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Introduction  

Supplementary material for “Assessing the impact of Corona-virus-19 on nitrogen dioxide levels 
over Southern Ontario, Canada” by D. Griffin et al. This document contains further details 
about the methodology used in this study to determine the alternative air mass factors (AMFs). 
Figures that help with the interpretation of the results, but could not be included in the main 
manuscript (due to size limitations) are also included here. 
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Text S1. 

Alternative Air Mass Factors 

 
In this study, we used alternative air mass factors (AMFs) to convert the TROPOMI slant 

column density (SCD) to a vertical column density (VCD). The approach is similar to most other 
AMF determinations (e.g. Palmer et al. 2001, Martin et al., 2002), with the difference here being 
the input information as described below. The TROPOMI VCD is determined using the 
relationship VCD = SCD/AMF, where it is the AMF that links the SCD to VCD 

𝑆𝐶𝐷 =  ∑ 𝑛𝑑(𝑧) ∙ 𝐴𝑀𝐹(𝑧) = 𝑉𝐶𝐷

𝑧

∙
∑ 𝑛𝑑(𝑧) ∙ 𝐴𝑀𝐹(𝑧)𝑧

∑ 𝑛𝑑(𝑧)𝑧

= 𝑉𝐶𝐷 ∙ 𝐴𝑀𝐹  

Where nd(z) is the NO2 number density vertical profile (in our analysis we used the profile from 
GEM-MACH model as described below) and thus the total-column AMF is defined as: 

𝐴𝑀𝐹 =  
∑ 𝑛𝑑(𝑧) ∙ 𝐴𝑀𝐹(𝑧)𝑧

∑ 𝑛𝑑(𝑧)𝑧

  

And where the sum is performed over altitudes between the surface and the tropopause.  The 
quantity AMF(z) is the altitude-dependent AMF and is specific to each scene. The SASKTRAN 
radiative transfer model (Bourassa et al., 2008; Dueck et al., 2017; Zawada et al., 2015) was used 
to generate a look-up table that describes how AMFs change as a function of surface 
reflectivity, solar zenith angle, viewing geometry, altitude of the NO2 layer, surface pressure, 
and cloud height (see  Table S1 and Griffin et al., 2019). O3 is not considered as it is not 
important in the wavelength used for the NO2 retrieval.  Similar as in the original TROPOMI 
AMF estimate, aerosols are accounted for implicitly by the cloud fraction that is sensitive to 
aerosols (e.g. Boersma et al., 2007).  Two AMFs are estimate, one for clear sky (AMFcs) and for 
cloudy conditions (AMFcd), and the final AMF is estimated by using the cloud radiance fraction 
cf (from original TROPOMI file):   

𝐴𝑀𝐹 = 𝑐𝑓 ∙ 𝐴𝑀𝐹𝑐𝑑 + (1 − 𝑐𝑓) ∙ 𝐴𝑀𝐹𝑐𝑠 
The cloud input information, as well as the viewing geometry is taken from the original 
TROPOMI files. The surface albedo information is taken from MODIS (see details below), which 
is a higher resolution compared to the OMI climatology used in the original TROPOMI files (see 
Table S1). Furthermore, the surface albedo changes significantly in case of snow and ice on the 
ground; an improved and high-resolution snow flag from Interactive Multisensor Snow and Ice 
Mapping System (IMS) (Helfrich et al., 2007) at 4 km resolution was used to flag pixels with 
snow-cover (which has been shown to better identify snow-covered scenes (McLinden et al., 
2014; Cooper et al., 2018)) and assign an appropriate surface albedo accordingly.  
 
Table S1. Parameters and their reference points in the AMF look-up table (LUT) used for the 
alternative AMF estimate tropospheric vertical column. The source of the information used for 
the interpolation of the LUT is displayed, Note, the surface albedo is used for the estimate of 
the clear sky AMF, and the cloud pressure is only used for the estimate of the cloudy AMF. 
 

Parameter Source Number of 
reference points 

Reference points 

Solar Zenith angle 
(⁰) 

Original TROPOMI 
file  

10 0,30,50,60,65,70,73,76,78,80 

Viewing angle (⁰) Original TROPOMI 
file  

7 0,30,50,60,65,70,72 
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Relative azimuth 
angle (⁰) 

Original TROPOMI 
file  

7 0,30,60,90,120,150,180 

Surface pressure 
(hPa) 

GEM-MACH 4 600,800,900,1000 

Surface albedo MODIS 10 0.0,0.03,0.06,0.09, 0.12, 
0.2, 0.3, 0.5, 0.75, 1.0 

Absorber profile GEM-MACH 24 altitudes 250-11,750 in steps of 500 m 

Cloud pressure 
(hPa) 

Original TROPOMI 
file  

5 200,400,600,800,900 

 
 

The information on the NO2 profile shape is taken from ECCC's operational regional air 
quality forecast model; the Global Environmental Multiscale - Modelling Air-quality and 
Chemistry (GEM-MACH).  The operational version of the model (Moran et al, 2010; Pavlovic et 
al., 2016; Pendlebury et al, 2018) has a 10x10km2 grid cell size for a North American domain and 
considers 41 gas-phase chemical species a 2-size bin particulate matter (PM) size distribution, 
and 8 PM  chemical species (sulphate, nitrate, ammonium, black carbon, primary organic 
matter, secondary organic matter, sea-salt, and crustal material).  The meteorological 
component of GEM-MACH is within the physics module of the Global Environmental Multiscale 
(GEM) weather forecast model (Coté et al., 1998; Girard et al., 2014). Further details on GEM-
MACH can be found in, e.g., Makar et al. (2015a,b), Gong et al. (2015, 2018), and Akingunola et 
al. (2018). 

 
The operational forecast makes use of 2013 Canadian and 2017 projected U.S. emissions 

information (Zhang et al., 2018; Moran and Ménard, 2019). The emissions used in the model are 
processed using the Sparse Matrix Operator Kernel Emissions (SMOKE; Coats et al., 1996; 
Houyoux et al., 2000). 

 
Here, we use the hourly model output for the closest hour of the measurements and the 

closest grid-box of the 10 km resolution version of GEM-MACH. The TM5-MP model used for 
the standard TROPOMI product has global coverage but with coarser horizontal spatial 
resolution (1°x1° , or about 111 x 80 km2 at 44°N) and thus will be unable to capture fine-scale 
spatial gradients in the NO2 profile distribution, due to very localized enhancements.  This 
performance can be improved by using input from regional models. To generate an improved a 
priori NO2 profiles, we use the NO2 concentrations from 0-1.5 km from the GEM-MACH model 
for the closest hour of the TROPOMI overpass. Between 1.5-12 km we use the concentrations 
from a monthly GEOS-Chem model run at the approximate time of the TROPOMI overpass on 
a 0.5⁰x0.67⁰ resolution version v8-03-01 (http://www.geos-chem.org) (Bey et al., 2001; 
McLinden et al., 2014), as the GEM-MACH model currently does not include NOx sources in the 
free troposphere, such as lightning and aircraft emissions at cruising altitude.  

 
MODIS provides white-sky albedo (WSA) and black-sky albedo (BSA), based on 16-day 

averages available every 8 days, at a resolution of 0.05⁰x0.05⁰ (collection 6.1 MCD43C3; Schaaf 
et al., 2002). From this, a monthly-mean albedo is computed considering only 100 % snow-free 
pixels. For surfaces with snow-cover, a climatology of the MODIS surface reflectance is used 
that only includes pixels with full snow-cover. To determine whether the TROPOMI pixel is 
snow covered, we use the daily IMS snow flag (http://www.natice.noaa.gov/ims/) on a 4x4 km2 
resolution. It has been shown that the IMS product is better suited than other snow-products in 

http://www.geos-chem.org/
http://www.natice.noaa.gov/ims/
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differentiating between snow and snow-free scenes (Cooper et al., 2018), including the NISE 
snow flag used for the standard TROPOMI product that has a tendency of missing thin snow 
layers (McLinden et al., 2014). The MODIS snow albedo shows that the value over snow and ice 
is not necessarily 0.6 as assumed for the original TROPOMI product. For many areas in North 
America this can be as high as 0.9, however, over the boreal forest the reflectance is relatively 
low (0.2-0.3) even with snow cover. 

 
 
 
Figure S1. Boundaries of the Greater Toronto Area (GTA), shaded in grey. The Toronto and 
Mississauga city boundaries (used for the time series) are highlighted in violet and magenta, 
respectively. The orange triangles indicate the location of the ground-based PANDORA 
instruments (used for the evaluation of the satellite and model VCDs in Figs. S 8 and 9). 
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Figure S2.The figures show the operational forecast model’s seasonal emission changes from 
the pre-lockdown (a) versus lockdown (b) period, the difference is shown in panel (c). Over the 
whole domain there is little change, however, in some area emissions decrease and in other 
increase slightly. The emissions shown here are the averaged emissions between 18-21 UTC. 
 



 

 

6 

 

 
 
Figure S3. Impact of the sampling on the averaged TROPOMI columns. Model VCDs (a) filtered 
(like TROPOMI with qa>0.75) and (b) unfiltered (still sampled like TROPOMI)  NO2 VCDs over 
southern Ontario averaged over the lockdown time period, 16 March - May 6 for 2020. Panel (c) 
shows the difference (in %) between panels (a) and (b). 
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Figure S4. The model input NOx emissions, binned to 0.1⁰x0.1⁰, in southern Ontario for  (a) the 
2020 business-as-usual emissions scenario and (b) the 2020 lockdown emissions scenario, 
assuming: (i) a 30% reduction in industry, (ii) a 60% reduction for traffic, (iii) 80% reduction in 
aircraft, and (iv) 20% increase of residential fuel combustion.  The difference between BAU and 
the COVID scenario emissions is shown in panel (c).  The emissions shown here are the 
averaged emissions between 18-21 UTC. 
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Figure S5. The model input NOx emissions summed over the Toronto and Mississauga city (a) 
and GTA (b) boundaries, for the 2020 business-as-usual emissions scenario (navy) and the 2020 
lockdown emissions scenario (blue), assuming: (i) a 30% reduction in industry, (ii) a 60% 
reduction for traffic, (iii) 80% reduction in aircraft, and (iv) 20% increase of residential fuel 
combustion. The emissions shown here are the averaged emissions between 18-21 UTC. Input 
emissions differ by day of week and by month. 
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Figure S6. The correlation between the TROPOMI observations and the model NO2 VCDs is 
shown in this figure (the statistics results can be found in Table S3). The line of best fit is shown 
as a red line and the 1-to-1 line is shown as a back-dashed line (as a reference).  Panel (a) shows 
the pre-lockdown period (16 February – 15 March 2020), and panel (b) the lock-down period (16 
March – 8 May 2020) over southern Ontario using the 2020 BAU emissions (using the same 
dataset as shown in Fig. 1). There is good agreement in the pre-lockdown period, but the 
modeled columns are almost twice as large for the lockdown period. Panel (c) shows the 
comparison between TROPOMI and the model with the COVID scenario emissions (1 April – 8 
May 2020; same dataset as shown in Fig. 3). The line-of-best fit is very close to the 1-to-1 line.  
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Figure S7. The correlation between the TROPOMI observations and the model NO2 VCDs is 
shown in this figure pre-lockdown period (16 February – 15 March 2020, using the averages 
from Fig. 1 a and d). The blue dots are the model VCDs with the free troposphere added and the 
red dots are purely the GEM-MACH VCDs. The line of best fit is shown as a solid line and the 1-
to-1 line is shown as a back-dashed line (as a reference).  The free tropsheric VCDs are very 
small and don’t impact the overall results much, however, assuming zero for the free 
troposphere is not correct. 
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Figure S8. Comparison between TROPOMI NO2 observations and ground-based PANDORA 
NO2 measurements for the pre-lockdown and lockdown period in 2020, following the exact 
methodology as presented in Zhao et al., 2020 (simple coincident criteria). The location of the 
PANDORA sites is indicated in Fig. S1 as orange triangles (Downsview in north Toronto and 
UTGS in downtown Toronto). This shows overall good agreement between the ground-based 
and satellite-borne observations for the 2020 lockdown and pre-lockdown period.  
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Figure S9. Comparison between model NO2 VCDs and ground-based PANDORA NO2 
measurements for the pre-lockdown and lockdown period in 2020, following the exact 
methodology as presented in Zhao et al., 2020. To account for the missing stratospheric part in 
the model, the PANDORA total column NO2 measurements were reduced by the daily 
TROPOMI stratospheric NO2 (near the measurement site). Only model measurements near 
local noon (11 to 14 LST) were used for this evaluation to be consistent with the dataset used in 
this study. The location of the PANDORA sites is indicated in Fig. S1 as orange triangles 
(Downsview in north Toronto and UTGS in downtown Toronto). This shows overall good 
agreement between the ground-based observations and model output for the 2020 lockdown 
and pre-lockdown period.  
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Figure S10. The impact of NO2 emissions changes in the US on Canada is evaluated over the 
lockdown period (22 March 2020 to 10 May, 2020). The model input emissions are unchanged in 
Canada, but for the US emissions a 2017 and a projected 2028 scenario was compared. Panel (a) 
shows the % difference between the model input emissions (using 2017 US emissions versus 
2028 projected US emissions, overall there is a decrease between 2017 to 2028, ranging 
between 27 to 45% (with the exception of a few locations; BAU 2028- BAU 2017). Panel (b) 
displays the % change in daily average NO2 concentration averaged over the COVID period 
(2020-03-21 to 2020-05-10), predicted by GEM-MACH model for BAU scenario using the USA 
2028 emissions vs 2017 emissions. The impact on the GTA is less than 5%. This shows that the 
impact from the US NOx emissions on the GTA is negligible, given the short atmospheric 
lifetime of NOx.  
 
Table S2. Approximate average emissions (in t/d) used for the model run separated by sector 
during the lockdown period summed over the GTA. 
 
 

Scenario Species 
Industry 
(-30%) 

Road 
Transport 

(-60%) 
Air Traffic 

(-80%) 

Residential 
Heating 
(+20%) 

Others 
(no 

change) 

 
Total 

BAU NOx 41 70 5 16 60 192 

COVID NOx 29 28 1 19 60 137 

BAU VOC 75 18 1 4 136 234 

COVID VOC 52 7 0.2 4.3 136 200 

BAU PM2.5 56 34 0.1 5 8 103 

COVID PM2.5 39 14 0 6 8 67 
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Table S3. The statistics from Figure S6 (using a geometric mean). The difference is calculated 
as model- TROPOMI VCDs. 
 

Panel 
(Fig.S6) Slope intersect R Difference Std RMSE 

a 1.07 -6.77E+13 0.85 6.30E+13 6.94E+14 6.97E+14 

b 1.86 -1.18E+15 0.90 8.46E+13 6.54E+14 6.59E+14 

c 0.96 -3.10E+14 0.83 -3.72E+14 3.49E+14 5.10E+14 
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