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Abstract

:

During the global COVID-19 pandemic, anthropogenic emissions of air pollutants and greenhouse gases (GHGs), especially traffic emissions in urban areas, have declined. Long-term measurements of trace gas concentrations in urban areas can be used to quantify the impact of emission reductions on GHG mole fractions. Open-path Fourier transform infrared (OP-FTIR) spectroscopy is a non-intrusive technique that can be used to simultaneously measure multiple atmospheric trace gases in the boundary layer. This study investigates the reduction of mole fractions and mole fraction enhancements above background for surface CO, CO   2  , and CH   4   in downtown Toronto, Canada (the fourth largest city in North America) during the 2020 and 2021 COVID-19 stay-at-home periods. Mean values obtained from these periods were compared with mean values from a reference period prior to the 2020 restrictions. Mean CO mole fraction enhancement declined by 51 ± 23% and 42 ± 24% during the 2020 and 2021 stay-at-home periods, respectively. The mean afternoon CO   2   mole fraction enhancement declined by 3.9 ± 2.6 ppm (36 ± 24%) and 3.5 ± 2.8 ppm (33 ± 26%) during the stay-at-home periods in 2020 and 2021. In contrast, CH   4   mole fraction enhancement did not show any significant decrease. Diurnal variation in CO during the stay-at-home period in 2020 was also significantly reduced relative to the reference period in 2020. These reductions in trace gas mole fraction enhancements coincide with the decline of local traffic during the stay-at-home periods, with an estimated reduction in CO and CO   2   enhancements of 0.74 ± 0.15 ppb and 0.18 ± 0.05 ppm per percentage decrease in traffic, respectively.
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1. Introduction


The World Health Organization (WHO) declared COVID-19 a pandemic on 11 March, 2020. Since then, many countries and regions have implemented restrictions on travel and other activities to suppress the spread of the virus. As of 1 May 2021, almost 151 million cases have been confirmed around the world (https://covid19.who.int/, accessed on 29 June 2021). Emissions of air pollutants related to travel and industrial activities have declined, especially for urban regions, during the COVID-19 restrictions. These impacts are of interest to air quality and climate research, and have been investigated in many cities around the world [1]. Global data show that fossil fuel carbon dioxide (CO   2  ) and nitrogen oxides (NO   x   = NO + NO   2  ) emissions declined during the COVID-19 pandemic restrictions in 2020, with a maximum of 30% in mid-April 2020, due to reduced activity in the transport sector [2]. That study also noted that changes in methane (CH   4  ) emissions are mainly driven by reductions in the power sector emission, which have been smaller than those in the transport sector globally [2]. Nitrogen dioxide (NO   2  ) is an important air pollutant in urban and industrial regions. Due to the short atmospheric lifetime of NO   2   and fuel combustion as its major anthropogenic source, NO   2   reductions have been observed and quantified over urban regions around the world using satellite observations [3,4,5,6,7,8,9,10,11,12]. Reported NO   2   total column reductions vary by region and are as large as 69% compared to the period before the lockdowns or to the same period in 2019. NO   2   surface mole fractions in urban regions have been quantified using in situ data from ground stations [13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34], with reported mean reductions typically in the range from 30% to 83%. Fine particulate matter (PM    2.5   ) and surface ozone are also important air pollutants with negative health impact, but highly nonlinear atmospheric chemistry complicates determination of the impact of emission reductions due to COVID-19 lockdowns [35,36,37].



In addition to NO   x  , carbon monoxide (CO) is a major air pollutant in urban regions emitted by vehicular fossil fuel combustion processes. Studies have used satellite observations to investigate the impact of COVID-19 lockdowns on CO. Field et al. analyzed CO at at 500 hPa from the NASA Atmospheric Infrared Sounder (AIRS) observation over central east China [4]. They reported that CO in 2020 was 12% lower than the 2015–2019 mean, but only 2% lower than the projected CO level due to the decreasing trend in CO since 2005. Filonchyk et al. observed reduced CO at 400 hPa from AIRS after the lockdown in east China [5]. Metya et al. studied AIRS CO at 700 hPa and reported a significant 5–6% reduction in northern-central China in February-March 2020 [10]. Fan et al. investigated the COVID-19 impact on CO concentrations over populated areas in China [38]. They reported a small change (±20%) of CO column in 2020 using the TROPOspheric Monitoring Instrument (TROPOMI) observations, and found that CO surface mole fractions from in situ measurements in 2020 were not much different from those in previous years. Furthermore, using TROPOMI, Sannigrahi et al. studied 20 cities, mostly in Europe and America, and reported that CO tropospheric columns changed from −2.24% to +1.92% during the lockdown period compared to the same period in 2019 [39]. After removing the long-term historical trends, Elshorbany et al. found decreases of less than 10% in the CO total columns measured by the Measurement of Pollution in the Troposphere (MOPITT) instrument over most of the USA [40]. The decline of CO surface mole fractions in urban regions during COVID-19 lockdowns has been reported to range from not significant to 67%, using data from ground-based in situ measurements [7,9,13,15,16,17,18,19,20,22,23,26,27,28,29,30,31,34,41,42,43,44].



Toronto is the fourth largest city in North America, and over 6 million people live in the Toronto region. The Greater Toronto Area has been subject to varying restrictions since March 2020. Consistent with current terminology of the Ontario government, the periods with the strongest restrictions were in place in 2020 and 2021 are described as “stay-at-home” periods. The first stay-at-home order enacted in Ontario in 2020 was in place from 14 March to 18 May. A 50% drop in daily traffic counts was observed across the Greater Toronto Area over this period relative to pre-lockdown levels in 2020 (Figure 1). The second stay-at-home period was implemented from 14 January to 7 March 2021, resulting in a 30% drop in daily traffic counts compared to the same pre-lockdown period in 2020. Only a few studies have examined the effect of the COVID-19 restrictions on trace gases in Toronto. Adams quantified reductions of pollutants using in situ measurements from ground-based stations over Ontario [45]. This study reported an average reduction of NO   2   surface mole fraction of 2 ppb (22%) and no significant reduction of PM    2.5    mass concentration in 2020, compared to the same period of time in 2015–2020. Goldberg et al. quantified NO   2   total column reduction over 20 North American cities using TROPOMI data and reported a 30% decline in the NO   2   column over Toronto in 2020 [6]. Furthermore, using TROPOMI, Griffin et al. quantified an NO   2   column decrease of as much 60% during the lockdown in 2020 compared to previous months, with about 25% of this decrease due to the seasonalities of solar radiation and NO   x   emissions in Toronto region [46]. Tian et al. showed that the average CO mole fraction in six Canadian cities decreased in March 2020 (about 40% decrease in Toronto) using surface in situ data, and the average CO mole fraction in Toronto had a significant increase (about 60%) in June 2020 [47]. Interestingly in the same study, surface NO   2   in Toronto did not show a significant decrease during the lockdown in 2020 compared to the same periods in 2019 or 2018 [47].



In addition to monitoring air quality, it is important to estimating greenhouse gas (GHG) emissions of cities for attributing anthropogenic sources of GHGs and implementing strategies of mitigating global climate change. Quantification of GHG concentrations and enhancements using ground-based measurements can be used to optimize urban GHG emission estimates and detect emission changes [48,49,50]. About 35% of Toronto’s GHG emissions in 2018 were from on-road vehicles [51]. Toronto’s long term goals of GHG reduction are 65% by 2030 and net zero by 2050 [51]. To achieve this goal, public transit and personal vehicles are shifting to use low or zero-carbon energy sources [52]. Significantly reduced on-road traffic during the COVID-19 restrictions in 2020 and 2021 provides an opportunity to observe how air pollutants and GHGs may be reduced in the future as transportation switches to electric vehicles in Toronto.



OP-FTIR spectroscopy is a non-intrusive technique that can be used to simultaneously measure multiple atmospheric trace gases in the boundary layer almost continuously. Open-path measurements determine path-averaged concentrations and are less sensitive to immediate local sources compared to point measurements. Due to these characteristics, OP-FTIR has been used to monitor CO, CH   4  , CO   2   and nitrous oxide (N   2  O) from traffic emissions and other urban and rural sources [53,54,55,56,57]. The goal of this study is to quantify the changes in mole fractions and enhancements of CO, CO   2  , and CH   4   in downtown Toronto during the COVID-19 stay-at-home periods in 2020 and 2021, and to determine whether this system could detect the impact of changes in urban traffic emissions on CO and CO   2  .




2. Materials and Methods


2.1. Measurements Location


The University of Toronto OP-FTIR system is located on the St. George campus in downtown Toronto, approximately 3.5 km to the north of Lake Ontario. The spectrometer, coupled with the telescope, sits in a laboratory on the twelfth floor (about 45 m above ground level (AGL)) of the McLennan Physical Laboratories building (MP). The building hosts a weather station (Vantage Pro2 Plus, Davis Instruments Corporation, Hayward, CA, USA) and a barometer (Model PTB330, Vaisala, Vantaa, Finland) on the roof (about 61 m AGL, 174 m above sea level, and located at 43.6604   ∘   N, 79.3983   ∘   W). The retro-reflector (PLX AR-30-5 corner cube array) is located on the roof of the four-storey Galbraith building (about 20 m AGL, 43.6600   ∘   N, 79.3964   ∘   W), co-located with a second weather station (Vantage Pro2 Plus, Davis Instruments Corporation). The two-way path length between the input aperture of the telescope and the retro-reflector is about 320 m. The details of this OP-FTIR instrument and the open-path optical system are described in Byrne et al. [58].




2.2. OP-FTIR Instrumentation


A Bruker IFS 125M with a CaF   2   beam-splitter (14,000–1850 cm    − 1   ) and an indium antimonide (InSb) detector (9600–1850 cm    − 1   ) records over the spectral range 1900–6000 cm    − 1    at 0.4 cm    − 1    resolution. Each measurement consists of 40 coadded scans recorded over 5 min. A 12.5-inch F/9 Ritchey-Chrétien telescope (RC Optical Systems) with gold-coated mirrors focuses the incoming infrared beam. The telescope is vertically oriented, and a 24 × 13 inch elliptical steerable mirror is located at the top of the telescope to acquire and direct the infrared beam. An infrared globar source is mounted at the top of the telescope. A shutter located in front of the globar source is alternatively raised or lowered to collect spectra with the source or from the atmosphere only. Spectra are 40 co-added scans for both shutter raised and shutter lowered measurements. Background spectra were measured when the infrared beam was directed to another retro-reflector that was previously placed at a distance about 2 meters from the steerable mirror. Measurements are made continuously day and night, with occassional gaps due to bad weather or instrumental issues.




2.3. Data Processing and Gas Retrievals


The general steps of data processing in this study are shown in Figure 2. The spectra measured with the shutter raised include the globar signal as well as atmospheric emissions and scattered light from the atmosphere; the latter two signals should be subtracted from the measurement to get radiation solely from the globar source. To do this, two shutter-lowered spectra taken before and after each shutter-raised spectrum are first averaged, and then subtracted from the corresponding shutter-raised spectrum to calculate the absorption spectrum. The subtraction is similar to what is used in Byrne et al. [58], and is performed using the routine developed by Geddes et al. [59]. The transmission spectrum is then calculated by taking the ratio of this calculated absorption spectrum to a previously determined background spectrum, as described in Section 2.2.



Path-averaged mole fractions of trace gases are retrieved using the Multiple Atmospheric Layer Transmission (MALT) code version 5 [60]. In this study, the spectral line parameters are taken from the High Resolution Transmission (HITRAN) 2016 database [61]. The MALT inverse model uses non-linear least squares based on the Levenberg–Marquardt algorithm [62] to minimize root mean square (RMS) residual and obtain a best fit [63]. The input pressure is taken from the barometer measurement on the roof of MP and scaled to the height of the midpoint of the open path. The input temperature is taken from the linear interpolation of the temperature measurements on the roof of MP and beside the retro-reflector to the midpoint of the open path. There was no weather station beside the retro-reflector before November 2018, so for this period the input temperature was taken as the temperature measured on the roof of MP plus 0.45 K, considering the average temperature difference between the measurements on the roof of MP and beside the retro-reflector, and scaling to the midpoint of the open path.



In this study, CO, CO   2   and N   2  O mole fractions with respect to whole air are retrieved in the range 2141–2235 cm    − 1    (H   2  O is interfering gas) and CH   4   is retrieved in the range 2900–3027 cm    − 1    (H   2  O is interfering gas) as summarized in Table 1 [56,58]. H   2  O mole fraction is retrieved in the range 2713–2952 cm    − 1    [58] and used to calculate dry-air mole fractions of gases by


  G A  S d  = G A  S w   1  1 −  H 2   O w     



(1)




where H   2  O   w   is the whole-air mole fraction of water retrieved by the OP-FTIR. The greatest number of the monthly 90th percentile of residual RMS (from November 2017 to March 2021) is used as the redidual RMS threshold of filtering poor measurements. The retrieved mole fractions with residual RMS > 0.0073 for CO, CO   2   and N   2  O, 0.0476 for CH   4  , and 0.0294 for H   2  O, are excluded from further analysis. Dry-air mole fractions of gases are calculated from the retrieved whole air mole fractions and H   2  O mole fractions. Dry-air mole fractions of CO, CO   2   and CH   4   are then calibrated against previous measurements using two cavity ring-down spectrometers at each end of the open-path, as described in Byrne et al. [58]. Allan deviations (ADs) are used to quantify the precision of the OP-FTIR gas retrievals [54,58], considering the atmospheric variability in mole fraction of those gases. The one hour ADs are 0.4 ppm (0.10%) for CO   2  , 1.6 ppb (0.95%) for CO, and 6.7 ppb (0.32%) for CH   4   over the entire studied period from November 2017 to March 2021. The AD results for these gases vary with the time-span of the data, because diurnal variation and short-term repeatability of mole fractions changes with time [54].




2.4. Calculating Enhancement above Background, Daily Results, and Diurnal Variation


Measured mole fractions are influenced by both local sources and long-range transport and dispersion. To investigate the impact due to changes in local sources, the mole fraction enhancement above the background is calculated for CO, CO   2   and CH   4  , since they all have significant atmospheric lifetimes [64]. In this study, the background mole fraction is defined as the 5th percentile of mole fraction of a gas over a five-day running window centered on each measurement. This running window method is used to account for the background variation from synoptic or seasonal changes. Similar running window methods have been used in previous urban studies [65,66,67]. Once the background mole fraction is calculated for each measurement, it is subtracted over the entire period of study to obtain the mole fraction enhancement above the background (e.g.,  Δ CO for CO) time series from 28 November 2017 to March 2021.



For the analysis in this work, three periods are defined based on the timeline of COVID-19 pandemic restrictions implemented in Toronto. Two nine-week intervals in 2018, 2019, and 2020 are defined as Period 1 and Period 2, and a seven-week interval in 2021 is defined as Period 3. The 2020 stay-at-home period from 14 March to 18 May is defined as Period 2, while Period 1 is a reference interval prior to the 2020 pandemic restrictions that has the same length as Period 2, corresponding to 13 January to 13 March. Exactly the same dates define Period 1 and Period 2 in 2018 and 2019 to enable comparisons. Finally, the 2021 stay-at-home period from 14 January to 7 March is defined as Period 3. The dates for those periods are listed in Table 2. For quantitative comparisons of CO, CO   2   and CH   4   in those periods, daily mole fractions and enhancements above background in the afternoon (from 12:00 to 16:00 local time) from the OP-FTIR measurements were extracted and averaged into daily results. The uncertainty of the difference between periods shown in this study is the 95% confidence interval of the difference in means (Table 3).



To quantify the amplitude of diurnal variations of  Δ CO for these periods, the daily  Δ CO peak on weekdays is calculated as


  Δ CO  peak = Δ CO ( h i g h ) − Δ CO ( l o w )  



(2)




where (all times are local time)


     Δ CO ( h i g h ) = Δ CO  ( average from 8 to 9 AM )      



(3)






     Δ CO ( l o w ) = Δ CO  ( average from 3 to 6 AM )      



(4)




except for 2020 Period 2, for which


     Δ CO ( h i g h ) = Δ CO  ( average from 7 to 8 AM )      



(5)






     Δ CO ( l o w ) = Δ CO  ( average from 3 to 6 AM )      



(6)









3. Results and Discussion


3.1. Daily Mole Fractions and Enhancements above Background


The mean daily afternoon CO mole fraction shows a decline of 19 ± 6% and 11 ± 9% for Period 2 relative to Period 1 in 2020 and 2019, respectively, (Figure 3a). The mean daily afternoon  Δ CO for 2020 Period 2 declined by 51 ± 23% relative to 2020 Period 1 (Figure 3d), while the difference in  Δ CO was not significant in 2019.  Δ CO for 2020 Period 2 also shows declines by 55 ± 26% and 35 ± 30% relative to 2019 and 2018 Period 2, respectively. Although the mean afternoon CO during 2021 Period 3 (stay-at-home period) is greater than that during 2020 Period 2 (stay-at-home period), it still shows a significant decline of 12 ± 7% (42 ± 24% for  Δ CO) relative to 2020 Period 1. This is consistent with more traffic during 2021 Period 3 than during 2020 Period 2, but is still about 30% less than 2020 Period 1 (Figure 1). The observed reductions of CO and  Δ CO in this study during the two stay-at-home periods are close to previously reported urban surface CO reduction during similar periods, including a 17% reduction of mole fraction at a roadside station in Seattle, USA [30], a 25% average reduction of mole fraction enhancement from ground-based observations in California, USA [9], a 23% reduction of surface concentration in Wuhan, China [27], and a 35% reduction of surface concentration at a site located in the historical center of Athens, Greece [18].



As shown in Table 3 and Figure 3e, only in 2020 is the difference of mean  Δ CO   2   between Period 1 and Period 2 significant. The mean  Δ CO   2   declined by 3.9 ± 2.6 ppm (36 ± 24%) during Period 2 compared to Period 1 in 2020. The mean  Δ CO   2   in the five periods before the 2020 stay-at-home period are statistically the same. Similar with  Δ CO results, the mean  Δ CO   2   during the two stay-at-home periods are statistically the same. Reduced traffic and other daily anthropogenic CO   2   emissions near the site during the stay-at-home period in 2020 probably contributed to this observed reduction in surface  Δ CO   2  [47,68]. Changes of CO   2   during the COVID-19 pandemic restrictions were also investigated for other cities. Grivas et al. find CO   2   enhancement due to urban emission in Athens during the 2020 lockdown decreased by 58% (9 ppm) using the in situ measurements. In addition to the impact of the COVID-19 lockdown, this observed 58% decreased in Athens was also due to the seasonal cycle of residential heating emissions [18]. Liu et al. [69] reported a much greater reduction of 41 ± 1.3 ppm (63%) CO   2   mole fraction enhancement during the 2020 lockdown in Beijing compared to the period before the lockdown, using on-road mobile measurements. We observed a smaller reduction in  Δ CO   2   than Liu et al. reported, likely because measurements in Liu et al. were on-road measurements on major roads and our measurements are 20–45 m above a smaller road. In contrast to these ground-level measurements, several studies have reported difficulty in detecting changes in CO   2   over urban areas using satellite observations of column-averaged dry-air mole fraction of CO   2   (XCO   2  ) [70,71]. The largest reduction in XCO   2   reported by Chevallier et al. were about 1 ppm during the February 2020 lockdown in eastern China [70]. This indicates that reductions in emission impart a relatively local signal on CO   2  , which can be detected by OP-FTIR measurement in the boundary layer but maybe more challenging to detect in XCO   2  .



The mean daily afternoon CH   4   during 2020 Period 2 and 2021 Period 3 declined by only 1.6 ± 1.2% and 1.7 ± 1.2% respectively relative to 2020 Period 1 (Table 3 and Figure 3c).  Δ CH   4   showed no significant difference between the two periods in 2020 and a decline of 41 ± 29% during 2021 Period 3 compared to 2020 Period 1 (Figure 3f). The mean daily afternoon CH   4   and  Δ CH   4   during the two stay-at-home periods (2020 Period 2 and 2021 Period 3) are statistically the same. The mean afternoon CH   4   and  Δ CH   4   varied between examined periods and the variability in CH   4   between periods and years is likely influenced by local sources such as the steam plant immediately to the southwest of the site [58] and several buildings to the south of the site that use natural gas for physical plant infrastructure such as hot water boilers. CH   4   and  Δ CH   4   showed elevation in southwest and southeast sectors (Figure 4c,f) in Period 1 in 2018.



The meteorology was investigated during the periods of interest to assess whether the observed changes in the gases might be affected by changes in meteorology. Wind speed is investigated because it is an indicator of surface turbulent mixing and greater wind speeds may associated with smaller gas mole fractions if other conditions are similar [58]. It was found that the mean daily afternoon wind speeds for the seven periods examined are not statistically different (Figure 5a). The variations in surface temperature and solar radiation may have complex effects on the planetary boundary layer height, cloud cover, and photochemical reactions of trace gases, all of which could affect surface mole fractions and trace gas enhancements. The mean afternoon temperature of 2019 Period 1 is significantly lower than those of Period 1 in 2018 and 2020 by 3.3 and 4.5    ∘  C, respectively, (Figure 5b). However, the lower temperature in 2019 Period 1 did not significantly affect  Δ CO and  Δ CO   2  , since the daily afternoon mean  Δ CO and  Δ CO   2   are not statistically different for Period 1 and Period 2 in the same year for 2018 and 2019. The mean solar radiation for Period 1 in all four years is not statistically different, nor is it for Period 2 in 2018, 2019, and 2020 (Figure 5c). Wind direction is also considered in this study, since trace gas enhancements may show weak dependence on local wind direction [58]. Figure 4a,d show that the means of CO and  Δ CO in all of the four wind direction sectors consistently declined during 2020 Period 2 compared to that for 2020 Period 1. Figure 4e shows that the mean  Δ CO   2   for 2020 Period 2 is consistently the smallest in all four wind direction sectors in the seven periods examined. Although Figure 5d shows that wind direction frequency in Period 2 shifted to more NE and less SW compared to Period 1 in every year from 2018 to 2020, the differences of the relative changes of CO and  Δ CO in each wind direction sector between Period 1 and Period 2 in 2020 are within the 95% confidence interval of the relative decrease of CO and  Δ CO for 2020 shown in Table 3. Therefore, the change in wind direction between the two periods in 2020 is not considered to significantly contribute to the observed decline in CO and  Δ CO. In addition, the stay-at-home period in 2021 covered almost the same period as Period 1 in 2018–2020. Therefore, the observed declines of  Δ CO and  Δ CO   2   during the stay-at-home period in 2021 (2021 Period 3) relative to 2020 Period 1 also add confidence to our conclusion that reduced traffic activities during COVID-19 stay-at-home periods significantly contributed to the observed declines of CO and CO   2   in downtown Toronto.




3.2. Changes in Diurnal Variations


The diurnal variation of  Δ CO on weekdays for 2018 to 2021 is shown in Figure 6.  Δ CO shows an early morning peak from 8 to 9 AM local time, corresponding to morning rush hour combined with low vertical mixing, and a weak enhancement after 4 PM due to the after-work rush hour in both Period 1 and Period 2 in 2018 and 2019, as well as during Period 3 (stay-at-home period) in 2021. In 2020, the diurnal cycle of  Δ CO for Period 1 also showed an early morning peak from 8 to 9 AM. However, during Period 2 (the stay-at-home period) in 2020,  Δ CO showed an early morning peak from 7 to 8 AM (one hour earlier) with reduced amplitude. A possible explanation for the shift of peak  Δ CO during 2020 Period 2 is that the traffic count data used in this study are total counts and do not distinguish between different types of traffic. The greatest decline of traffic in downtown Toronto during the stay-at-home periods is probably in passenger commute traffic, which dominates the morning rush hour traffic counts under normal conditions. During the stay-at-home periods, traffic related to commercial or essential services may have played a bigger role, thus shifting the timing of peak  Δ CO.



The statistics for the weekday daily  Δ CO peak for the seven examined periods are shown in Figure 7a. Differences between any two periods are considered significant when t-test p < 0.05. The amplitude of the mean daily  Δ CO peak declined by 23 ± 18 ppb (53 ± 42%) between 2020 Period 2 and 2020 Period 1, and only in 2020 is this amplitude difference significant. This reduction in the amplitude of the  Δ CO early morning peak is comparable with the decline of the early morning traffic accounts on weekdays by 28–45% during the 2020 stay-at-home period (Section 3.3). Unlike 2020, the amplitude of the  Δ CO early morning peak during 2021 Period 3 did not significantly decline compared to that in 2020 Period 1 (Figure 6d and Figure 7a), probably because of the smaller decline in early morning traffic (Section 3.3). 72% of CO emissions in Ontario are from transportation and mobile equipment and half of this sector is due to on-road vehicles, according to the Canada’s Air Pollutant Emission Inventory for 2018 [72]. Therefore, reduced early morning traffic during the 2020 stay-at-home period is likely to have had a significant impact on CO emissions and was coincident with the change of CO diurnal variation at our site. Tanzer-Gruener et al. observed a similar decline of CO morning peak by 50% during the lockdown in 2020 in Pittsburgh, USA using surface network data [43]. Wu et al. also reported a sharp reduction of the CO diurnal variation at all roadside and nonroadside stations in Shanghai during the COVID-19 full lockdown in 2020, with CO at roadside stations showed greater relative declines [44]. Mor et al. showed the diurnal variation of surface CO during different phases of lockdown in 2020 in Chandigarh India, and found that the period right after the lockdown started had consistently the lowest CO concentration over the entire day, including the morning rush hour [22].



The  Δ CO   2   diurnal cycle in Figure 6g shows that the early morning peak is also one hour earlier during 2020 Period 2 compared to 2020 Period 1. The amplitude of peak  Δ CO   2   in all periods are not significantly different. However, in 2020 Period 2 the mean  Δ CO   2   in the afternoon has the smallest values of the seven examined periods and is different than that during 2020 Period 1 (Figure 6 and Figure 7b). The different diurnal variation of  Δ CO   2   during 2020 Period 2 can be explained by the change in local CO   2   sources. On-road mobile emissions contribute about 50% of  Δ CO   2   in Toronto during the midday in winter (Period 1) and most of the other  Δ CO   2   is from natural gas combustion for residential and commercial heating [73]. Biogenic activities start to increase in the spring growing season and their overall effect on CO   2   in the afternoon is uptake. Biogenic uptake of CO   2   can significantly offset anthropogenic CO   2   emission in the afternoon at urban environments in the summer [74,75]. During the 2020 Period 2, CO   2   anthropogenic emissions declined due to the reduced on-road mobile and commercial heating sources, thus making biogenic uptake of CO   2   observable in the afternoon. In 2018 and 2019, CO   2   from traffic emission was greater than that during 2020 Period 2, counteracting the afternoon CO   2   biogenic uptake, so the latter is not visible. The mean afternoon  Δ CO   2   on weekdays during the 2021 stay-at-home period lies between that of Period 1 and 2 in 2020 (Figure 7b), consistent with the comparison of traffic counts during the three periods shown in Section 3.3. The reduction of anthropogenic CO   2   emission during the COVID-19 restrictions in 2020 was also reported for the San Francisco Bay Area [75].



The diurnal variation in  Δ CH   4   (not shown) was not significant during the seven periods examined. This indicates that local traffic emission is not a significant source of CH   4  .




3.3. Changes in Local Traffic and Gas Enhancement from Background


The Don Valley Parkway (DVP) and the Gardiner Expressway are two major expressways in Toronto. Figure 8a–c shows the diurnal variations of traffic counts at one of the expressways with Gerrard Street, Bay Street, or Windermere Avenue. Locations of these three sites for traffic counts, as well as our OP-FTIR system, are marked in Figure 9. These data are hourly traffic counts from the City of Toronto Transportation Services. As shown in Table 4, traffic counts from 7 to 8 a.m. on weekdays at the three sites declined by 28–45% and 11–32% during the 2020 Period 2 and 2021 Period 3, respectively, compared to Period 1 in 2020. Daily afternoon (12:00 to 16:00 local time) traffic counts during 2020 and 2021 stay-at-home periods at the three sites declined by 31–41% and 13–19% respectively, compared to Period 1 in 2020 (Figure 8d and Table 4). Note that 2021 Period 3 traffic data are only available from 14 January to 18 February.



Figure 8e,f includes data over the entire study period from November 2017 to March 2021 and show a correlation between the daily afternoon  Δ CO or  Δ CO   2   and average normalized daily afternoon average traffic from the three traffic sites. After grouping results with normalized traffic counts in three bins, 50–70%, 70–90%, and 90–110%, linear relationships of the results of  Δ CO and  Δ CO   2   with traffic are observed with slopes of 0.74 ± 0.15 ppb and 0.18 ± 0.05 ppm per percentage change in traffic, respectively. These slopes are not sensitive to the way of binning data (the relative change in slopes are within 10% with different bin intervals). The uncertainty of the slopes reported here are 2 times standard deviation of the slopes calculated using the same data grouping and linear regression processes on bootstrap resampling data for 10,000 times. These slopes allow us to estimate the level of CO and CO   2   we would expect after a significant portion of the transportation sector has transitioned to electric vehicles in Toronto in the coming years. The results in this analysis indicate that this OP-FTIR system with continuous measurement is able to detect traffic emission changes of this magnitude. A limitation on the determination of the correlation between trace gas enhancements and local traffic is that the OP-FTIR site is not on an expressway and is about 2.5 to 6.2 km from the three traffic data sites used in this study. If the OP-FTIR system could be moved to a location closer to an expressway in the future, a closer correlation between trace gas enhancements and traffic counts might be obtained using the same approach employed in this study.





4. Conclusions


The OP-FTIR system used in this study detected changes in surface mole fractions and enhancements above background of CO and CO   2   in downtown Toronto during the COVID-19 stay-at-home periods in 2020 and 2021. The reductions of the mean afternoon  Δ CO during the 2020 and 2021 stay-at-home periods were significant, at 23 ± 10 ppb (51 ± 23%) and 19 ± 11 ppb (42 ± 24%), respectively, compared to that for the reference period in 2020. The mean afternoon  Δ CO   2   declined by 3.9 ± 2.6 ppm (36 ± 24%) and 3.5 ± 2.8 ppm (33 ± 26%) during the stay-at-home periods in 2020 and 2021 relative to the reference period in 2020, indicating the impact of reduced traffic and other local activities on CO   2  . CH   4   mole fraction enhancement above background did not show significant decline during the 2020 stay-at-home periods relative to the 2020 reference period. In addition, the mean amplitude of  Δ CO diurnal variation declined by 53 ± 42% during the 2020 stay-at-home period compared to the reference period in 2020, indicating that the COVID-19 stay-at-home restrictions in Toronto in 2020 also altered the diurnal variations of CO and CO   2  . Reductions in trace gas mole fraction enhancements are coincident with the decline of local traffic during the stay-at-home periods, with  Δ CO and  Δ CO   2   reduced by 0.74 ± 0.15 ppb and 0.18 ± 0.05 ppm per percentage decrease in traffic, respectively. This study demonstrates a method for estimating the impact of traffic emission changes on urban surface trace gas mole fraction enhancements using continuous trace gas measurements and traffic data. The results indicate that the OP-FTIR system with continuous measurements is able to detect the decrease in traffic emissions associated with the COVID-19 restrictions, and, therefore, could be useful for assessing changes in traffic emissions after a significant portion of the transportation sector has transitioned to electric vehicles as is planned for Toronto in the coming years.
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Figure 1. (a) Normalized daily traffic counts in greater Toronto area. Data are from Apple mobility data (https://covid19.apple.com/mobility, accessed on 29 June 2021). The reference traffic is on 13 January 2020; (b) Box and whisker plot for traffic data from panel (a) in three periods: Period 1 in 2020, Period 2 in 2020, and Period 3 in 2021. The line in the box denotes the median, the filled dot in the box denotes the mean, the lower and upper bounds of box show the 25th and 75th percentiles, and the whiskers show ±1.5× interquartile range (IQR) from the bounds of the box. Open circles are data beyond the whiskers. 
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Figure 2. Workflow for the data processing performed in this study. 
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Figure 3. Box and whisker plots of daily 12:00 to 16:00 local time average dry-air mole fractions for (a) CO, (b) CO   2  , and (c) CH   4  , and enhancements above background for (d) CO, (e) CO   2  , and (f) CH   4  . Seven boxes are for the seven periods examined: “18P1” for 2018 Period 1, “18P2” for 2018 Period 2, etc. These periods are also color coded as blue for Period 1, red for Period 2, and brown for Period 3 in 2021. The description of the box and whisker plots is the same as for Figure 1b. 
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Figure 4. Plots of afternoon (12:00 to 16:00 local time) average of (a) CO, (b) CO   2  , (c) CH   4  , (d)  Δ CO, (e)  Δ CO   2  , and (f)  Δ CH   4   in four wind direction sectors over the seven periods examined. These periods (see legend) are defined in the manuscript (see Table 2): “18P1” for 2018 Period 1, “18P2” for 2018 Period 2, etc. Circles denote the mean, and error bars denote the standard deviation. Wind direction = 0   ∘   means wind is from north. NE: wind is from northeast (0   ∘  –90   ∘  ); SE: wind is from southeast (90   ∘  –180   ∘  ); SW: wind is from southwest (180   ∘  –270   ∘  ); NW: wind is from northwest (270   ∘  –0   ∘  ). 
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Figure 5. Box and whisker plots of daily afternoon (12:00 to 16:00 local time) (a) wind speed; (b) temperature; and (c) solar radiation measured from the roof of the MP building during the examined periods: “18P1” for 2018 Period 1, “18P2” for 2018 Period 2, etc. The description of the box and whisker plots is the same as for Figure 3. (d) Frequency of wind within each wind direction sector in the afternoon (12:00 to 16:00 local time) measured from the roof of the MP building. The bar represents a period as noted by legend. 
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Figure 6. Diurnal variations of (a–d)  Δ CO and (e–h)  Δ CO   2   on weekdays. Hour is local time. Blue shows results of Period 1, and red shows results of Period 2. Orange in (d,h) shows results of 2021 Period 3 (stay-at-home period). Solid lines show the hourly means and the corresponding shades mark the 95% confidence intervals of the means. Black lines show Period 2 minus Period 1 in each year except for 2021. In (d,h), the black lines show 2021 Period 3 minus 2020 Period 1. Gray shades are the 95% confidence intervals of the difference. 
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Figure 7. Box and whisker plot of (a) calculated  Δ CO peak in Section 2.4 on weekdays and (b) daily  Δ CO   2   from 12:00 to 16:00 local time on weekdays for the seven periods examined. The description of the box and whisker plots is the same as for Figure 3. 
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Figure 8. Diurnal variations of traffic counts at three intersections in downtown Toronto in 2020 and 2021: (a) DVP at Gerrard Street, (b) Gardiner at Bay Street, and (c) Gardiner at Windermere Avenue. Solid lines show the hourly means and corresponding shading marks the 95% confidence interval of the mean on weekdays, and dashed lines show the hourly means on weekends. (d) Normalized daily afternoon traffic counts for 2020 Period 1 (blue), 2020 Period 2 (red), and 2021 Period 3 (brown) at the same sites (Gerrard Street “Ger”, Bay Street, and Windermere Avenue “Win”). The reference for data normalization is the mean traffic for 2020 Period 1. The description of the box and whisker plot is the same as for Figure 1b. Scatter plots of daily afternoon (e)  Δ CO and (f)  Δ CO   2   vs. average normalized daily afternoon traffic counts at the three sites over the entire study period from November 2017 to March 2021. Blue points show average  Δ CO or  Δ CO   2   along the normalized traffic counts in three bins (50–70%, 70–90%, and 90–110%); the error bars represent 1 σ ; and the solid line shows the linear regression of the blue points. 
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Figure 9. Locations of the OP-FTIR system and three sites for traffic data from the City of Toronto. The map was retrieved from Google Earth Pro on 14 April 2021. 
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Table 1. Retrieved gases and spectral windows used for the OP-FTIR in this study.
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	Gases Fitted
	Interfering Gases
	Spectral Window (cm     − 1    )





	CO, CO   2  , N   2  O
	H   2  O
	2141–2235



	CH   4  
	H   2  O
	2900–3027



	H   2  O, HDO
	CH   4  
	2713–2952
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Table 2. Dates for Period 1, Period 2, and Period 3 defined in this study. Numbers in the traffic columns are the average afternoon traffic counts per hour at three traffic measurement sites in downtown Toronto. The average traffic counts here is only from 14 January to 18 February 2021, due to the availability of traffic data. Details of the traffic measurement sites are included in Section 2.3.
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Year

	
Period 1

	
Traffic Counts/hr

	
Period 2

	
Traffic Counts/hr






	
2018

	
13 January to 13 March

	
7343

	
14 March to 18 May

	
7345




	
2019

	
13 January to 13 March

	
6892

	
14 March to 18 May

	
7801




	
2020

	
13 January to 13 March

	
7450

	
14 March to 18 May

	
4747




	
2021

	
Period 3




	

	
14 January to 7 March

	
6175 *

	

	








* 14 January to 7 March is one of the main periods we investigated. But due to the availability of traffic data, the 6175 data here corresponds to 14 January to 18 February.
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Table 3. Means of daily afternoon (12:00 to 16:00 local time) mole fractions and enhancements above background of CO, CO   2   and CH   4   during Period 1 and Period 2 for 2018 to 2020 and Period 3 for 2021. “Difference” for 2018–2020 is the mean of Period 2 minus the mean of Period 1. In the last row of 2021 results, the differences are calculated as 2021 Period 3 minus 2020 Period 1. “Difference” is given with the 95% confidence interval. “Relative difference (%)” is given with uncertainties calculated from the 95% confidence interval of the difference. “Not sig” means the t-test p > 0.05, and the difference is not statistically significant. “NA” means not applicable, because the difference is not significant.
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Periods

	
CO (ppb)

	
  Δ  CO (ppb)

	
CO    2    (ppm)

	
  Δ  CO    2    (ppm)

	
CH    4    (ppb)

	
  Δ  CH    4    (ppb)






	
2018




	
Period 1

	
176

	
35.1

	
427

	
12.3

	
2160

	
141.9




	
Period 2

	
167

	
33.5

	
425

	
10.4

	
2063

	
82.4




	
Difference, P2-P1

	
Not sig

	
Not sig

	
Not sig

	
Not sig

	
−96.8 (−149.4, −44.3)

	
−59.5 (−102.2, −16.8)




	
Relative difference (%)

	
NA

	
NA

	
NA

	
NA

	
−4.5 ± 2.4%

	
−42 ± 30%




	
2019




	
Period 1

	
196

	
53.3

	
430

	
10.8

	
2035

	
48.0




	
Period 2

	
174

	
48.0

	
424

	
11.2

	
2056

	
75.7




	
Difference, P2-P1

	
−22.2 (−39.9, −4.6)

	
Not sig

	
−5.5 (−10.1, −0.9)

	
Not sig

	
Not sig

	
27.7 (3.0, 52.3)




	
Relative difference (%)

	
−11 ± 9%

	
NA

	
−1.3 ± 1.1%

	
NA

	
NA

	
58 ± 51%




	
2020




	
Period 1

	
179

	
44.6

	
436

	
10.7

	
2088

	
79.7




	
Period 2

	
145

	
21.7

	
424

	
6.8

	
2055

	
60.6




	
Difference, P2-P1

	
−34.2 (−45.8, −22.7)

	
−22.9 (−33.0, −12.7)

	
−12.1 (−15.2, −9.0)

	
−3.9 (−6.6, −1.3)

	
−33.3 (−58.0, −8.7)

	
Not sig




	
Relative difference (%)

	
−19 ± 6%

	
−51 ± 23%

	
−2.8 ± 0.7%

	
−36 ± 24%

	
−1.6 ± 1.2%

	
NA




	
2021




	
Period 3

	
157

	
25.8

	
429

	
7.2

	
2051

	
47.3




	
Difference, 21P3-20P1

	
−22.3 (−34.2, −10.5)

	
−18.8 (−29.5, −8.2)

	
−6.5 (−9.6, −3.3)

	
−3.5 (−6.4, −0.7)

	
−36.5 (−61.6, −11.3)

	
−32.4 (−55.5, −9.3)




	
Relative difference (%)

	
−12 ± 7%

	
−42 ± 24%

	
−2.5 ± 0.7%

	
−33 ± 26%

	
−1.7 ± 1.2%

	
−41 ± 29%
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Table 4. Average hourly traffic counts at the Don Valley Parkway or Gardiner Expressway with Gerrard Street, Bay Street, and Windermere Avenue in downtown Toronto in 2020 and 2021. * Due to the availability of traffic data, this period is shorter than the 2021 Period 3 in Table 2.
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	Period
	Time
	DVP at Gerrard
	Gardiner at Bay
	Gardiner at Windermere





	2020 Period 1
	7:00–8:00, weekdays
	8474
	6713
	8059



	
	12:00–16:00, all days
	7256
	6217
	8876



	2020 Period 2
	7:00–8:00, weekdays
	4740
	3670
	5817



	
	12:00–16:00, all days
	4736
	4305
	5199



	2020P2-2020P1 (%)
	7:00–8:00, weekdays
	−44 (%)
	−45 (%)
	−28 (%)



	
	12:00–16:00, all days
	−35 (%)
	−31 (%)
	−41 (%)



	2021 Jan14–Feb18 *
	7:00–8:00, weekdays
	6118
	4551
	7143



	
	12:00–16:00, all days
	6307
	5054
	7164



	2021(Jan–Feb)-2020P1 (%)
	7:00–8:00, weekdays
	−28 (%)
	−32 (%)
	−11 (%)



	
	12:00–16:00, all days
	−13 (%)
	−19 (%)
	−19 (%)
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