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Abstract

:

A year-round air quality analysis was addressed over four Italian cities (Milan, Turin, Bologna, and Florence) following the outbreak of the Coronavirus 2019 (COVID-19) pandemic. NO2, O3, PM2.5, and PM10 daily observations were compared with estimations of meteorological variables and observations of anthropogenic emission drivers as road traffic and heating systems. Three periods in 2020 were analysed: (i) the first (winter/spring) lockdown, (ii) the (spring/summer) partial relaxation period, and (iii) the second (autumn/winter) lockdown. During the first lockdown, only NO2 concentrations decreased systematically (and significantly, between −41.9 and −53.9%), mainly due to the drastic traffic reduction (−70 to −74%); PM2.5 varied between −21 and +18%, PM10 varied between −23 and +9%, and O3 increased (up to +17%). During the partly relaxation period, no air quality issues were observed. The second lockdown was particularly critical as, although road traffic significantly reduced (−30 to −44%), PM2.5 and PM10 concentrations dramatically increased (up to +87 and +123%, respectively), mostly due to remarkably unfavourable weather conditions. The latter was confirmed as the main driver of PM’s most critical concentrations, while strong limitations to anthropogenic activity—including traffic bans—have little effect when taken alone, even when applied for more than two months and involving a whole country.
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1. Introduction


Since the early days of the COVID-19 pandemic outbreak, the scientific community has been constantly engaged in investigating the underlying patterns of the pandemic. The mechanisms triggering its spread worldwide, its environmental and socio-economic impacts, and the most effective countermeasures to be taken have been extensively addressed [1]. These countermeasures led to rapid and unprecedented decreases in social and economic activities that resulted—among others—in modifications in the emissions of air pollutants and greenhouse gases. This worldwide event thus turned into a kind of “extreme” real-world experiment that offered a unique scientific opportunity to investigate the impacts of modified anthropogenic emissions on atmospheric composition at regional to global spatial scales [2]. As a result, a huge body of research has been published on various environmental issues related to the COVID-19 pandemic, as documented by several review articles (e.g., [1,2,3,4,5]).



In addition to the vast majority of studies focusing on the lockdown period, a remarkable body of literature has also been established analysing the post-lockdown scenario, marked by a partial or full relaxation of the restriction measures (e.g., [6,7,8,9]). However, a research gap found in these studies is a comprehensive investigation of air quality pattern during the entirety of 2020. The first lockdown and the subsequent partial/total relaxation period (typically lasting up to August/September 2020) were generally addressed, whereas the severe lockdown measures enforced during the last months of 2020 to tackle the effects of the second and third wave of the pandemic were rarely studied (e.g., [10]). Furthermore, late 2020 lockdown measures were taken in a period that in Italy is more meaningful in terms of air quality than the first lockdown, as it is characterized by emission pressures and weather conditions that are more harmful to the population. Of note, the lack of late 2020 analysis was highlighted by [9] as a clear limitation to their comprehensive study addressed over 25 countries and 63 cities worldwide. A year-round approach offers the advantage of characterizing the seasonal dynamics, taking into account all possible combinations of both meteorological and emission conditions, as well as separating their relative role in controlling pollutant mixing ratios.



The main contribution of the present study is thus aimed at filling/integrating this research gap by targeting the following goals: (i) to assess how urban air quality changed in Italy over the year 2020 during all restriction periods enforced after the COVID-19 outbreak compared to a “baseline” scenario, (ii) to specifically focus on the effects of 2020 autumn/winter lockdown scenario on air quality, and (iii) to investigate the role played by main meteorological drivers and pollutant emissions on atmospheric pollution in urban areas.



Most of the research studies analysing the impact of 2020 lockdown measures on air quality were addressed based on direct comparison against a “baseline” period, when “business as usual” emissions prevailed. Consistent with several authors (e.g., [6,11,12,13,14,15,16]), the year immediately preceding the pandemic (2019) was used as a baseline in this study. The stringency index (SI [17]), a unified, globally consistent indicator for the severity of lockdown measures taken by governments frequently used in similar studies (e.g., [2,18,19]), was adopted to discriminate three distinct restriction periods: (i) the first (winter/spring) lockdown (labelled as Lock_1), (ii) the (spring/summer) period of partially relaxed restrictions (Soft), and (iii) the second (autumn/winter) lockdown (Lock_2). Accordingly, three seasonally mirrored periods in 2019 were selected as a baseline for direct comparison. The analysis focused on four major cities in central and northern Italy: Turin, Milan, Bologna, and Florence. Daily observations of air pollutant concentrations such as nitrogen dioxide (NO2), ozone (O3), and particulate matter with an aerodynamic diameter lower than 2.5 μm (PM2.5) and 10 μm (PM10) were collected from ground-based air quality stations. Meteorological data were derived as daily estimations by the European Centre for Medium-Range Weather Forecasts (ECMWF) Reanalysis 5th Generation (ERA5) [20]. Road traffic and heating systems were identified as the main anthropogenic drivers of pollutant emissions over the urban study areas, so measured vehicle counts and estimated gas consumptions were used, respectively.




2. Materials and Methods


2.1. Study Areas


The analysis focused on four urban areas in Italy: Turin, Milan, Bologna, and Florence. Their maps are shown in Figure 1, while their general characteristics are reported in Table S1 of the Supplementary Materials. Turin, Milan, and Bologna lie within the Po Valley in Northern Italy, while Florence is located in the central part of the country.




2.2. COVID-19-Induced Restriction Measures


The stringency index (SI) [17] has been identified as an objective metric to provide the chronological dates and strengths of all restriction measures taken following the onset of the COVID-19 pandemic. Introduced to compare the government measures at different times and stages of the pandemic from different regions worldwide, this index returns—on a daily basis and for each country—a value ranging from 0 (no restrictions) to 100 (maximum restrictions). The SI incorporates the nomenclature adopted for classification such as “Full lockdown” or “Full relaxation” [21], “Phase 1” or “Phase 2” [22], and “Normality 1” or “New normality” [6] into a single metric, thus allowing a direct comparison of the strength of different restrictions from one country to another. The full SI dataset [23] may be found at the Oxford COVID-19 government response tracker [24].



In the present analysis, the SI for Italy across the year 2020 was collected (Figure S1). As most countries [19], Italy introduced lockdowns somewhere between the last week of January and the first week of February 2020. The analysis of the SI pattern in Italy (Figure S1) led to the detection of three distinct periods:




	
“Lock_1” (winter/spring first lockdown), 24/02/2020−03/05/2020;



	
“Soft” (spring/summer partly relaxed restrictions), 04/05/2020−22/10/2020;



	
“Lock_2” (autumn/winter second lockdown), 23/10/2020−29/12/2020.








Lock_1 is the period of the first and most stringent restrictions, characterised by SI values ranging from 69.91 to 93.52 (averaging 86.65, Figure S1). It includes the first restrictions limited to the Lombardy and Veneto northern regions, as well as the first lockdown applying to the whole country [16]. Soft, characterised by SI values between 47.22 and 72.22 (averaging 55.84), marks the period of partial relaxation after the first nationwide lockdown. Lock_2, affected by quite constant SI values (74.07–84.26, averaging 78.89), is the period when the second nationwide lockdown was adopted.



Mirroring these 2020 periods, three seasonally similar periods in 2019 were selected as a baseline for comparison (see Section 2.4). The details of both 2020 periods and 2019 baseline periods are reported in Table S2.




2.3. Data


Three data categories have been processed: air quality observations, meteorology estimations, and anthropogenic emissions derived from measured proxy variables. Overall yearly estimates of pollutant emissions from regional inventories have been also analysed to support the analysis. These inventorial data indicated that road traffic and heating systems are the main drivers of anthropogenic emissions over the study areas (see Section 2.3.5), so proxy variables for these two emitting categories have been selected.



2.3.1. Air Quality


Pollutant concentrations were obtained by the air-quality-monitoring network managed by the regional environmental protection agencies (ARPAs). NO2, PM2.5, and PM10 concentrations were derived from urban traffic (UT) and urban background (UB) air quality stations, while O3 concentrations were derived from suburban background (SB) and UB stations. The location of all (30) air quality stations is shown in Figure 1, while Table S3 reports the details of each station and the measured parameters. Since PM2.5 and PM10 concentrations were only available on a daily basis, concentrations of the other pollutants have been averaged from hourly to daily values.




2.3.2. Meteorology


Consistent with similar studies (e.g., [9,10]), meteorological data were derived as daily estimations provided by the ERA5 reanalyses [20], which can be downloaded from the online website [25]. ERA5 is the fifth generation and the most updated (2019) global reanalysis product developed by the ECMWF. ERA5 provides 1 h estimates of several atmospheric variables on a regular lat/lon grid of 0.25 by 0.25 deg with global coverage [20], assimilating satellite data as well as in situ observations such as Synop, Metar, radiosounding, wind profiler, radar, aircraft, buoy, and ship data [25]. For the centroid of each urban area, ERA5 daily data of the following parameters were extracted: wind speed (WS), air temperature (T), planetary boundary layer (PBL) height (H), downward shortwave radiation (R_dsw), and precipitation (Prec).




2.3.3. Gas Consumption


Based on statistics by [26], natural gas (methane) is the predominant fuel used for heating plants in Italy (with average shares of 78% in Florence, and of 89.1% over the climatic zone comprising Turin, Milan, and Bologna), so its consumption can account for the usage of heating plants. Accordingly, data on natural gas (simply “gas” hereafter) consumption were assumed as a reasonable proxy of pollutant emissions from other fuel combustion heating plants, such as biomass and oil burning [27]. Data on gas consumption have been provided by Estra SpA (https://www.estra.it (accessed on 1 June 2022)) only for the city of Florence for the first six months of years 2019 and 2020. To cope with the lack of data for the other cities, based on Florence data, a regression analysis was carried out to express the daily normalized gas consumption as a function of daily mean temperature. This was performed by categorizing the whole dataset by 0.5 °C temperature intervals and then calculating the mean values of both temperature and gas consumption over each interval. The linear best-fit of the regression analysis applied to this dataset exhibited a clear inflection point, which was found at T = 15 °C. Data were then split into two subsets discriminated by this T value, so the following two best-fit equations (affected by R2 values of 0.984 and 0.305, respectively) were achieved:


Gas = −0.161 × T + 2.694, for T ≤ 15 °C



(1)






Gas = −0.005 × T + 0.385, for T > 15 °C



(2)




where Gas (dimensionless) is the daily gas consumption normalised to the whole municipality and to the 2019−2020 average, and T (°C) is the municipality-averaged daily air temperature (Figure S2).



Equations (1) and (2) can be applied to any city, comparable in terms of climate zoning and heating usage. In the present analysis, they were also used as a proxy of gas consumption data over the second six months of the year.



The daily pattern of gas consumption calculated for all study areas in 2020 is plotted in Figure S3a.




2.3.4. Road Traffic


Air pollutant emissions from road vehicles have been assessed by collecting road mobility information over each study area. Road traffic data have been retrieved from daily averaged vehicle counts measured by each municipality. For the city of Turin, mobility data have been directly received by the “5T srl” company [28]. For the cities of Milan and Bologna, traffic data have been downloaded by their respective open data repositories, managed by the Municipality of Milan [29] and the Municipality of Bologna [30], respectively. For the city of Florence, mobility data have been downloaded by the Snap4City platform [31].



The daily pattern of road traffic flows observed over all urban areas in 2020 is plotted in Figure S3b in terms of relative variation to the year 2019. Unfortunately, traffic flow data sorted by vehicle type were not available for any city.




2.3.5. Inventorial Pollutant Emissions


To assess the role played by different emitting categories, data from the most updated versions of the following regional emission inventories have been analysed: Turin (updated to 2015 [32]); Milan (2017 [33]); Bologna (2017 [34]); Florence (2017 [35]). Since these data are annual overall estimates—and not concurrent with the period under examination—they were not processed in the inference analysis but were used solely to support the discussion of the results. For each study area, the share by EU SNAP category of the overall municipality-scale yearly emissions of NOx, NH3, and primary PM2.5 and PM10 has been summarized in Table S4. The combined weight of energy and transformation industries (SNAP category 01) and the manufacturing industry (03) on pollutant emissions is minor. For NOx, for example, these two categories contribute to overall emissions by 28.1% in Turin, 10.7% in Milan, 8.2% in Florence, and 5.3% in Bologna; for primary PM10, they contribute by 8% in Milan, 2.3% in Turin, 0.7% in Bologna, and 0.7% in Florence. The contribution of these two sectors was therefore ruled out from the analysis. As for NH3 emissions from the agriculture sector (10), over 68% of the nationwide contribution comes from the Po Valley in Northern Italy: based on 2019 data, 25.5% is emitted in the Lombardy region, 10.3% in Piedmont, and 12.3% in Emilia-Romagna, while the contribution from Tuscany is remarkably lower (1.8% [36]). At the municipality level, after processing the values reported in Table S4, the contribution of agriculture to NH3 emissions is 66.1 t/y in Milan, 41.7 t/y in Bologna, 21.4 t/y in Florence, and 13.9 t/y in Turin. However, NH3 emission data from agriculture (or proxies suitably reproducing their pattern) were not available, either at a municipality or country level. Therefore, road traffic and heating plants ultimately proved to be the main drivers of anthropogenic emissions over the study areas and were therefore selected for the inference analysis. Because of the specific focus on gas consumption and road traffic, in Table S5, the shares by fuel type of yearly emissions from non-industrial combustion plants (SNAP category 02) are provided, while in Table S6, the shares by vehicle category of total emissions from road transport (07) are provided.





2.4. Methods


In order to quantify the effects caused by the COVID-19 restrictions on air quality in urban areas in the year 2020, for each of the three 2020 restriction periods defined in Section 2.2, a “business as usual” scenario was set as a reference by selecting the seasonally mirrored periods in the year 2019 (Table S2).



Overall, for each year, datasets included 310 daily time series of the following 15 variables: (i) for meteorology, WS, T, H, R_dsw, and Prec; (ii) for drivers of anthropogenic emissions, municipality-averaged gas consumption and road traffic flows; (iii) for air quality, concentrations of O3 at SB and UB stations as well as concentrations of NO2, PM2.5, and PM10 at UT and UB stations. When multiple air quality stations of a given type were available in the monitoring network of an urban area, concentration data were averaged across all stations of the same type (Table S3).



All computations were performed using the “R-stat” environment v. 4.0.3 [37], while the frequency distribution was analysed in terms of boxplots using the “boxplot” function implemented in the R Graphics Package [38].



A further analysis was made on the Lock_2 period using Self-Organizing Maps (SOMs), an unsupervised learning ANN-based model that implements a nonlinear projection from a high-dimensional space of input signals to a regular (usually 2-D) grid of neurons [39]. Thus, complex, nonlinear statistical relationships between high-dimensional data are converted into simple geometric relationships on a low-dimensional display. The SOMs recognize clusters of similar input variables and map the neurons with similar feature values close to each other, while neurons with dissimilar values are mapped on different edges. This makes visualization of the grid useful in investigating the relationship between variables and the possible cluster structure of the data [39]. SOMs were calculated using the “Living for SOM” tool (http://livingforsom.com (accessed on 1 June 2022)).





3. Results


Figures S4–S7 show the boxplots of NO2, O3, PM2.5, and PM10 daily concentrations measured by station type over all urban areas during each 2020 period as compared to its corresponding baseline period in 2019. To assess the differences among periods affecting the analysed variables and the possible relations with meteorology and anthropogenic drivers, in Figure 2, Figure 3, Figure 4 and Figure 5, the boxplots of 2020 vs. 2019 change rates are plotted for the same pollutant concentrations as well as for main meteorological parameters (WS, T and H), gas consumption and road traffic. In Table S7, the median values by period of all variables processed across the years 2019 and 2020 are summarised along with their corresponding median change rates.



3.1. Turin


In Turin, 2020 road mobility exhibited a clear reduction with respect to 2019, with median values of −74% during Lock_1, −25% during Soft, and −34% during Lock_2 (Table S7). By contrast, gas consumption slightly increased across all restriction periods, by +7, +1 and +9%, respectively, likely because of the generalized decrease in T (from −0.2 to −1 °C). As also shown by the boxplots of 2020 vs. 2019 change rate (Figure 2), 2020 meteorological conditions were basically the same as in the previous year during Soft, while reductions in WS, H and Prec were recorded during Lock_1 and particularly Lock_2. A clear reduction in NO2 concentrations was observed, higher during Lock_1 (−31 to −45.4%, up to -24.3 µg/m3) than during the other periods (−12 to −15%, up to −9.3 µg/m3), particularly at UT stations. O3 concentrations exhibited contrasting behaviour across the three periods (Figure 2), as slightly increasing during Lock_1 (+16 to +17%), remaining basically unchanged during Soft, and significantly decreasing during Lock_2 (−20 to −40%), however low absolute concentrations were measured (at most 10.4 µg/m3, Figure S4b). The analysis of Figure 2 reveals that PM2.5 concentrations decreased during Lock_1 (except at UB stations) and Soft, while they dramatically increased during Lock_2, with median values of +68% (UT) and +75% (UB, Table S7), corresponding to +13.8 and +14 µg/m3, respectively (Figure S4c). PM10 concentrations (Figure S4d) exhibit a similar pattern to PM2.5, remaining unchanged or slightly decreasing across the first two periods, while dramatically increasing during Lock_2 (Figure 2), by +79% at UT and +87% at UB stations (Table S7), corresponding to +17.5 and +21.8 µg/m3, respectively. These PM10 increases during Lock_2 resulted in remarkable median concentrations of 45 µg/m3 at UB and 54.8 µg/m3 at UT stations (Figure S4d).




3.2. Milan


In Milan, the 2020 vs. 2019 scenario of both selected drivers of anthropogenic emissions (Figure 3) was quite similar to Turin: road traffic decreased by roughly the same amounts (−73% during Lock_1, −24% during Soft, and −32% during Lock_2), while gas consumption increased by +7, +1 and +14%, respectively (Table S7). During the first two periods, 2020 meteorological conditions were basically the same as in the previous year, while a significant change was (again) experienced during Lock_2 (Figure 3), with median reductions of −28% (WS), −12% (T), −31% (H), and −95% (Prec, Table S7). Unlike in Turin, the drop observed in NO2 concentrations during the 2020 periods was higher at UB than at UT stations: at the former, the highest average reductions (−46.5%, i.e., −20.4 µg/m3) were measured during Lock_2, while at the latter, they were measured during Lock_1 (−26%, i.e., −10.5 µg/m3). Notably, during the Soft and Lock_2 periods, NO2 concentrations at UB stations exhibited a very narrow distribution almost entirely peaked around the median value (Figure S5a). In Milan, O3 concentrations exhibited the same pattern across the three periods (Figure 3) as in Turin, thus slightly increasing during Lock_1 (+16 to +17%), remaining unchanged during Soft, and significantly decreasing during Lock_2 (−32%, Table S7). At UB stations, PM2.5 concentrations remained basically unchanged during Lock_1 and Soft, and they were significantly increased during Lock_2 (+60%, Table S7 and Figure 3); at UT stations, PM2.5 concentrations slightly increased during the first two periods (+12 to +18%), and they dramatically increased during the third (+123%, Table S7 and Figure 3). Overall, these PM2.5 increases spanned between +12.5 and +22 µg/m3, to reach the remarkable median concentrations of 34 and 42 µg/m3, respectively (Figure S5c). As for PM10 concentrations (Figure 3), at both UT and UB stations, they remained unchanged during Lock_1 and slightly decreased during Soft, while they exhibited a contrasting pattern during Lock_2, increasing (+70%, +16.3 µg/m3) at UT stations while decreasing (−11%, −4.3 µg/m3) at UB stations. During Lock_2 UT, the median PM10 concentrations were equal to 46.4 µg/m3 (Figure S5d).




3.3. Bologna


Similar to Turin and Milan, in Bologna, 2020 road traffic median values were reduced by −70% during Lock_1, −22% during Soft, and −44% during Lock_2 (Table S7), while gas consumption increased by +20, +1 and +2%, respectively (Figure 4). The 2020 meteorological scenario exhibited different behaviour across the three periods with respect to the 2019 scenario, particularly as WS, T and H slightly decreased during Lock_1 and Lock_2 while they did not appreciably change during Soft (Figure 4). As also observed in Turin and Milan, Prec significantly decreased across all periods (Table S7). In Bologna, at UB stations, NO2 concentrations returned a steady reduction across the three periods (between −26 and −31%); unlike in all other cities, here, NO2 concentrations at UT stations appreciably decreased during Lock_1 (up to −16.3 µg/m3), while they increased during Soft and particularly Lock_2 (Figure 4). O3 concentrations remained unchanged during the first two periods and increased during the third (up to +4 µg/m3, Figure S6b). In Bologna, 2020 PM2.5 concentrations remained substantially unchanged during Lock_1, slightly decreased during Soft, and increased during Lock_2 (Figure 4), when median increases of +21% (UT) and +44% (UB) were recorded (Table S7). These PM2.5 increases during Lock_2 thus varied between +5.5 and +6.5 µg/m3, resulting in PM2.5 median concentrations of 21.5 µg/m3 (Figure S6c). The pattern of PM10 concentrations across the three periods was quite similar to PM2.5, yet returning higher increases during Lock_2, by +40% at UT and +70% at UB stations. The latter correspond to increases of +10.3 and +14.5 µg/m3, respectively, resulting in PM10 median concentrations equal to 33.5 µg/m3 (Figure S6d).




3.4. Florence


Florence’s road traffic in 2020 was reduced by a slightly lower amount than elsewhere (Figure 5), i.e., by −70% during Lock_1, −11% during Soft, and –30% during Lock_2 (Table S7). Gas consumption did not change appreciably during the first two periods, while slightly increased (+4%) during Lock_2. The 2020 meteorological conditions were the same as in 2019 except during Lock_2, when slight reductions were observed in WS (−12%), T (−4%), H (−19%) and Prec (−79%). A reduction in NO2 concentrations was observed in 2020, particularly during Lock_1 (up to –53.9%, i.e., −24.7 µg/m3), and by a lower amount during Soft (−18 to −25%) and Lock_2 (−15%). The O3 concentrations did not appreciably change during the first two periods, while they significantly decreased during Lock_2 at SB stations (−30%, i.e., −10.7 µg/m3). The PM2.5 concentrations decreased during Lock_1 and Soft (up to −25%, i.e., −3 µg/m3), while they increased during Lock_2 (up to +75%, i.e., +4 µg/m3, Figure 5). Variations in PM10 concentrations for 2020 vs. 2019 were similar to those of PM2.5 during Lock_1 and Soft (decreases up to –23%) and significantly lower during Lock_2, with increases of +9% (UT) and +28% (UB stations). Overall, during Lock_2, PM10 median concentrations increased by +1 to +2.8 µg/m3, such that PM10 median values ranged between 19.3 and 23 µg/m3 (Figure S7d).





4. Discussion


4.1. Air Quality Pattern during the Three Periods


4.1.1. Lock_1


During the most restrictive period in 2020 (Lock_1, Table S2), across all urban areas, road traffic reduced by −70 to −74%, proving to be strongly anticorrelated to SI (r ranging between −0.795 and −0.915). Except in Florence (−1%), gas consumption resulted in a slight increase (+7%) in Turin and Milan and in a significant increase (+20%) in Bologna (Table S7), thus reflecting the T pattern, which did not appreciably vary in Florence, while it slightly decreased elsewhere (−3 to −8%). Overall, in Italy in 2020, the meteorological conditions during Lock_1 were basically the same as in 2019 (Figure 2, Figure 3, Figure 4 and Figure 5).



In this scenario, NO2 concentrations experienced a drastic decrease, lower in Milan (up to −10.5 µg/m3) and higher elsewhere (up to −24.7 µg/m3 in Florence). These quotas are consistent with the median decrease in NO2 concentrations (−19 µg/m3) found throughout Europe by [2]. The highest percent of NO2 reductions (ranging between −41.9 and −53.9%) was lower than the reduction in total traffic (−70 to −74%). This is likely due to the increase in delivery and e-commerce, leading to a lower reduction in heavy-duty traffic than total traffic: compared to the corresponding months in 2019, at region-level heavy-duty traffic reduced by −7 to −27% in March 2020 and by −19 to −47% in April 2020, while total traffic reductions were equal to −53 to −63% and −72 to −79%, respectively [40,41]. In fact, heavy-duty vehicles—which are mostly diesel-fueled—emit a significant amount of overall road transport NOx emissions (25.6% in Turin, 38.2% in Milan, 38.4% in Florence, and 38.5% in Bologna, Table S6). This outcome is confirmed by the moderate but not particularly high correlation of NO2 concentrations with total traffic reduction (r = 0.584), a value similar to those (0.56 and 0.66) found during Lock_1 at two air quality stations in Padua (Italy) [42]. This correlation is also comparable to the overall value (R2 = 0.343) found worldwide during the full lockdown periods [9]. By comparison, a higher (anti)correlation was observed between NO2 concentrations and SI (r ranging between −0.649 and −0.832).



O3 levels remained unchanged in Florence while slightly increasing elsewhere, particularly in Milan and Turin, where they rose by up to +17%, i.e., up to +5.1 and +8.8 µg/m3, respectively. This O3 pattern in Italy is again in line with the relative changes (−1 to +15%) reported throughout Europe by [2], and slightly higher than the continental-wide average (+5.6%) reported by [9]. Agreeing with various authors (e.g., [43]), these O3 increases were mainly due to the reduction in nitrogen oxide (NO) emitted from road vehicles, leading to lower O3 consumption via titration (NO + O3 = NO2 + O2). Across European regions where the background level of NOx is generally high, in April 2020, enhanced concentrations of oxidants including O3 were observed. Consistently with [2], O3 concentrations are significantly correlated with SI (r ranging between 0.576 and 0.762).



The drastic road traffic abatement during Lock_1 caused marginal effects on PM2.5 and PM10, as PM2.5 varied at most between −2 and +3 µg/m3, and PM10 between −2 and +4.5 µg/m3. In percent terms, PM2.5 varied between −21 and +18%, while PM10 varied between −23 and +9%, exhibiting lower decreases than the European median values (−10% for PM2.5 and −23% for PM10 [2]). This outcome agrees with findings reported at the global scale by [9], who did not find any significant correlation during lockdowns between traffic flows and PM2.5 concentrations. Since road transport contribution to emissions of both primary PM and secondary PM precursors (i.e., NOx and NH3) is generally remarkable (Table S4), both primary and secondary PM proved to be marginally affected by road traffic reduction during Lock_1. As observed locally (e.g., [16]) and elsewhere (e.g., [44]), this limited PM decrease likely results from an increase in gas consumption, and thus in domestic biomass burning during the “stay home” period, resulting in a slight increase in primary PM emissions. In Italy, biomass heating systems account for most of the overall primary PM2.5 and PM10 emissions from heating plants (Table S5). Statistics from the PREPAIR project, updated to 2019 [45], report a mean percentage of biomass users in the Po Valley equal to 22%, with values of 14.4% in the Lombardy region (Milan), 18.5% in Emilia-Romagna (Bologna), and 26.2% in Piedmont (Turin). A further cause may be the increase in secondary PM, driven by an increase in emissions of precursors such as NH3 on the one hand, and an increase in O3 levels on the other. The Po Valley is one of the largest NH3-emitting regions in Europe [46]: although no appreciable variation was recorded in 2020 with respect to the previous year [47], NH3 emissions remained high enough in the region to support the formation of secondary aerosol [16]. On the other hand, as evidenced by various authors (e.g., [5,48]), increases in O3 levels lead to an increased atmospheric oxidizing capacity, and thus an enhanced formation of secondary aerosol. Evidence of this outcome over the Po Valley has been provided by [46], who highlighted the increase in PM2.5 levels due to enhanced non-linear photochemical processes triggered by NOx emissions reduction.




4.1.2. Soft


Partial relaxation of restriction measures (Soft period) saw a generalized recovery of economic and social activities, and thus of road traffic, which, however, remained below the corresponding 2019 values (−11 to −24%). Road traffic reduction was less (anti)correlated with SI (r between −0.409 and −0.586) than during Lock_1. These traffic reduction quotas are quite similar to those (−17 to –27%) found in Madrid and Barcelona (Spain) between June and July 2020 [21], as well as to the value (−19%) found in London (UK) between May and July 2020, the one (−20%) found in Athens (Greece) between May and mid-June 2020, and the value (−16%) found in Paris (France) in June 2020 [9]. By contrast, during this period, traffic increases were observed in Germany (+22 to +29%), Moscow (Russia, +28%), and Helsinki (Finland, +31%) [9].



With heating systems turned off, during this period, road traffic played a major role among emission sources, resulting in a generalized decrease in NO2 concentrations that ranged (except in Bologna, +7%) between −11 and −34%. However, an r value never exceeding 0.307 was found between NO2 concentrations and road traffic. Observed NO2 reductions agree with those (−10 to −31%) observed over main urban areas in Spain by [21] during the period June–July 2020, as well as with those found during the partial/full relaxation periods in various cities in Germany (−18 to −34%) and the Netherlands (−20 to −35%) by [9]. During Soft, the 2020 meteorological scenario was quite similar to 2019, with the notable exception of H, which increased up to +17%, thus favouring atmospheric pollutant dispersion.



With PM2.5 and PM10 concentrations settled to their minimum values (at most 12 and 21.3 µg/m3, respectively, Table S7), O3 remained the most concerning pollutant for the season (r = 0.790 vs. T), particularly if considering the drop in NO road traffic emissions reducing O3 titration [44]. Consistently with global-scale findings by [9], in Italy, O3 median concentrations did not appreciably change during Soft vs. 2019, overall ranging between −10 and +7%, corresponding to variations of −8.1 and + 6.5 µg/m3. If considering a climatologically similar country (Spain), 2020 vs. 2019 O3 changes in Italy were similar to those (−3.5 to +7%) found in Valencia during the period June–September 2020 [6], as well as to those (−8.3 to +0.9%) observed in Madrid, Barcelona and Seville between mid-May and August 2020 [9].




4.1.3. Lock_2


In Italy, the second lockdown (Lock_2) was enforced in a period of the year that is typically critical for air quality, particularly over the Po Valley [22]. A significant reduction in road traffic occurred, with median values between −30 and −44% (Table S7) and the 5th-to-95th percentile range was between −10 and −71%. This, combined with a general increase in gas consumption (+2 to +14%), and thus of biomass burning for heating, was driven by appreciably lower T values (−1 to −1.5 °C). The whole 2020 meteorological scenario was also unfavourable with respect to 2019 for the other variables, as WS decreased by −12 to −28%, H by −3 to −31%, and Prec by −79 to −95%. These variables resulted in median decreases of up to −0.6 m/s for WS, −73 m for H, and −0.8 mm for Prec.



During this period, NO2 concentrations were moderately correlated with road traffic (r = 0.321 − 0.503), experiencing—except at UT stations in Bologna (+22%) and at UB stations in Milan (−46.5%)—a moderate decrease in the median values (−11 to −26%, Table S7). O3 concentrations confirmed to be at the lowest annual values, at most reaching 29.8 µg/m3 in Florence. By contrast, a relevant increase in PM2.5 and PM10 concentrations was observed, particularly in Turin and Milan. With median values of WS = 0.9 m/s, T = 5.9 °C, H = 110.7 m, and Prec = 0.3 mm, in Turin, for example, at UT stations, PM2.5 median concentrations increased from 26 to 40 µg/m3, while PM10 median concentrations increased from 33 to 54.8 µg/m3. In Turin, during Lock_2, the days per station with PM10 concentrations exceeding the daily limit value (50 µg/m3) was 2.7 times higher in 2020 than in 2019 (235 vs. 87). In Milan, with median values of WS = 1.2 m/s, T = 7.4 °C, H = 115.7 m, and Prec = 0.2 mm, at UT stations, PM2.5 median concentrations increased from 20 to 42 µg/m3, while PM10 median concentrations increased from 30.1 to 46.4 µg/m3. Here, during Lock_2, the days per station with PM10 concentrations exceeding the daily limit value was in 2020 2.4 times higher than in 2019 (169 vs. 69). Remarkably, in Turin and Milan (as well as in the rest of the Po Valley), the majority of these increases vs. 2019 occurred in Nov. rather than in Dec. 2020.



In the Po Valley, PM wintertime accumulation is mostly driven by local anthropogenic emissions due to: (i) heating plants, responsible for emissions of primary PM; (ii) road traffic, responsible for emissions of primary PM and secondary PM precursors (NH3 and particularly NOx); and (iii) agriculture activities, responsible for NH3 emissions leading to the formation of secondary PM. During Lock_2, primary PM decrease due to road traffic reduction was counterbalanced by an increase likely resulting from higher biomass burning. During this period of the year, however, the secondary aerosol is predominant over the primary [46], proving to be a key factor controlling PM10 critical episodes in Northern Italy [27]. Secondary PM is generally dominated here by ammonium nitrate, whose fraction in winter may equal 4–5 times that of ammonium sulfate [46]. An analysis of PM10 chemical composition at the UB station of Pascal in Milan (Figure 1) by [49] accounted for the strong increase in monthly PM10 concentrations observed in Nov. 2020 vs. Nov. 2019. The drop in NOx emissions due to road traffic reduction in Nov. 2020 did not suffice to decrease the potential of agriculture-related NH3 emissions in the formation of ammonium nitrate: this outcome was also favoured by the less advective atmospheric conditions as well as by lower temperatures that favoured the partitioning of ammonium nitrate towards the particulate phase [46]. An increase in PM10 crustal fraction (primary component) was also observed, likely due to drier weather conditions that favoured dust resuspension. Unlike in the Po Valley, in Florence, the increase in PM concentrations vs. 2019 mainly occurred in Dec. 2020, likely because of the increase in PM primary fraction resulting from increased heating usage.



As an indirect confirmation of these findings, PM2.5 and PM10 concentrations were not correlated with road traffic (r = 0.086 − 0.245), while they were moderately (anti)correlated with meteorological variables such as Prec (r = −0.386), H (r = −0.507), and WS (r = −0.586). These results reveal that unfavourable weather conditions for pollutant dispersion coupled with lockdown measures (that reduce road traffic but increase residential heating usage) lead to negative air quality conditions. A severe traffic ban extended all over the country and lasting more than two months was not enough to reduce PM2.5 and PM10 levels, which increased due to unfavourable meteorological conditions.





4.2. Further Insight into the Lock_2 Period


In order to achieve a comprehensive picture of the scenario affecting the four urban areas during the Lock_2 period, the SOM algorithm was applied to a dataset including 12 variables. These are the daily time series of 2020 vs. 2019 absolute differences over all urban areas calculated for meteorological variables (WS, T, H, R_dsw, and Prec), anthropogenic emission drivers (Gas and Flows), and total pollutant concentrations (NO2, O3, PM2.5, and PM10); the 2020 SI was also included for comparison. The SOMs were calculated based on an input layer, including 272 neurons (Nsamples) corresponding to the daily dataset of the 12 selected variables, and an output layer, including Ngrid = NrxNc = 64 neurons, visualized by gridded hexagons with Nr = 8 rows and Nc = 8 columns. Following recommendations by [50], the map grid size (Ngrid = 64) was taken as a value not higher than   5      N  s a m p l e s       = 82. The result of the SOM application is presented in Figure 6.



The SOM algorithm proved capable of clustering all selected variables in the map retaining their mutual relationships, thus allowing to address a deeper cross-site investigation than that achieved by a simple linear analysis. During the Lock_2 period, the SOM component planes plotted in Figure 6 show that min-to-max orientation of NO2 concentration variation (dNO2_tot, hexagons oriented from top-right to bottom-left) is not exactly the same as road traffic variation (dFlows), thus confirming their moderate but not particularly high mutual relationship. Comparing the SOMs of NO2 and O3 concentration variations (dNO2_tot and dO3_tot), O3 increases (positive values) are associated to both NO2 decreases (negative values) and NO2 increases (positive values), while the opposite applies to O3 decreases (negative values). Therefore, during Lock_2, the relation between O3 and NO2 concentrations is uncertain. Focusing on the SOMs of PM2.5 and PM10 concentration variations (dPM2.5_tot and dPM10_tot), they can be clearly superimposed. Remarkably, the min-to-max topology of their neurons (i.e., from negative values corresponding to maximum decreases, to positive values corresponding to maximum increases) is similar to the max-to-min topology of variations in WS, H, and Prec (i.e., decreases of these variables). The same does not apply with respect to max-to-min topology of dFlows (i.e., from maximum to minimum road traffic decreases). As for dGas, the association is unclear, as increases in PM2.5 and PM10 concentrations (left-hand side of dPM2.5_tot and dPM10_tot) are linked to both increases and decreases in gas consumption. Thus, the overall analysis reveals that increases in PM2.5 and PM10 concentrations are strongly associated with decreases in WS, H, and Prec, marginally associated with traffic-related emission increases, and unclearly associated with biomass burning increases. A further outcome is that the SOM topology of PM2.5 and PM10 variations is not particularly similar to SI variation: although minimum values of dPM2.5_tot and dPM10_tot (i.e., PM2.5 and PM10 maximum decreases, maps’ top-right hexagons) are associated with maximum values of SI (strongest restrictions), largely positive values and even maximum values of dPM2.5_tot and dPM10_tot (concentration increases, left-hand side) are associated with high values of SI. As a confirmation, PM2.5 and PM10 variations are poorly anticorrelated with SI (r ranging between −0.009 and −0.226). This means that to enforce generalized strong limitations to anthropogenic activities—not only transportation—does not necessarily result in reducing PM2.5 and PM10 values, whose critical levels—as discussed in Section 4.1.3—are both directly and indirectly controlled by the weather conditions.



The SOMs are confirmed as a powerful and insightful tool for analyzing the complex dynamics underlying the critical accumulation of PM in urban areas, being able to capture both the direct (linear) relations between primary PM emissions and concentrations, and the indirect (non-linear) interactions lying behind the formation of secondary PM. These findings concur with various studies worldwide (e.g., [51,52,53,54,55]). They provide a further confirmation of the crucial role played by meteorological conditions in driving the most critical PM2.5 and PM10 concentrations, even when such drastic changes in specific human activities occur.





5. Conclusions


During the first lockdown after the outbreak of the COVID-19 pandemic in early 2020, only NO2 concentrations decreased systematically (and significantly, between −41.9 and −53.9%) in Italy with respect to the previous year, mainly because of the drastic road traffic reduction (−70 to −74%). O3 levels slightly increased (up to +17%) due to the lower O3 consumption due to the reduced NO emissions, while PM2.5 and PM10 concentrations exhibited a contrasting behaviour: PM2.5 varied between −21 and +18%, while PM10 varied between −23 and +9%. Primary PM decrease induced by road traffic reduction was counterbalanced by an increase due to higher heating usage (up to +20%). Concurrent secondary PM increased, likely because of relevant NH3 emissions from agriculture [16] associated with an enhanced atmospheric oxidizing capacity [46].



During the summer period with partially relaxed measures, characterized by a moderate road traffic reduction (−11 to −24%), no particular air quality issue was observed, which was also the case with the O3 levels, overall varying between −10 and +7% compared to the previous year.



The second (autumn/winter) lockdown in 2020 was particularly critical in terms of air quality, as the PM2.5 and PM10 concentrations strongly increased (up to +87 and +123%, respectively) in spite of a significant road traffic reduction (−30 to −44%) lasting more than two months and involving the whole country. The PM primary component linked to traffic emissions clearly decreased. Particularly over the Po Valley, however, a traffic-related drop in NOx emissions did not suffice to lower the potential of agriculture-related NH3 emissions in the formation of ammonium nitrate, and thus in the increase in secondary PM.



This study revealed that, although non-linear interactions control the formation of secondary PM, which is generally the predominant fraction in winter [46], unfavourable meteorological conditions remain the main driver of PM most critical concentrations, even when such drastic changes in human activities occur. Findings from several studies in the literature (e.g., [42,53,55,56]) also confirmed that, markedly during this period of the year, road traffic restrictions alone are useless actions to prevent PM critical episodes in urban areas. For example, a study carried out by [46] in the Po Valley demonstrated poor (or even counterproductive) results when a proper combination of NOx and NH3 emission reductions was not implemented, confirming that PM reductions cannot be achieved without a significant reduction in NH3 emissions from agriculture. The actions needed to achieve a generalized decarbonization and air quality improvement in modern societies must necessarily be cross-sectorial and not limited to transportation or other emission categories. Sector-specific actions do not necessarily result in pollutant concentration reductions, even when these restrictions apply through a prolonged time period (more than two months) and involve a whole country.
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Figure 1. Map of the urban study areas in Italy, also showing location of urban traffic (UT), urban background (UB), and suburban background (SB) air quality stations: (a) Turin; (b) Milan; (c) Bologna; (d) Florence. Cartography basemap: OpenTopoMap. 
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Figure 2. Boxplots by period of 2020 vs. 2019 change rates of daily observations in Turin: concentrations by station type of NO2, O3, PM2.5, and PM10; wind speed (WS); air temperature (T); PBL height (H), gas consumption; road traffic. Boxplots are delimited by the first (Q1) and third (Q3) distribution’s quartiles, while the black line inside the box denotes the median value (Q2). Lower whisker is Q1 − 1.5*IQR, while upper whisker is Q3 + 1.5*IQR, where the interquartile range (IQR) is Q3 − Q1. Circles outside the whiskers denote outlier data. 
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Figure 3. Boxplots by period of 2020 vs. 2019 change rates of daily observations in Milan: concentrations by station type of NO2, O3, PM2.5, and PM10; wind speed (WS); air temperature (T); PBL height (H), gas consumption; road traffic. Boxplots are delimited by the first (Q1) and third (Q3) distribution’s quartiles, while the black line inside the box denotes the median value (Q2). Lower whisker is Q1 − 1.5*IQR, while upper whisker is Q3 + 1.5*IQR, where the interquartile range (IQR) is Q3 − Q1. Circles outside the whiskers denote outlier data. 
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Figure 4. Boxplots by period of 2020 vs. 2019 change rates of daily observations in Bologna: concentrations by station type of NO2, O3, PM2.5, and PM10; wind speed (WS); air temperature (T); PBL height (H), gas consumption; road traffic. Boxplots are delimited by the first (Q1) and third (Q3) distribution’s quartiles, while the black line inside the box denotes the median value (Q2). Lower whisker is Q1 − 1.5*IQR, while upper whisker is Q3 + 1.5*IQR, where the interquartile range (IQR) is Q3 − Q1. Circles outside the whiskers denote outlier data. 
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Figure 5. Boxplots by period of 2020 vs. 2019 change rates of daily observations in Florence: concentrations by station type of NO2, O3, PM2.5, and PM10; wind speed (WS); air temperature (T); PBL height (H), gas consumption; road traffic. Boxplots are delimited by the first (Q1) and third (Q3) distribution’s quartiles, while the black line inside the box denotes the median value (Q2). Lower whisker is Q1 − 1.5*IQR, while upper whisker is Q3 + 1.5*IQR, where the interquartile range (IQR) is Q3 − Q1. Circles outside the whiskers denote outlier data. 
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Figure 6. SOM component planes obtained in the urban areas of Turin, Milan, Bologna, and Florence during the Lock_2 period (23/10/2020−29/12/2020) from daily observations. The 12 panels report the 2020 Stringency index and the absolute difference of meteorological variables (WS, T, H, R_dsw, and Prec), anthropogenic emission drivers (Gas and Flows), and total pollutant concentrations (NO2, O3, PM2.5, and PM10) with respect to the 2019 baseline period (25/10/2019−31/12/2019). For 2020 vs. 2019 absolute differences, positive (negative) values mean increases (decreases). The panels are linked by position, so the hexagons in a certain position correspond to the same map unit. 






Figure 6. SOM component planes obtained in the urban areas of Turin, Milan, Bologna, and Florence during the Lock_2 period (23/10/2020−29/12/2020) from daily observations. The 12 panels report the 2020 Stringency index and the absolute difference of meteorological variables (WS, T, H, R_dsw, and Prec), anthropogenic emission drivers (Gas and Flows), and total pollutant concentrations (NO2, O3, PM2.5, and PM10) with respect to the 2019 baseline period (25/10/2019−31/12/2019). For 2020 vs. 2019 absolute differences, positive (negative) values mean increases (decreases). The panels are linked by position, so the hexagons in a certain position correspond to the same map unit.



[image: Atmosphere 13 01156 g006]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
2020 vs. 2019 change rate (%)

Q ~ <]
& Lock 1 o
o B
8 @ & o e e
N o . a
o - o 8
a

100

0

(aw] — -
(aw]
—
1
D ™
K o011
[n]
o _ 8]
8
o e
g o o o} B
S1..s 8 S g 8 g ° .
o <] o | e ] i
Al i B :

0
|
mmmofmﬂ@mnooono oz o O o]

-100 0 100 200 300 400 500 600 -100

a
—
&
o FYS R 1 n N-... o o 8 o 8
3 All periods -
5 ° ® 8 8
o T
o ) g o ° 8 8 !
o < o 5 s 8 a
AN 8 0 2 o - 4@
o a 0 - :
o g8 d : '
o | o 8 1 E £ '
=18 g ’
o | - ~ - - - . - s o o -~
o
N

WS T H Gas Traffic NO, NO, O, O, PM,. PM,. PM,, PM
(UT) (UB) (SB) (UB) (UT) (UB) (UT) (UB)





nav.xhtml


  atmosphere-13-01156


  
    		
      atmosphere-13-01156
    


  




  





media/file2.png
)

Air quality stations
@ Urban Traffic (UT)

@ Urban Background (UB)

© Ssuburban Background (SB)






media/file5.jpg
2020 vs. 2019 change rate (%)

LR R

Milan
Lock 1

Al poriods

cinslina

WS T G Tl KO, NO, O, O, Pik, ik, Pl il

(UT) (UB) (58) (UB) (T} (UB) (T} (UB)





media/file3.jpg
2020 vs. 2019 change rate (%)

Turin
Lock_t

HGas Taic NO; N0, O, O, Piy, Pl P Pl
(UT) (U8} (58) (UB) (UT) (UB) (uT) (UB)





media/file1.jpg
Air quality stations

@ Urban Traffic (UT)

@ Urban Background (UB)

@ suburban Background (SB)






media/file7.jpg
Bologna

g Lock_1

g

K

N T LT
g

] Soft

g

! :

g
F

§§ Lock 2

&3

[ :

g1

E

8

& ,| | '
sl ! & "

s I,
Cawgzingneginl
8

WS T W Gos Taic N0, NO, O, O, Pll, Pl Pl Pl
T} U8} (58) (U8) (T} (UB) (U1} uE





media/file10.png
Florence

SR TR | A
g i U

e
b -

-
0GP0 | ®O CONOMDf-------- _H_H_ ........ ]

_ o "

T o 3 |

= o 00 O e | -1 ...—_ll_- o = o oo i o W 00 00 ®|f------ | ---

m L1 b= m w. .
= Z m oot -—---- . ..... +

o o of-:--- - b 00 00 @® WO Do af---| | |--- e

¢ b-i------ _H_H_y---L 00 o

amo DDE..E_u

Sl I+ ®OoD 00 fomocioome- .+ @pm |i--

03 03 PM2.5 PM2.5 PM10 PM10
(UT) (UB) (SB) (UB) (UT) (UB) (UT) (UB)

H Gas Traffic NO, NO,

T

WS

|
00€ 00¢ 001 0 00L- 00€ 00¢ 00l 0 00L- 009 00S OO¥F 00E€ 00C 00L O O00L- 00€ 00¢ 00l 0 00L-

(%) @1es abueyd L0z "SA 0202





media/file12.png
Lock 2

All urban areas,

dH (m)

dFlows (%)

-34.97

-43.09

0.64

0.12

-0.38

7.07

-0.46

-8.01

31.48

dNO2_tot (ug/

27.69

-0.2

-28.09

25.93

2.84

-20.23

10.12

0.18

-9.75

3.98

-8.09

-20.18





media/file9.jpg
Florence
Lock_1

[em]
-
fis}

m

-
-
12}

-
m

-

o=

-
L

Soft

2020 vs. 2019 change rate (%)

i :
—H i
E=c-.gensgfal

1
WS T W Gas Taic NO, NO, O, O, P, Pil Pil, Pl
(U] 8] (S8) (UB) (UT) (U8 (UT) (B)





media/file0.png





media/file8.png
Bologna
Lock 1°

oo oo o _||| o O 000D

o
o
o
o
(=]
-
1
|
I
I
1
!
I
I
1
|
' H
1
i , !
e
0
o
o
o]
in}
a8

o o 00 o al — ............ .“00 @O
5 < *|[E -
o -
o o +—+ < o o
e oa-—*
cam ®» ® @ 0 0 OEmD gosg%---_u_u_---g
® o @ amwf oio o ®o b ® O CWOCm fo-ieennn-
o o o 0 aDaEw o_.---------._a.
© 00 OO00CHm 000 o oo QouQHco.EET .........

i m m |
00¢ 00¢ 001 0 00L- 00€ 002 00l 0 00L- 00Z 009 00SG 00 00E 00C 00L O O00L- 00¢ 002 00l 0 00lL-

(%) @3ea abueyd L0z "SA 0202

03 03 PM2.5 PMQ.S PM10 I:)M10
(UT) (UB) (SB) (UB) (UT) (UB) (UT) (UB)

H Gas Traffic NO, NO,

T






media/file11.jpg
odde

All urban areas, Lock_2
s o arco am

-_— =

o W)

e
o0l

— =
aprec ) acss

“’”
.

-_— ==

0210 i)

VNt 3

;s

= === ==

403 ot parmy s sot o) 0.t rgima)
p— — e —






media/file6.png
o0 O

Milan
Lock 1

(SR 0]

00 0 o f------ _H_Hmi-l;

Soft

o

e} o

o0 0 6@ @ oD

Qaooo o

| O

o 0o 0 _-l.

: 0815?8

Lock 2

8]

e

o]

oo o anjitppeliis sie]

0. 0 oo@o

0 0 @O C-mmmmmmmmmmenkaas
Y R R
o o @ 0 ook
000 © o

00O®®O ®O @ Q| ---

oo

03 PM2.5 PM2.5 I:>M10 PM16
(UT) (UB) (SB) (UB) (UT) (UB) (UT) (UB)

Os

H Gas Traffic NO, NO,

T

0 001~

00€

002

00l 0

00L- 00G

(%) @)el abueyd gL0Z "SA 0202

i
00y 00€ 00 00L O 00l- 00€






