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Abstract

:

Air pollutants, NO, NO2, and O3, were examined from April to June 2020 and compared to a 10-year (2010–2019) climatology of these pollutants for two monitoring sites in Toronto, Ontario, Canada, coinciding with local lockdown measures during the first wave of the COVID-19 pandemic. NO and NO2 values were lower than any of the preceding 10 years at the two Toronto sites for both weekdays and weekends. Ozone concentrations did not have a corresponding decrease and in fact increased for weekdays, similar to other parts of the world. The well-documented ozone weekend effect was considerably muted during the morning rush hour throughout this pandemic period. A Fisher exact test on hourly averaged data revealed statistically significant record hourly minimums for NO and NO2, but this was not found for ozone, consistent with the aggregate ranking results. These findings are likely the result of considerably reduced vehicular traffic during this time and ozone chemistry in a NOx-saturated (VOC limited) environment. This has important implications for ozone abatement strategies.
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1. Introduction


Human cases of the novel corona virus were first detected in December of 2019 in Wuhan, China. At the start of 2020, rapid person-to-person transmission of the virus from East Asia through to Europe, the United Kingdom, and North America triggered widespread lockdowns leading to travel restrictions, economic stoppages, and a suspension of industrial activities. As a result, air quality around the world improved so significantly as to be visible through satellite imagery [1,2].



Lockdowns and stay-at-home orders have had a beneficial impact on air quality [3]. Bao and Zhang (2020) undertook a study of 44 Chinese cities that showed, during the initial lockdown period, a decrease in air pollution of 6–25%, while the study undertaken by Krecl et al. (2020) showed that megacities such as Sao Paulo had an even higher drop in air pollutants of 40–70% [4,5]. Rodríguez-Urrego and Rodríguez-Urrego (2020) conducted a study on particulate matter pollution (PM2.5) in capital cities during the lockdown, showing a drop of 20–60% in pollutant concentrations [6]. Pollution reductions have been largely driven by reduced vehicular traffic and industrial activity [7,8].



While lockdowns have led to significant socioeconomic impacts, they have also provided opportunities to study meaningful changes in different aspects of air quality that would not have otherwise occurred. The focus of this study is the change in air quality and the ozone weekend effect that occurred during the initial lockdown phase of the COVID-19 pandemic in Toronto, Ontario, Canada.



1.1. Background


Ground-level ozone arises from photochemical smog and can result in negative health impacts [9]. Huryn and Gough (2014) reported that, while local emissions of ozone precursors in Toronto have been reduced, there has been no statistically significant change in ground-level ozone concentrations [10]. An understanding of the nuanced chemistry of ozone formation can provide an explanation why localized remediation efforts have had little effect. Ground-level ozone is generated through a series of complex chemical reactions, featuring precursors, nitrogen oxides (NOx) and volatile organic compounds (VOCs), and sunlight. Ozone production can be summarized by the following reactions:


NO + O3 = NO2 + O2,



(1)






NO2 + O2 + hv = NO + O3.



(2)







If Reactions (1) and (2) are in equilibrium, there is no net change in ozone, generating a steady state of approximately 10–20 ppb. However, oxidation of CO and VOCs by OH in the atmosphere generates peroxy radicals (RO2), which in turn oxidize NO to NO2, summarized as follows:


OH + VOC + O2 = H2O + RO2,



(3)






RO2 + NO = RO + NO2.



(4)







This results in a net production of ozone through Reaction (2) and also generates additional NO that can, thus, repeat the cycle. At high NOx concentrations, however, ozone is broken down, a process known as ozone scavenging or titration (Reaction (1)). High NOx relative to VOC concentrations can, thus, result in lower ozone production as NO2 outcompetes VOC for OH suppressing the generation of peroxy radicals. The interplay between NO2 and VOCs dictates the effectiveness of remediation strategies resulting from two potential precursor states, NOx-saturated (VOC-limited) or VOC-saturated (NOx-limited) [11,12,13,14,15,16,17,18]. For NOx saturated environments, a reduction in NOx relative to VOCs leads to greater ozone production and vice versa [18,19,20,21].



This chemistry leads to a distinctive tropospheric ozone signature resulting from urbanization and the related hebdomadal emission cycles of NO, NO2, and VOCs, identified as the weekday/weekend effect or ozone weekend effect. This is manifested as an increase in ground-level ozone on weekends despite decreased NOx emissions. It is most readily detected during the morning rush hour period. This was first observed in various cities around the world in the 1970s [22,23,24,25]. Beaney and Gough (2002) observed weekday/weekend effect in the Greater Toronto Area, and this was expanded upon by Huryn and Gough (2014) for southern Ontario, Canada [10,26]. Both studies found a depression in ground-level ozone concentrations on weekdays between 6 and 7 h, which resulted in overall lower average ozone concentrations by hour and lower maximum ozone concentrations on weekdays compared to weekends. The weekday/weekend ozone effect has also been detected in many other regions of the world [17,18,27,28,29,30,31,32,33,34]. Observation of the weekday/weekend effect can provide insight into the ozone chemistry of a region and how ozone production will respond to emissions reduction, natural or planned [17,18]. Because the weekday/weekend effect is most detectable during the morning rush hour, most studies have attributed the weekend effect to vehicular emissions. Generally, these emissions are composed of a higher percentage of NOx compared to VOCs, and combustion engines release a higher proportion of NO compared to NO2 [35], which favors ozone scavenging through Reaction (1). The presence of a weekday/weekend effect indicates that a region is NOx-saturated (VOC-limited). All of the observed weekday/weekend effects around the world have been in larger population centers [18].



The COVID-19 pandemic of 2020–2022 provides an opportunity to examine ozone production under conditions of substantially reduced NOx emissions and a weaker emissions distinction between weekdays and weekends. Recently published work indicated a substantial reduction of NO and NO2 throughout the world, but the signal for ozone has been less ubiquitous in many regions, with higher ozone concentrations during the first wave of the pandemic [21,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50]. This work examines the behavior of ozone and NOx during the first wave of the COVID-19 pandemic that hit the Greater Toronto Area (April to June of 2020) with a particular focus on the impact on the weekend/weekday effect. The first wave of the pandemic occurred during the spring of 2020 with a state of emergency declared and a stay-at-home order enacted for Toronto beginning 23 March 2020 and extending to 24 June 2020; therefore, our study time period was established from April to June 2020.




1.2. Human Health Impacts of Ozone Exposure


While the novel corona virus has had catastrophic socioeconomic consequences globally, researchers have theorized that air pollution in highly urbanized areas may have been a cofactor in the development of disease during the pandemic [51,52]. Delnevo et al. (2020) undertook a study showing a causal relationship between the spread of the virus and reduced air quality [53]. A study conducted by Zhu et al. (2020) showed a statistical relationship between elevated air pollutant levels of PM2.5, PM10, CO, NO2, and O3 and infection rates [54]. While this research is emerging, the epidemiological and toxicological literature shows that exposure to traffic-related air pollution is causally linked to worsening asthma and greater cardiovascular risk [55]. Ozone is highly reactive. Exposure can lead to irritation of the eyes and airways, decreased lung function, increased respiratory and cardiovascular mortality and morbidity, and exacerbation of chronic conditions such as asthma [56,57,58,59,60].




1.3. Research Objective


The COVID-19 pandemic has provided a significant disruption to human activity including the emission of primary pollutants and potentially impacting the production of secondary pollutants, particularly notable in urban settings. We examine the period of April 2020 to June 2020 (inclusive), the “first wave” of the pandemic in Toronto, Ontario, Canada, through the following research lenses:




	
How did the restrictions imposed by the provincial government impact the magnitude of primary pollutants, NO and NO2, compared to the levels detected in the previous 10 years?



	
Through the well-documented ozone weekend effect, how was the secondary pollutant O3 impacted during the first wave as a result of changes in NO and NO2, also in comparison to the previous 10 years?










2. Data and Methods


2.1. Data


Hourly pollutant data, NO, NO2, and ground-level O3, are publicly available from the Ontario Ministry of the Environment, Conservation, and Parks (i.e., http://www.airqualityontario.ca, accessed on 15 July 2021), which is the same dataset used in previous work [10,37,61,62]. The data were accessed for the 11-year period, 2010 to 2020 for two locations in Toronto, Ontario, Canada, the largest urban area in southern Ontario [10]. The years 2010–2019 were used as the comparison climatology or baseline of the air quality measures. The two locations are designated Toronto West (43.71° N, 79.54° W) and Toronto East (43.75° N, 79.27° W) (see Figure 1). Two other stations, Toronto Downtown and Toronto North, had considerable data quality issues during 2020 (Toronto Downtown) or issues with the historical record (Toronto North which was relocated in 2016) and were, therefore, not used. Huryn and Gough (2014) and Beaney and Gough (2002) found that these two stations, in general qualitative terms, behaved in a similar fashion to the east and west stations [10,26]. The first 10 years of data (2010–2019) form a climatology or baseline of these three air quality measures, and the last year, 2020, occurs during the worldwide COVID-19 pandemic. We examined the April to June period for 2020, identified above as the period of the first pandemic lockdown in Ontario and, in particular, Toronto. This is also a time period in which the photochemistry in Reaction (2) can take place. Included in the analysis were the same months for the previous 10 years (2010–2019). We note that the 2010 data were used in [10], and this work confirmed a well-established weekday/weekend effect in Toronto, as reported in [26,61]. Those analyses focused on an examination of the presence and strength of the ozone weekend effect, as well as overall concentrations of NO, NO2, and O3 for this time period and these locations, as well as other locations in Ontario of varying urban development. Since ozone production is photochemical in nature, we used the previous 10 years (with the same photoperiod) as the comparator, rather than comparing to the period before the state of emergency, as applied in [36].




2.2. Method


2.2.1. Climatology and Baseline


The climatological baseline was formed using aggregated measurements of NO, NO2, and ozone for the months of April to June for the baseline period, 2010–2019, a 10-year average of the same months for both stations, and binned by “weekend” and “weekday”. “Weekends” included each Saturday and Sunday, as well as holidays in the 3-month period (Easter Friday when it occurred in April, Victoria Day in May), following the methodology used in [10,26]. Weekdays were the average of Monday through Friday excluding the two holidays. Each hour was averaged over the 3 months and binned into weekday and weekend. These climatological means were graphed with the corresponding 2020 data.




2.2.2. Data Ranking


The year 2020 data were ranked out of 11 years (2010–2020) examined for the 3-month aggregate (April–June average) for each station, separately ranking the weekday and weekend data, with “1” indicating the highest values during the 11-year period and “11” indicating the lowest values during this period.




2.2.3. Fisher Exact Test


The data were examined to determine if 2020 deviated significantly from expectation. To do this, the Fisher’s exact test was used to determine if the number of records in a particular year was significantly different than expectation. This test is particularly applicable to cases with small, expected values rather than using the more familiar chi-squared test. Hourly aggregated data were examined over the 11-year period. If the data are randomly distributed, the expectation is that, for any given year, there will be on average 2.2 extremes per year, i.e., 24 hourly data records over the 11 years (24/11 = 2.2). According to the Fisher exact test, if the number of records in a given year is nine or more for a 24 h sample size, this is statistically significant with a p-value at the 0.05 level, while a number of 11 or more is statistically significant at the 0.01 p-value level. This test was used to explore the degree of exceptionalism of 2020 for the two locations and for the three air quality measures for each hour of the day.






3. Results


The data collected were used to evaluate the data from the 3-month period from April to June of 2020 against the baseline period from 2010 to 2019.



3.1. Baseline 2010–2019


Nitrous oxide (NO) concentrations (Figure 2) followed a distinct daily cycle with a considerably muted cycle on weekends compared to weekdays, consistent with patterns of vehicular traffic. The peak values coincided with the morning rush hour and were consistent with weekend/weekday ozone scavenging [10]. These emissions were greater at Toronto West than Toronto East, where there is substantially higher traffic volume. Thus, nitrous oxide is mainly gained through vehicular emissions during the rush hour. NO then reacts readily with ozone (Reaction (1)) to produce NO2 and O2 and reaches a steady state as regulated by Reactions (1)–(4).



Nitrogen dioxide (NO2) concentrations (Figure 3), like nitrous oxide, had a distinctive peak during the morning rush hour that was clearly seen for weekdays (WD) and was largely absent for weekends (WE). The Toronto West results had a greater diurnal amplitude, substantially exceeding Toronto East during the morning rush hour, but lower values in the afternoon than those of Toronto East. In addition, at Toronto West, there was a late afternoon/early evening secondary peak, likely related to diminished photochemical activity (Reaction (2)), with the accumulation of NO2 and a coincident decrease in ozone (Figure 4). The difference between the two stations may be the result of varying concentrations of VOCs and consequent production of peroxy radicals, needed in the Reaction (3) chemistry. Given the more residential characteristic of the Toronto East site, this seems likely.



The ozone levels for the baseline period, 2010–1019, are consistent with previous work [10,26,36,61], clearly showing a distinct weekday/weekend effect with substantial higher values of ozone on weekends (Figure 4) [10,26,36,61]. For both Toronto East and Toronto West, the weekends had a distinctively muted early morning reduction in ozone attributed to the lack of substantial morning vehicular rush hour, with a coincident reduction in NO and NO2 emissions (Figure 2 and Figure 3). The Toronto West observation site, as noted above, is located near a major urban thoroughfare, whereas Toronto East is located in a suburban residential area.




3.2. 2020 Data


The aggregate data (April–June average) for the first wave during the 3-month period from April to June of 2020 are presented in Table 1, Table 2 and Table 3 for the baseline period (2010–2019) and 2020, for the two Toronto stations (East and West) and for the three air quality measures, NO and NO2, and ozone (O3), respectively. As shown in Table 1 and Table 2, NO and NO2 experienced substantial reductions during the 2020 pandemic first wave, by up to 70% below the baseline period. As observed in the previous section, the baseline values of NO and NO2 for TW were higher than TE, except for NO2 on weekends. Weekdays exceeded weekends for both stations for these two measures. While there was a ubiquitous reduction in NO emissions in 2020 (Table 1), this was amplified for Toronto East (TE) and for weekends, as measured by the percentage difference from the baseline period. Generally, NO2 (Table 2) followed this same pattern, although the relative reduction at TW was less than at TE. In a striking contrast, the changes in ozone concentration on weekends did not differ substantially from the baseline period (<2% difference), and, for weekdays, ozone concentrations increased by 10–15%, with the larger increase for TW. The increase in ozone while NO and NO2 decreased is consistent with other pandemic results [21,37,45,50], a point explored in greater detail in the hourly analysis.



Figure 5 and Figure 6 depict, for Toronto East and Toronto West, respectively, nitrous oxide, NO, for 2020 (WE 2020, WD 2020), relative to the baseline values (WE, WD). During the morning rush hour period (5–8 pm), there was a substantial reduction in NO detected during 2020 for both weekends and weekdays, with an amplified reduction for the weekdays (WD vs. WD 2020). The NO values were higher, and the reduction was greater at Toronto West. For all hours of the day, and for both weekends and weekdays, the weekday NO values were higher than weekend values, although differences between the two were smaller for 2020. These results are consistent with a reduction in vehicular traffic during the first wave of the pandemic in Ontario due to the mandated lockdown. The City of Toronto measures traffic congestion using a travel time index (TTI). In 2019, for the afternoon rush hour in spring, a value of 1.76 was typical, indicating travel times were slower by 76%; however, during the study period (March–June 2020), the TTI was 1.0, indicating no delays due to traffic congestion.



Figure 7 and Figure 8 depict, for Toronto East and Toronto West, respectively, nitrogen dioxide, NO2, for 2020 (WE 2020, WD 2020), relative to the baseline values (WE, WD), the most distinct difference of the three air quality measures examined. For the entire day, there was a substantial reduction in NO2 detected during 2020 for both weekends and weekdays, a difference that peaked in the afternoon unlike the NO results, particularly notable at Toronto East. The diurnal amplitude of 2020 NO2 was similar to that experienced during the baseline NO2 behavior at Toronto West, suggesting that a muted VOC reduction relative to NOx was more important for Toronto East during 2020, These results are consistent with a reduction in vehicular traffic in a NOx-saturated environment during the first wave of the pandemic in Ontario due to the mandated lockdown.



Figure 9 and Figure 10 depict the ozone levels for Toronto East and Toronto West, respectively, for 2020 (WE 2020, WD 2020), relative to the baseline values (WE, WD). During the morning rush hour period (5:00–8:00 a.m.), the weekend values (WE, WE 2020) did not differ significantly, with WE 2020 being marginally higher at Toronto East and higher at Toronto Wet. However, for the weekdays at both locations, the minimum ozone concentration was lower for the baseline period (WD) compared to 2020 (WD 2020). The muted morning rush hour during the first wave of the pandemic (due to the sanctioned lockdown) resulted in a muted ozone response, likely the result of reduced scavenging by NO (Reaction (1)). Weekend values remained higher for the baseline results compared to weekday values throughout the day, but this was not observed for 2020. By afternoon, in 2020, the weekday values exceeded those of the weekend. This was observed at both locations, although the difference was greater at Toronto East. This was likely the result of NOx reduction relative to VOC reduction in a NOx-saturated environment, generating more ozone [13,18], suggesting that any reduction in VOCs was less intense than the reduction in NOx.




3.3. Ranking Analysis


The 2020 aggregate values (over the April to June period) of the air pollution measures (NO, NO2, O3) were ranked within the 11-year record (2010–2020) for the two Toronto stations (Toronto West, Toronto East), with “1” indicating the highest values during the 11-year period and “11” indicating the lowest values during this period. This was done for weekdays (WD) and weekends (WE), and the results are presented in Table 4 and Table 5, respectively. A clear signal emerged with NO and NO2 values being the lowest for both locations independent of weekday and weekend. This is consistent with the substantial reduction in vehicular traffic during the first lockdown of the COVID pandemic and Adams (2020), as well as with other COVID-19 pandemic analyses [21,37,45,46,50].



The ozone results were more nuanced. For weekdays, the 2020 ozone concentrations were the highest for Toronto East and Toronto West. The ozone results for the weekend, however, were unremarkable, landing in the middle of the 11 years at rankings of 6 for both Toronto East and Toronto West. These results are consistent with a NOx-dominated atmosphere [10,13,18]. On weekdays during the pandemic lockdown, as shown in the previous section, there was a substantial reduction in NO and NO2, especially notable during the morning rush hour (Figure 7, Figure 8, Figure 9 and Figure 10). Thus, the weekday mechanism for scavenging ozone was mitigated, allowing ozone concentrations to be higher (Figure 5 and Figure 6). On the weekend, the difference in NO concentrations in the early morning was lower than the average over the previous 10 years but the difference was less than observed for weekdays (Figure 7 and Figure 8). This resulted in weekend ozone concentrations that were not substantially different from non-pandemic years (<2% difference). Combining these results, the ozone weekend effect while still apparent was muted (Figure 5 and Figure 6) during the morning rush hour (5:00–8:00 a.m.). By mid-afternoon, during the climatological period (2010–2019), ozone concentrations on weekends were higher but this reversed for the pandemic year (2020) with weekday concentrations exceeding weekends, particularly in the late afternoon. As noted above, this a clear indication of a NOx-saturated environment with greater NOx reduction relatively to VOC reduction, leading to greater ozone concentrations, a phenomenon observed in other parts of the world [50].




3.4. Fisher’s Exact Test


The Fisher’s Exact test allows the expansion of the analysis of the previous ranking exercise by examining hourly data. In the dataset, there were 24 h of daily data for three stations divided into two bins, weekend and weekday. This test allowed the examination of extreme values for each year. If the data are evenly distributed over the 11 years (that is, no net trends and no outlier years), the expectation is for 2.2 extremes per year (24/11), i.e., of the 24 h worth of annual averaged data (April to June), 2.2 h on average over the 11 years would be records. These extremes per year were tabulated by location, air pollution element, and weekday/weekend binning. Fisher’s exact test for this sample size indicated that any values 9 or more were significant at p < 0.05, and any values 11 or more were significant at p < 0.01. Table 6 and Table 7 present the results of this analysis for weekdays and weekends, respectively. These results confirm statistically that 2020 was an exceptionally low year for NO and NO2. It was an exceptionally high year for ozone during the weekdays but not exceptional for ozone on weekends.





4. Discussion


The COVID-19 pandemic and its impact on human activity, including human health, have provided an unprecedented opportunity to explore the impact on anthropogenic air quality chemistry. Other recent work has reported a substantial reduction for most air pollutants such as NOx, but an unambiguous signal for ground-level tropospheric ozone, a secondary pollutant generated by photochemistry in the presence of chemical precursors (NOx, VOCs) and ultraviolet radiation [21,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50].



In this work, the impact during the first wave of the pandemic (April to June of 2020) was examined in detail for Toronto, Ontario, Canada building on previous ozone weekend effect work [10,26,61,62]. This earlier work established a well-developed weekday/weekend ozone effect in the Toronto area that yielded higher ozone levels on the weekend due to the mitigated weekend rush hour and resultant reduction in ozone scavenging by nitrous oxide.



Data from two representative observing stations in the Toronto area were used, Toronto East and Toronto West. Consistent with other locations around the world, NO and NO2 were substantially reduced as a result of a local lockdown during the first wave, with as much as a 69% reduction at Toronto West. This percentage reduction was greater for weekends than weekdays and greater for NO than NO2. The two stations had qualitatively similar results, although Toronto West values were of higher magnitude due to closer proximity to major transportation infrastructure. Two ranking exercises provided clear indications of the exceptionalism of the 2020 NO and NO2 data compared to the previous 10 years (2010–2019) demonstrating that that 2020 was an outlier. Fisher’s exact test on the hourly data confirmed the aggregate data ranking at a high level of statistical significance (p < 0.01).



In striking contrast, ground=level tropospheric ozone did not exhibit this clear behavior observed in the two primary pollutants. The weekend/weekday effect, as more clearly detected during the 5:00–8:00 a.m. time frame, remained present but was muted compared to the baseline period. Overall, on weekends, ozone concentrations were not substantially different during the first wave of the pandemic, and ozone concentrations were higher, by up to 15%, during weekdays; thus, a net reduction in the hebdomadal weekday/weekend difference for Toronto West and an unprecedented reversal for Toronto East were observed, in which weekday averages exceeded those of weekends in 2020. This somewhat counterintuitive impact on ozone (an increase rather than a decrease) is consistent with the ozone chemistry of the weekend/weekday effect and an indicator, similar to other locations around the world [50], that Toronto exists in a NOx-saturated environment (with respect to VOCs). Ozone reductions do not occur in such an environment unless VOCs are reduced at a greater rate than NOx reductions. This is consistent with the conclusion of [10], which indicated a local NOx-saturated environment for Toronto. This has clear implications for ozone abatement strategies and indicates the futility of targeting NOx reduction without simultaneously considering concurrent VOC reduction.




5. Conclusions


The COVID-19 pandemic and its impact on human activity have provided a unique opportunity to observe the resulting anthropogenic air quality chemistry. Other work indicated a clear reduction in most air pollutants, but not a clear signal for ground-level tropospheric ozone. The impact during the first wave of the pandemic (April to June of 2020) was examined in detail for Toronto, Ontario, Canada building on previous ozone weekend effect work [10,26,61,62]. Data from two representative observing stations in the Toronto area were used. Consistent with other locations around the world, NO and NO2 were substantially reduced as a result of a local lockdown during the first wave, with as much as a 69% reduction. The percentage reduction was greater for weekends than weekdays and greater for NO than NO2. Two ranking exercises on the NO and NO2 data indicated the exceptionalism of the 2020 data compared to the previous 10 years (2010–2019), demonstrating that 2020 was a clear outlier. In contrast, ground-level tropospheric ozone did not exhibit this clear behavior. On weekends, ozone concentrations were not substantially different during the first wave of the pandemic, and ozone concentrations were higher, by over 10%, during weekdays, weakening the ozone weekend effect. This somewhat counterintuitive result is consistent with the ozone chemistry of the weekend/weekday effect and an indicator, as in other locations around the world, that Toronto, Ontario exists in a NOx-saturated environment (with respect to VOCs), and that ozone reductions do not occur in such an environment unless VOCs are reduced at a greater rate than NOx. This has clear implications for ozone abatement strategies.
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Figure 1. Map of air quality measuring station locations within Toronto, Ontario, Canada. Toronto East (43.75° N, 79.27° W) and Toronto West (43.71° N, 79.54° W) were used in this study. Due to data issues, Toronto North and Toronto Downtown were not used in this analysis. The scale is 1:220,000. 
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Figure 2. Nitrous oxide concentration (ppb) during the baseline period (2010–2019) for Toronto West (TW) and Toronto East (TE) for weekends (WE) and weekdays (WD). 
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Figure 3. Nitrogen dioxide concentration (ppb) during the baseline period (2010–2019) for Toronto West (TW) and Toronto East (TE) for weekends (WE) and weekdays (WD). 
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Figure 4. Ozone concentration (ppb) during the baseline period (2010–2019) for Toronto West (TW) and Toronto East (TE) for weekends (WE) and weekdays (WD). 
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Figure 5. Nitrous oxide (NO) for the average period April to June 2010–2019 for weekends (WE) and weekdays (WD) and for April to June 2020 (WE 2020, WD 2020) at Toronto East. 
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Figure 6. Nitrous oxide (NO) for the average period April to June 2010–2019 for weekends (WE) and weekdays (WD) and for April to June 2020 (WE 2020, WD 2020) at Toronto West. 
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Figure 7. Nitrogen dioxide (NO2) for the average period April to June 2010–2019 for weekends (WE) and weekdays (WD) and for April to June 2020 (WE 2020, WD 2020) at Toronto East. 
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Figure 8. Nitrogen dioxide (NO2) for the average period April to June 2010–2019 for weekends (WE) and weekdays (WD) and for April to June 2020 (WE 2020, WD 2020) at Toronto West. 
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Figure 9. Ground-level ozone (O3) for the average period April to June 2010–2019 for weekends (WE) and weekdays (WD) and for April to June 2020 (WE 2020, WD 2020) at Toronto East. 
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Figure 10. Ground-level ozone (O3) for the average period April to June 2010–2019 for weekends (WE) and weekdays (WD) and for April to June 2020 (WE 2020, WD 2020) at Toronto West. 
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Table 1. The 3-month (April to June) aggregate results for NO for the baseline period (2010–2019) and 2020 and the percentage reduction for 2020 from the baseline period, analyzed for Toronto East (TE) and Toronto West (TW) for both weekends (WE) and weekdays (WD).
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	NO
	2010–2019 Baseline
	2020
	% Difference





	TE-WE
	2.38
	0.72
	−69.7



	TW-WE
	3.21
	1.51
	−53.1



	TE-WD
	3.84
	1.41
	−63.4



	TW-WD
	7.56
	4.07
	−46.2
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Table 2. The 3-month (April to June) aggregate results for NO2 for the baseline period (2010–2019) and 2020 and the percentage reduction for 2020 from the baseline period, analyzed for Toronto East (TE) and Toronto West (TW) for both weekends (WE) and weekdays (WD).
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	NO2
	2010–2019 Baseline
	2020
	% Difference





	TE-WE
	14.06
	5.53
	−60.7



	TW-WE
	11.55
	7.41
	−35.8



	TE-WD
	14.98
	7.29
	−51.3



	TW-WD
	16.45
	11.35
	−31.0
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Table 3. The 3-month (April to June) aggregate results for O3 for the baseline period (2010–2019) and 2020 and the percentage reduction for 2020 from the baseline period, analyzed for Toronto East (TE) and Toronto West (TW) for both weekends (WE) and weekdays (WD).
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	Ozone
	2010–2019 Baseline
	2020
	% Difference





	TE-WE
	31.83
	31.68
	−0.49



	TW-WE
	29.96
	30.49
	1.76



	TE-WD
	29.82
	32.95
	10.52



	TW-WD
	25.89
	29.66
	14.56
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Table 4. Ranking of 2020 with the period of 2010–2020 with 1 for the highest value and 11 for the lowest value for the two Toronto stations, Toronto East (TE) and Toronto West (TW) for weekdays.
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	WD
	TE
	TW





	NO
	11
	11



	NO2
	11
	11



	O3
	1
	1










[image: Table] 





Table 5. Ranking of 2020 with the period of 2010–2020 with 1 for the highest value and 11 for the lowest value for the two Toronto stations, Toronto East (TE) and Toronto West (TW) for weekends.
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	WE
	TE
	TW





	NO
	11
	11



	NO2
	11
	11



	O3
	6
	6
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Table 6. The number of extreme values out of 24 in 2020 using averaged hourly data from April to June for weekdays. p-Values < 0.01 for 11 or more are shown in bold. The extremes for ozone are maximum values; the extremes for NO and NO2 are minimum values.
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	WD
	TE
	TW





	NO
	23
	16



	NO2
	18
	18



	O3
	12
	18
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Table 7. The number of extreme values out of 24 in 2020 using averaged hourly data from April to June for weekends. p-Values < 0.05 for 9 or more and p-values < 0.01 for 11 or more are both shown in bold. The extremes for ozone are maximum values; the extremes for NO and NO2 are minimum values.






Table 7. The number of extreme values out of 24 in 2020 using averaged hourly data from April to June for weekends. p-Values < 0.05 for 9 or more and p-values < 0.01 for 11 or more are both shown in bold. The extremes for ozone are maximum values; the extremes for NO and NO2 are minimum values.





	WE
	TE
	TW





	NO
	21
	9



	NO2
	21
	17



	O3
	1
	1
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