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The Impact of COVID-19 Lockdowns on Particulate Matter Emissions in Lombardy and Italian Citizens' Consumption Habits
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Italy has been one of the first nations in the world to be heavily affected by COVID-19. A wide range of containment measures has been adopted from February to December 2020 to mitigate the pandemic. In this regard, the present research sets out to evaluate two aspects: (i) the impact of lockdowns on the concentrations of particulate matter (PM) 10 and 2.5 in the Lombardy region, and (ii) how anti-COVID-19 restrictions influenced Italian citizens' consumption habits. To do this, the average daily concentrations of PM10 and PM2.5 during 2020 in all the provinces of Lombardy were compared with those of the previous years through Welch's t-test. The same procedure was adopted to estimate the change in Google relative search volumes of home delivery services and smart working on a national scale. Two mean values were considered statistically confident when t < 1.5, suspiciously non-confident when 1.5 ≤ t < 1.9, and non-confident when t ≥ 1.9. Seasonalities and trends were assessed both graphically and with Augmented Dickey-Fuller, Phillips-Perron, and Kwiatkowski-Phillips-Schmidt-Shin tests. Finally, Pearson and Spearman correlations between changes in citizens' behavior and specific key events related to COVID-19 have been dealt with. The P-value threshold was indicatively set at 0.05. Microsoft Excel 2020 and Google Sheets were used as data analysis software. This paper showed: (i) the limited or insufficient effectiveness of lockdowns in reducing PM10 and PM2.5 concentrations in Lombardy, and (ii) a significant change in the consumption habits of Italian citizens, thus leading to both positive and negative results in terms of sustainability. Therefore, it is high time that both Italian and international environmental protection authorities thoroughly investigated the role of non-mobility-related sources of particulate emissions to impose effective rules on home delivery services. Moreover, further research is required for the understanding of anthropogenic, environmental, and atmospheric phenomena that influence the concentrations of PM10 and PM2.5.
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INTRODUCTION


Background

In late December 2019, a novel coronavirus began to circulate in the Chinese city of Wuhan, causing numerous deaths and raising the alert of local and international health authorities (Wang et al., 2020a; Zhu et al., 2020). This new virus was cataloged by the World Health Organization with the names of 2019-nCoV (2019 novel Coronavirus) and SARS-CoV-2 (Severe Acute Respiratory Syndrome Coronavirus 2), and its related disease—transmitted from human-to-human—was called COVID-19 (Coronavirus Disease 2019) (Li et al., 2020). During the whole of 2020, COVID-19 has raged around the world, radically changing habits and feelings of global citizens of all ages and status, thus causing deep economic and health crises in all the pandemic-stricken countries [Figueroa and Aguilera, 2020; Francisco et al., 2020; World Health Organization (WHO), 2020]. Among these, Italy is one of the most affected: to date (December 5, 2020), it is the sixth nation for the number of deaths from COVID-19, with 1.7 million official cases and 59,000 official deceased (Worldometer, 2020). To deal with the spread of the infection, Prime Minister Giuseppe Conte, in agreement with the Ministry of Health and the Department of Civil Protection, has ordered several containment measures: on February 25, in the municipality of Codogno in Lombardy, more than 50,000 people were quarantined (Lowen, 2020). The quarantine area continued to expand until, on March 8, the whole Lombardy and 14 other Northern Italy provinces underwent a total lockdown (BBC News, 2020). The national lockdown was announced 2 days later and lasted until May 18 [Ministero della Salute (Italian Ministry of Health), 2020]. Finally, the second wave of COVID-19 made the Italian Government opt for another national lockdown on November 4, 2020 [Gazzetta Ufficiale della Repubblica Italiana (Italian Republic), 2020].



Lockdown Effects on Air Quality

Despite the numerous drawbacks caused by the limitations imposed on the Italian population (Rossi et al., 2020), lots of media, websites, and environmental protection agencies highlighted a large number of beneficial effects of the lockdown status on air quality, thus leading a vast international scientific literature to address the indirect effects of COVID-19 on pollution (Bourzac, 2020; FASDA Fund, 2020). However, scholars have come to radically different conclusions on such an issue. Indeed, some authors claimed that lockdowns had a positive impact on the environment, while others argued the contrary. For example, Gautam spotted a noticeable reduction in the emissions of particulate matter and other pollutants, such as NO2, NH3, SO2, CO, and O3, proposing strategic semi-lockdown periods for air quality management in India (Gautam et al., 2020). On the other hand, Wang et al. found that large emissions reduction in transportation and a slight reduction in industrial production would not help avoid severe air pollution in China (Wang et al., 2020b). Furthermore, results were dependent on the type of pollutant examined. Compared to 2019, 50 of the 61 analyzed world cities have shown nitrogen dioxide reductions between 20 and 50% throughout 2020, with Milan recording the largest decrease (60%) (NASA, 2020). Nevertheless, as will be shown in this study, this event was not followed by an equal drop in particulate matter concentrations. Such discrepancies suggest that any pollution-control program must also consider local atmospheric, environmental, and anthropogenic factors. Hence, this atypical situation raises an important research question, namely: are lockdowns a sustainable and effective strategy to improve air quality and fight air pollution? (Gautam and Hens, 2020) The objective of this paper is to find an answer for the Italian case, quantifying the variation in the concentration of particulate matter (PM) in the Lombardy region due to lockdown. Lombardy was considered for analyzing the changes in PM10 and PM2.5 as it was the most affected region by both COVID-19 and particulate matter. This choice is further motivated by the deep epidemiological link between pollution and SARS-CoV-2 spread and mortality (Gupta et al., 2020; Rovetta and Castaldo, 2020a; Wu et al., 2020; Zoran et al., 2020).



Lockdown Effects on Environmental Sustainability

In addition to air pollution monitoring, a fundamental aspect of environmental sustainability is plastic management. Specifically, despite constituting one of the global ecological challenges today (Lebreton and Andrady, 2019), plastic is still widely used by companies for product packaging (Kedzierski et al., 2020). The situation became even more severe thanks to the advent of home delivery and takeaway services (Ncube et al., 2020). In this context, Patrício Silva et al. found that the COVID-19 pandemic is contributing to worldwide plastic pollution and precautionary measures challenged environmental sustainability (Patrício Silva et al., 2021). Therefore, the second aim of this research is to evaluate the sustainability of the behaviors adopted by Italian citizens in response to restrictions on personal freedom, containment measures, and lockdowns imposed by the government. In particular, this paper quantifies the increase in the national demand for home food delivery services, food shopping delivery services, general shopping delivery services, smart working, and distant learning. Since a previous study showed that the threat of contagion was perceived similarly in all regions (Rovetta and Castaldo, 2020b), the whole Italian nation has been considered for the analysis.




METHODS


Data Collection

Google Trends1 has been used to explore Italian citizens' web interest in home food delivery services, food shopping services, shopping services, and smart working software and online learning platforms, during and after the first COVID-19 restrictions and containment measures. Google Trends is a web tool which provides normalized values, called “relative search volumes (RSV),” ranging from 0 (very low relative interest) to 100 (very high relative interest). All the search parameters and queries are shown in Table 1. The terms were collected following emerging searches suggested by Google Trends. Data on PM10 and 2.5 daily averages were collected from all the measuring stations of every province of Lombardy. To do that, the Regional Agency for Environmental Protection [Regional Agency for Environmental Protection (ARPA), 2020a] official website2 was used. Data on COVID-19 cases and deaths were collected from the Department of Civil Protection official website3. Meteorological data were collected from the website “Il Meteo.it”4.


Table 1. Google Trends queries and search parameters.
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Statistical Analysis

This paper quantifies the impact of COVID-19 restrictions and containment measures on the web queries RSVs and average concentrations of PM10 and 2.5 through the percentage increases Δ% = (x1 − x0)/x0 · 100 and their related t-test t = (x1 − x0)/σ. Two mean values were considered confident only when t < 1.5 and not confident only when t ≥ 1.9; in the intermediate 1.5 ≤ t < 1.9 range, non-confidence was interpreted as suspicious. All statistical errors σ were calculated with the standard propagation formula (Taylor, 1997). Each mean value x̄ was reported together with its own standard error of the mean (SEM) according to the following modality: x̄ ± SEM (Taylor, 1997). Data normality was verified both with the z-tests k/σk < 2 and s/σs < 2 for kurtosis k and skewness s and graphically (Tabachnick and Fidell, 1996). For doubtful cases (2 < z < 1.5), the Shapiro-Wilk test with α = 0.05 was used. When the number of measures n was >30, the central limit theorem has been exploited to validate the t-test when dealing with not normally distributed data (Kwak and Kim, 2017). The stationarity of data series was verified in four different ways: (i) graphically, (ii) through the Augmented Dickey-Fuller (ADF) test (Mushtaq, 2011), (iii) through the Phillips–Perron (PP) test (Philips and Perron, 1988), and (iv) through the Kwiatkowski-Phillips-Schmidt-Schin (KPSS) test (Kipiński et al., 2011). In all these cases, α = 0.05 was chosen. Real Statistics Resource Pack and XLSTAT have been implemented in Microsoft Excel 2020 to perform the above analysis (Zaiontz, 2016; XLSTAT, 2021)5,6


Software


Real Statistics Resource Pack

This Excel add-on pack allows the user to perform the ADF test in an automated way. To estimate the optimal lag length, three different criteria were used: Akaike information criterion (AIC), Bayesian Information Criteria (BIC), and Schwert criterion (Fukuda, 2007; Rutkowska and Ptak, 2017). The truncation lag parameter was always chosen following the standard Schwert rule. After a first graphical evaluation, the “drift” and “trend” options were tested.



XLSTAT

This Excel add-on pack allows the user to perform ADF, PP, and KPSS tests in an automated way. The method used was the surface regression (MacKinnon, 1996). The ADF k-parameter was calculated automatically. The PP Lag parameter has been set to “long.” The KPSS Newey-West method has been set to “long” (Newey and West, 1987).




Stationarity Analysis Procedure

Each dataset tested for stationarity was previously tested for the presence of outliers using the Grubbs method (Grubbs, 1950). Since all the analyzed datasets showed pronounced positive asymmetries, this test underestimated the presence of outliers; furthermore, the z-score threshold was set at 2.5. In doing so, only extreme cases were signaled. In order not to significantly affect the datasets, each outlier i ∈ N has been replaced with the average between the value i−h and the value i+h, with h ∈ N specifically chosen to reach the first non-outlier. Secondly, the concordance between the ADF (AIC + BIC + Schwert + XLSTAT), PP, and KPSS tests was evaluated. When all tests gave concordant results, only the P-value which resulted furthest from the threshold was reported (wP i.e., “worst P”). Since these tests require numerous assumptions that are not always easy to respect, in addition to a graphic control, the Mann-Kendall slope (KMs) was used to highlight eventual trends (Hirsch and Slack, 1984): in particular, this was applied to the moving average (the q parameter has been reported in the results).



Assumptions on Particulate Matter

Weather conditions are an extremely incisive factor in detecting particulate matter; however, at present, finding a model capable of fully explaining the impact of weather on PM is quite challenging. Indeed, Avdakovic's study of correlations showed peaks of PM10 concentrations in precise ranges of temperatures, relative humidity, air pressure, and wind speed, but it did not provide an analysis of such causal relations (Avdakovic et al., 2016). Furthermore, temperature and pressure in specific time-lapses in Sarajevo seem to have conditioned the presence of PM10 in the air, especially if compared to data on wind speed and relative humidity. Liu et al. showed how precipitation in Qinhuangdao had greater scavenging effects on PM10 than PM2.5, taking into account the duration, intensity, and concentrations of particulates (Liu et al., 2020). Moreover, wind direction and speed also played a decisive and non-obvious role in the detection of PM10 and PM2.5. Finally, according to other recent sources, further differences seem to be intrinsically linked to the local characteristics of the considered area (Tecer et al., 2008; Olszowski, 2016; Cameletti, 2020; Zhou et al., 2020). Therefore, as this research is not aimed to model the relationship between particulate matter concentrations and climatic conditions, this paper will mainly analyze the sustainability of the lockdown in order to understand whether this measure is a sufficient strategy to reach acceptable levels of air pollution or other more incisive factors should be considered. Nevertheless, in the Results section, the comparison between the climatic factors of the various periods has been analyzed and reported for two reasons: (i) highlighting any extreme regimes that can alter the analysis too drastically, and (ii) allowing future interpretations of the data based on weather conditions.



PM10 and PM2.5

Times beyond the threshold (TBT) have been defined as the sum of all occasions in which, considering all measuring stations, the concentrations of PM10 and PM2.5 exceeded both the legal and environmental limits, i.e., 50 μg/m3 (max 35 days) and 25 μg/m3, respectively [World Health Organization, 2005; Regional Agency for Environmental Protection (ARPA), 2020b]7,8 Similarly, days beyond the threshold (DBT) have been defined as those days in which the concentrations of PM10 and PM2.5 exceeded the above-reported limits. In the second case, in order to exclude the stations where the pollution was historically less pronounced, only the worst stations of each province were included [Regional Agency for Environmental Protection (ARPA), 2019]9 Average PM10 and PM2.5 concentrations, TBT, and DBT during 2020, 2019, and 2018 were examined, searching for significant discrepancies and focusing on the first lockdown (period 1: from March 9 to May 18, 2020) through t-test. This type of crude comparison between close periods—none of them being longer than 1 year—has similarly been used in previous literature to measure the reduction in pollution emissions due to lockdowns (Regional Agency for Environmental Protection (ARPA), 2019; Kumar et al., 2020; Le Quéré et al., 2020; NASA, 2020). In particular, this can be useful to understand if total or partial lockdowns can be resolutive or the weather factor is preponderant. Meteorological data—such as minimum, maximum, and average temperatures, % relative humidity, and maximum wind speed—were analyzed according to the same criteria and considering the same timespans. Furthermore, t-tests between the average concentrations of PM10, average concentrations of PM2.5, and average TBT, during the first lockdown and the same period in the timespan 2016–2019 (considered as a unique dataset) were calculated. The stationarity of the above-listed series was assessed by the ADF, PP, KPSS, and MK tests as described in previous sections. Finally, the number of inhabitants and surface area of each province were also reported in the Results section, so as to exemplify the coverage of territory of the measuring stations and the demographic importance of all provinces. These data were taken from the official websites of the National Institute of Statistics (ISTAT)10 and AdminStat11.



Google Trends

We compared the weekly web query trends of 2020 with those of 2019, 2018 and the time-lapse 2016–2019, searching for significant discrepancies and focusing on pre-lockdown and the first lockdown period (from 20 February to 18 May 2020). The stationarity of the data series was assessed by the ADF, PP, KPSS, and MK tests as described in previous sections. When data series were not long-term stationary, the relative web interest difference between the periods January 1–February 19 and February 20–May 18 was evaluated from year to year. In doing so, it was possible to highlight any anomalies of the RSVs through the historical comparison. Two mean values were considered confident only when t < 1.5 and not confident only when t ≥ 1.9. In the intermediate 1.5 ≤ t < 1.9 range, non-confidence was interpreted as suspicious. Pearson and Spearman correlations were searched between RSVs and COVID-19 total cases and deaths. The possible causal nature of these relationships was tested by researching the same correlations between the 2019 RSVs and the COVID-19 total cases and deaths during 2020. In order to highlight any hidden correlations, Pearson and Spearman coefficients were used together (Rovetta, 2020). The chosen P-value significance threshold was α = 0.05; however, all correlations with .05 < P < 0.1 were classified as suspicious (Amrhein et al., 2017).





RESULTS


Effect of COVID-19 Restrictions on Particulate Matter Concentrations


Preliminary Evaluations and Results

Weather conditions. Substantial weather changes were identified in Lombardy between 2018, 2019, and 2020. In particular, significant or suspected decreases in the maximum wind speed occurred in 100% of cases during period 1 (Δav% = −18.0 ± 3.3). Whereas, in certain cases winds can lead to an increase in PM10 due to the transport of desert material or other debris, generally their decrease implies an increase in the concentrations of this particulate. On the contrary, between 2018 and 2020 there was a drastic and generalized decrease in relative humidity (8/9, av% = −18.2±4.2), a factor mainly associated with a decrease in particulate concentrations (Supplementary Table 1). Therefore, the results on the concentrations of particulate matter must be interpreted in the light of the above.



Lombardy Region Summary

PM10 and PM2.5 summary. Comparison 9 March−18 May 2019 and 2020. Significant or suspected increases: 58.5% (62/106). Significant or suspected reductions: 1.9% (2/106). No significant or suspected effects: 39.6% (42/106). PM10 worst stations. Significant or suspected increases: 41.7% (5/12). Significant or suspected reductions: 8.3% (1/12). No significant or suspected effects: 50% (6/12). PM2.5 worst stations. Significant or suspected increases: 33.3% (4/12). No significant or suspected effects: 66.7% (8/12). Comparison between the period 9 March−18 May 2018 and 2020. Significant or suspected increases: 6.6% (7/106). Significant or suspected reductions: 16.0% (17/106). No significant or suspected effects: 77.4% (82/106). PM10 and PM2.5 worst stations. Significant or suspected reductions: 8.3% (1/12). No significant or suspected effects: 91.7% (11/12). A summary for the individual provinces is reported in Tables 2–4. The details of the analysis are provided in Supplementary File 1.


Table 2. Comparison between the average concentrations of PM10 and PM2.5 in period 1 (9 March−18 May 2019 and 2020).
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Table 3. Comparison between the average concentrations of PM10 and PM2.5 in period 2 (9 March−18 May 2018 and 2020).
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Table 4. Comparison between the average concentrations of PM10 and PM2.5 in the periods 9 March–18 May 2016–2019 and 2020.
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Worst stations. Comparison 9 March−18 May 2016–2019, 2020. PM10. Significant or suspected increases: 25.0% (3/12). Significant or suspected reductions: 50% (6/12). No significant or suspected changes: 25.0% (3/12). PM2.5. Significant or suspected increases: 25.0% (3/12). Significant or suspected decreases: 0.0% (0/12). No significant or suspected changes: 75.0% (9/12).

TBT summary. Comparison 9 March−18 May 2019 and 2020. PM10. Increases: 100% (12/12). Total TBT: 103, 230 (Δ% = +123.3). PM2.5. Increases: 91.7% (11/12). No difference: 8.3% (1/12). Total TBT: 267, 375 (Δ% = +40.4). Comparison 9 March−18 May 2018 and 2020, PM10. Increases: 83.3% (10/12). No difference: 8.3% (1/12). Reductions: 8.3% (1/12). Total TBT: 149, 230 (Δ% = +54.4). PM2.5. Increases: 41.7% (5/12). No difference: 8.3% (1/12). Reductions: 50% (6/12). Total TBT: 365, 375 (Δ% = + 2.7).

DBT summary. Comparison 9 March−18 May 2019 and 2020. PM10. Increases: 66.7% (8/12). No difference: 25.0% (3/12). Decreases: 8.3% (1/12). Total DBT: 38, 54 (Δ% = +42.1). PM2.5. Increases: 58.3% (7/12). No differences: 25.0% (3/12). Reductions: 16.7% (2/12). Total DBT: 114, 151 (Δ% = +32.5). Comparison 9 March−18 May 2018 and 2020. PM10. Increases: 25.0% (3/12). No difference: 16.7% (2/12). Reductions: 58.3% (7/12). Total DBT: 59, 54 (Δ% = −8.5). PM2.5. Increases: 33.3% (4/12). Reductions: 66.6% (8/12). Total DBT: 166, 151 (Δ% = −9.0).




Consumer Behavior


Home Food Delivery Services

- Just Eat (20 February−18 May) comparison 2018–2019, 2020. Markedly stationary (6/6, ∀P < 0.001, Δ% = 30.6, t = 4.8). Comparison 2016–2019, 2020: 3 major level shifts (overall not stationary). Trends signs year per year (−,−,−,−,+). Most compromising inner trend (1 January−18 May, 2018): Δ% = −9.6, t = −1.5. Most significant inner trend (1 January−18 May, 2020). Δ% = +14.9, t = 2.6 (significant).

- Deliveroo (20 February−18 May) comparison 2018–2019, 2020. Non-stationary (0/6, ∀P > 0.10). Comparison 2016–2019, 2020: 5 major level shifts (overall not stationary). Trends signs year per year: (+,+,−,−,+). Most compromising inner trend (1 January−18 May, 2016): Δ% = +5.0, t = 2.4. Most significant inner trend (1 January−18 May, 2020): Δ% = +65.9, t = 6.4 (highly significant).

- Glovo (20 February−18 May) comparison 2018–2019, 2020. Non-stationary (0/6, ∀P > 0.10. Comparison 2016–2019, 2020: 4 major level shifts (overall not stationary). Trends signs year per year: (+,+,+,−,+). Most compromising inner trend (1 January−18 May, 2018): Δ% = +36.3, t = 2.1. Most significant inner trend (1 January−18 May, 2020): Δ% = +56.6, t = 4.9 (significant).

- Uber Eat (20 February−18 May) comparison 2018–2019, 2020. Non-stationary (0/6, ADF bP = 0.44). Comparison 2016–2019, 2020: 3 major level shifts (overall not stationary). Trend signs year per year: (+,+,+,+,+). Most compromising inner trend (1 January−18 May, 2019): Δ% = +40.6, t = 1.7. Most significant inner trend (1 January−18 May, 2020). Δ% = +60.5, t = 2.6 (compatible with a growing trend).

- Foodracers (20 February−18 May) comparison 2018–2019, 2020. Stationary (6/6, ADF wP = 0.044), Δ% = 208.0, t = 9.1. Comparison 2016–2019, 2020: 3 major level shifts (overall not stationary). Trend signs year per year: (+,+,−,−,+). Most compromising inner trend (1 January–18 May, 2016): Δ% = +116.7, t = 1.7. Most significant inner trend (1 January–18 May, 2020). Δ% = +237.5, t = 4.3 (significant).

All the trends are shown in Figure 1. Significant correlations were observed between RSVs and COVID-19 total cases and total deaths (r1 = 0.78, P < 0.001; r2 = 0.72, P < 0.001); nevertheless, such correlations were also identified between the same web queries during 2019 and COVID-19 total cases and deaths.


[image: Figure 1]
FIGURE 1. Italian citizens' web interest in home food delivery services from November 2017 to November 2020.





Online Food Shopping Services and Online Supermarkets

Compared to the same trend during 2018 and 2019, the web interest of Italian citizens in food shopping services and online supermarkets underwent a dramatic increase during the first lockdown (Figure 2). This is so evident that any test for stationarity and seasonality of the periods prior to 2020 has been considered superfluous.


[image: Figure 2]
FIGURE 2. Italian citizens' web interest in supermarket delivery services from November 2017 to November 2020.


- Esselunga online, comparison (20 February−18 May) 2018–2019, 2020. Δ1% = +861.9 ± 293.8, t1 = 3.4.

- spesa online + supermercato online + supermercati online (online food shopping), comparison (20 February−18 May) 2018–2019, 2020. Δ2% = +2593.8 ± 725.9, t2 = 3.4.

- Carrefour online, comparison (20 February−18 May) 2018–2019, 2020. Δ3% = +1100.0 ± 324.6, t3 = 2.9.

- Conad online, comparison (20 February−18 May) 2018–2019, 2020. Δ4% = +1358.3 ± 450.4, t4 = 2.9.

- Iperal online, Δ5% = +184.6 ± 65.4, t5 = 3.4.

The interest in these queries remained relatively high during the rest of 2020 compared to those of the previous years, going up again with the arrival of the second period of restrictions (Figure 2). Significant hidden correlations were observed between RSVs and COVID-19 total cases and deaths (R1 = 0.49, P < 0.035; R2 = 0.46, P = 0.049); nevertheless, such correlations were also identified between the same web queries during 2019 and COVID-19 total cases and deaths.


Online Shopping

The web interest of Italian citizens in home delivery services showed seasonality during 2018 and 2019 (Figure 3).


[image: Figure 3]
FIGURE 3. Italian citizens' web interest in shopping delivery services from November 2017 to November 2020.


Amazon, comparison (20 February−18 May) 2018–2019, 2020. Markedly stationary (6/6, ∀P < 0.001), Δ% = 67.7, t = 8.6). Comparison 2016–2019, 2020: 1 major level shifts (overall not stationary). Trends signs year per year: (−,−,−,−,+). Most compromising inner trend (1 January−18 May, 2018): Δ% = −6.3, t = −2.2. Most significant inner trend (1 January−18 May, 2020). Δ% = +37.2, t = 6.3 (highly significant).

eBay, comparison (20 February−18 May) 2018–2019, 2020. Non-stationary (0/6, ∀P > 0.10), marked stationary decreasing trend (MKs = −0.046, P < 0.0001). Comparison 2016–2019, 2020: Non-stationary (0/6, ∀P> 0.10), marked decreasing trend (MKs = −0.43, P < 0.0001). Inner trend inversion (1 January−18 May, 2020). Δ% = +25.0, t = 4.3 (highly significant).

Only low and non-significant correlations were identified between such queries and COVID-19 total cases and deaths (R, r < 0.3, P > 0.23).



Smart Working and Distance Learning

The web interest of Italian citizens in smart working and distance learning platforms such as Google Classroom, Teams, Zoom, Google Meet and Skype, underwent a drastic surge during and after the first lockdown (Δ% = + 1190.8 ± 133.3, t = 8.8 during period 1). Such an increase is so evident that any test for stationarity and seasonality of the periods prior to 2020 has been considered superfluous. Among all regions, Calabria is the one that has shown the highest interest in these technologies with an RSV = 100. The other regions had an RSV in the interval [35, 50], i.e., they showed a more similar interest (SD 4.3).





DISCUSSION


Principal Findings: Particulate Matter

This study shows how the average concentrations of PM10 and PM2.5 during the first lockdown have significantly increased compared to 2019, despite the massive blockage in the circulation of motor vehicles. In particular, a greater quantity of fine dust was detected in 59% of the measuring stations against 40% of not-relevant fluctuations. Among the most affected provinces there is Lodi, from which the COVID-19 infection arose. Although this scenario is partially compatible with the widespread decrease in winds in the region (Supplementary Table 1), these results prove that other factors not related to vehicles heavily affect air quality in Lombardy. The comparison between 2018 and 2020 data further strengthens this evidence: regardless of a marked reduction in relative humidity, the particulate matter concentrations remained similar in over 77% of measuring stations. The analysis of the worst stations from 2018 to 2020 revealed that the human contribution in the most polluted areas is even more limited, as the variations in the concentrations of particulate matter in this subsample were lower than those of the whole sample. As for TBT and DBT, the first lockdown did not show positive effects on PM compared to the same period during 2019 but seems to have caused some changes if compared to 2018 (the detail by province is reported in Supplementary File 1). However, even in this last case, traffic restrictions did not sufficiently improve air quality. Finally, data analysis of the historically most polluted areas of each province from 2016 to 2020 highlighted the presence of numerous decreasing trends interrupted precisely during 2020 spring. This phenomenon mainly concerned PM2.5, for which countertrends or stationary situations were observed in all stations. Conversely, the large number of significant reductions in PM10 concentrations suggests that: (i) within the PM10 time series, there were level shifts not detected by ADF, PP, and KPSS tests, and (ii) traffic influences PM10 concentrations the most.



Principal Findings: Consumer Behavior

This survey highlights that the lockdown significantly increased web interest in principal home food delivery services in Italy. In particular, anomalous positive level shifts occurred in all the time series from February 20 to May 18, 2020. After that, the RSV had a marked negative trend during the summer and then grown back while approaching the second lockdown. The situation regarding online food shopping services instead presented some differences: first, comparing the queries with the major RSVs, the increase in web interest during the first lockdown was 174 times greater in online food shopping than in home food delivery; second, all queries assumed a more rapid negative trend with the arrival of summer, and the RSV grew moderately during the autumn but without reaching the peaks of the previous spring. Nonetheless, the impact of COVID-19 was more significant for food shopping than for food delivery services: specifically, food delivery-related queries were numerous even in the 4 past years, while the RSV of food shopping-related queries was less than one before the first lockdown (i.e., almost negligible) and greater than four after the first lockdown. Thus, this suggests that: (i) the pandemic has pushed users to benefit from services never adopted in the past, and (ii) a fraction of them considered its use advantageous regardless of quarantine. The trend of the queries “Amazon” and “eBay” was compatible with that of food delivery services. However, the actual effect of increased demand in these services must be weighed on the absolute number of queries rather than the relative change: indeed, the peak of the “Amazon” RSV exceeds 8 and 80 times that relating to online-supermarket and home food delivery services, respectively. Besides, the “Amazon” query was among the most searched for in 2020, reaching values compatible with those of the “coronavirus + covid” query. Therefore, the most significant impact on the web market was recorded by Amazon. These findings confirm that Google Trends is an effective infoveillance tool for this type of scientific survey since the growing web interest in delivery services has been met by a real increase in the orders placed by Italian users (Agenzia Giornalistica Italiana, 2020). Finally, the forced use of smart working platforms has led to an increase in web interest toward these technologies that persisted beyond the lockdown.



Comparison With Previous Literature

Several studies have been conducted on the impact of the lockdown on Lombardy's air quality (Cameletti, 2020; Collivignarelli et al., 2020; Piccoli et al., 2020; Putaud et al., 2020). However, not all results are fully concordant: in fact, while Putaud et al. claim that they have not observed any significant changes in PM10 concentrations in Milan, Collivignarelli et al. argue that the lockdown had a positive effect on them, as well as on PM2.5 and other air pollutants. In this context, Cameletti highlights how a reduction in particulate matter emissions does not necessarily imply a reduction in its concentrations, thus putting forward how complex is the analysis of these types of phenomena. This notion could help explain the discrepancy found between previous authors and between the various reports from environmental protection agencies and universities. Another point to be taken into account is that these differences could also be explained by the different approaches adopted in the aforementioned studies, since some have used predictive models inherent exclusively to 2020 while others have compared the concentrations of pollution in the current year with those of previous years. This paper falls into the second category, as it investigates the differences in average concentrations of PM10 and PM2.5 between specific periods during 2016–2019, 2018, 2019, and 2020. Piccoli et al. showed that, as Milan registered similar temperatures during February and March in both 2019 and 2020, such data are suitable for a comparative analysis. This supports the assumption of the absence of unusual weather regimes. However, an evident reduction in wind speed- which certainly contributed to the increase in concentrations of particulate matter across the Lombardy region—was highlighted in this paper. Moreover, non-uniform and significant variations in temperature and relative humidity may have further biased the estimate of particulate matter emissions in an unpredictable manner. Actually, in this case, the climatic comparison between 2018 and 2020 showed a strong reduction in relative humidity but no decrease in fine particles was found, contrary to the claim of a direct correlation between humidity and particles levels. Consequently, the most important finding of this paper is that even a total lockdown strategy would be insufficient to reduce the concentrations of PM10 and especially PM2.5 in a sustainable way. Similar results were found by Donzelli et al. in Tuscany (Donzelli et al., 2020). This again calls into question the role of motor vehicles in the production of this type of air pollution. Abu-Allaban et al. showed that the fractional contributions of motor vehicles to ambient PM in urban areas in the USA were in the ranges 20–76 and 35–92% for PM2.5 and PM10, respectively (Abu-Allaban et al., 2007). The Italian National Research Council (CNR) measured a reduction in road traffic of 48–60% in Italian cities which was not followed by an equal reduction in particulates, thus confirming the great variance of the above ranges (Consiglio Nazionale delle Ricerche, 2020). Therefore, this research suggests that industries, private routinary activities, and environmental factors, could play a key role in the reduction of air pollution in Lombardy. Indeed, although other papers assign a non-marginal role for motor vehicles in the production of particulate matter (Kheirbek et al., 2016; Ryou et al., 2018), a recent study by Chang et al. identified other preponderant human factors, such as “wood heaters,” “industry,” “power stations,” and “non-road diesel and marine,” corresponding to 81% of PM2.5 human-deriving emissions in the New South Wales Greater Metropolitan Region. Furthermore, the natural and human-made sources were found to contribute to the population-weighted annual average PM2.5 emissions 60 and 40%, respectively (Chang et al., 2019). Alongside this, the demand for online delivery and shopping services has dramatically increased both during and after the lockdown waves. All these e-commerce services- including Amazon- can have a very negative environmental impact, especially when providing fast delivery times: indeed, not only the emissions of the transport vehicles but also the plastic packaging widely used by the companies do contribute to environmental pollution (Supply Chain Solutions Center, 2019; CNN Business, 2020). In this regard, Amazon claims to be planning a sustainable delivery strategy (Amazon, 2020): considering the current condition, it is high time the company was faithful to its words. Furthermore, it would be advisable that states and organizations all over the world impose more stringent and effective criteria for monitoring the individuals' environmental impact, as far as their administrative policies are concerned. Finally, smart working and distance learning could really be valid alternatives in terms of environmental impact as they do not involve traveling or excessive use of materials such as textbooks, notepads, notebooks, chalks, markers, etc. Conversely, this leads to an increase in household consumption of electricity and heat, especially during the winter. Nonetheless, it should be taken into account that such consumptions are inevitable even when people work in their own work structures/offices and private houses in Italy do not often have the same energy class systems (Salvalai et al., 2015; Malinauskaite et al., 2019). Moreover, there are many challenges to be faced before taking this path (The Planet Mark Eden Project, 2016; Hodder, 2020; Sarti et al., 2020) and the effectiveness of online lessons is still a hotly-debated topic among parents, teachers and psychologists (Abbasi et al., 2020; Abuhammad, 2020; Daniel, 2020; Mukhtar et al., 2020). What is certain is that the population has had to forcibly learn to use some of the most modern technologies and techniques of file sharing, databases, and online communication software and tools; thus, in the future, allowing extensive smart working sessions and online learning solutions in everyday life will be easier and less impacting at an emotional-psychological level, once the right compromise between the psychosocial health safeguard and environmental protection will be reached. Finally, the correlations found between COVID-19 cases and deaths, and web searches related to home delivery services in 2019 and 2020, could suggest how the virus has spread easier in regions with more frequent trade relations.



Strengths

As far as the author knows, this is the first study that compares PM10 and PM2.5 concentrations in the periods 2016–2019, 2018, 2019, and 2020 in Lombardy including data from all the measuring stations of all its provinces, also quantifying their meteorological differences. The direct comparison of average quantities between specific periods that has been used in this paper—supported by appropriate tests for the detection of trends, seasonalities, and outliers- offers a fast and statistically effective method to highlight anomalies and countertrends both in the historical comparison of series and the analysis of real-time surveillance. Furthermore, this study demonstrates a substantial reliability of Google Trends in estimating the demand for e-commerce and home delivery services of Italian web users, as well as a very limited capacity of lockdowns in the reduction of PM10 and PM2.5 concentrations in the most populated Italian region.



Limitations

Some limitations must be considered: (i) the search for statistical correlations cannot provide details on any possible causal nature of the investigated phenomena; (ii) the web interest of Google users does not necessarily provide a true-to-life representation of the general interests of all Italian citizens; (iii) in some provinces, the number of measuring stations could be insufficient to represent in detail the overall trend of PM10 and PM2.5 concentrations; (iv) there is the absence of substantial differences in climatic factors (e.g., winds and relative humidity) among the assumptions of this research methodology. In conclusion, although a preliminary semi-quantitative assessment was carried out, the severity of these biases is not fully quantifiable.




CONCLUSIONS

This study shows that even a forced total lockdown strategy, capable of reducing road traffic in Italian cities by 48–60%, was insufficient to reduce the concentrations of PM10 and especially PM2.5 in the Lombardy region. Environmental factors, industries, and individual routinary activities, can therefore have non-marginal or even preponderant roles in the production of this type of pollution. At the same time, COVID-19 has shown that citizens and the government still are not ready to manage policies that support smart working or distance learning. Furthermore, considering the increase in demand for home delivery services and online shopping during and after the lockdowns, government authorities must pay greater attention to the environmental effects of such businesses. For these reasons, Italian government agencies are advised to: (i) improve their own particulate matter monitoring system, with particular attention to PM2.5, in order to better understand the contribution of the various sources in this type of pollution, and (ii) support and subsidize the use of locally-sourced products in order to reduce pollution due to packaging. Finally, this paper demonstrates the urgent need for new models and approaches capable of accurately and univocally estimating the impact of climatic factors on particulate matter.
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