresponding values in ref-year from May to 
October, probably associated with the considerable decrease in the heavy-goods vehicle 
traffic due to the lockdown measures. The APD% monthly evolution in Figure 10d indi-
cates that the LD measure impact on the SO2 mass concentrations likely started to be ob-
served since May and lasted up to August at both Sites 1 and 6. The smallest APD% value 
was reached in June (−59%) at the urban Site 1 and in August (−56%) at the rural/industrial 
Site 6. In conclusion, besides showing that the APD% monthly time series were site-de-
pendent for each tested gaseous pollutants, the results reported in this section have indi-
cated that the LD measures likely affected the NO2 and CO mass concentrations since 
March, and the minimum APD% value was observed in April. In contrast, the highest LD 
measure impact on SO2 mass concentrations was observed in June at Site 1 and in August 
at Site 6. 

The results on the LD measure impact on gaseous pollutants reported in this study 
are in accordance with most of the previous works comparing the changes during the 2020 
lockdowns against relative control periods of previous years (e.g., [10,54,64,65]). In partic-
ular, they have reported NO2 concentrations on average reduced by 30–60%. Grivas et al. 
[55] observed in Athens (Greece) that the concentration of a traffic-related pollutant as 
NO2 significantly decreased (−42%) during the LD period compared to the same period in 
the years 2016–2019. Conversely, a lower decrease of -10% and an increase of +9% were 
observed for the Pre- and Post-LD periods, respectively, between the year 2020 and the 
relative periods of the years 2016–2019. 
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Figure 10. Monthly evolution of Average Percent Departure (APD%) of (a) NO2 (black) and CO (grey) mass concentration 
for Site 4 (Lecce—Libertini), NO2 mass concentration for (b) Site 7 (Campi Salentina) and (c) Site 9 (Cerrate), and (d) SO2 
mass concentration for Site 1 (Maglie, black) and Site 6 (Surbo, grey). 

4. Summary and Conclusions 
Measurements performed before, during, and after the Italian COVID-19 LD re-

strictions have been analysed to investigate the LD measure impacts on both column- and 
ground-based air pollution parameters over south-eastern Italy. The whole 2020-year 
measurements of the selected air pollution parameters have been compared with the cor-
responding ones of a ref-year, based on the 2017, 2018, and 2019 measurements, to better 
identify/quantify the duration of the LD measure impact on pollutants. The comparison 
of the COVID19-LD effects on ground-level air pollutant properties, mostly affected by 
local meteorology and pollution sources, with those on the columnar aerosol particles, 
which are instead mostly affected by long-range transboundary air pollution, represents 
one of the main novel contributions of this study. The main results of this study are sum-
marized below. 
• Sun/sky photometer measurements have highlighted a significant decrease in the co-

lumnar aerosol load (by AOD) and a change of the mean particle size/type (by Å and 
ΔÅ) in 2020. The highest changes were observed in the few months after the LD meas-
ure start time; 

• The analysis of the AOD, Å, and ΔÅ variability range by colour-coded scatter-plots 
referring to the 2020 and the ref-year has allowed inferring that the columnar aerosol 
load was in June, July, and August 2020 less affected by continental urban/industrial 
particles than in the ref-year; 

• The APD% monthly evolution of PM mass concentrations was characterized by a 
trend similar to the one of AOD-APD%, highlighting a similar effect of the LD re-
strictions on column- and ground-based extensive particle parameter; 

• The LD restrictions were responsible for larger PM2.5 concentration reductions com-
pared to the corresponding PM10 ones; 
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• PM-APD% values were highly site-dependent with larger decreases on average de-
tected at urban and suburban sites than at background sites. In fact, the minimum 
monthly PM2.5-APD% detected in June was −57% at a suburban site and −37% at a 
background site; 

• Both column- (AODs) and ground-based (PMs) particle parameters were similarly 
affected by the LD restrictions; 

• The impact of the LD measures on gaseous pollutant (NO2, CO, and SO2) mass con-
centrations was on average observed immediately after the LD measure onset, in 
contrast to aerosol parameters. In fact, gaseous pollutants are directly emitted in the 
atmosphere from their sources, while most atmospheric particles are formed from 
gas-to-particle conversion, coagulation, and/or mixing processes. 
In conclusion, the paper results have likely contributed to the characterization of the 

LD measure impacts over the Central Mediterranean basin, which is an area quite sensi-
tive to the current climate changes, and have also shown that the LD measure impacts on 
pollution lasted several months after the LD measure removal. Paper results could likely 
contribute to the development of new procedures for the management and control of the 
air quality. 
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