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Overview
We present here supplementary information that complements the presentation in the paper.


Table S1. Mean uncertainties in the Adjustments Factors (AF) estimated as a function of sector and region
[image: ]

Table S2. Description of the Model Simulations

	Simulation
	Name
	Description
	Details

	Sim. 1
	CONTROL 2020
	Baseline case for 2020.
	2020 daily emissions with no COVID effects and with 2020 meteorology. 

	Sim. 2
	COVID-surf
	Effect of adjustments in 2020 surface emissions. 
	Same as Sim. 1, but with surface emissions adjusted for COVID effects

	Sim. 3
	COVID-airc
	Effect of adjustments in 2020 aircraft emissions. 
	Same as Sim. 1, but with aircraft emissions adjusted for COVID effects

	Sim. 4
	COVID-ALL 
or CAM-chem
	Effects of combined adjustments in 2020 surface and aircraft emissions
	Same as Sim. 1, but with surface and aircraft emissions adjusted for COVID effects

	Sim. 5
	CLIMO
	2001-2019 simulation with emission trends accounted for
	Mean seasonal evolution of chemical species derived by averaging the output over the period 2001-2019 

	Sim. 6
	CAM-chem-W
	Same as COVID-ALL (Sim. 4), but enhanced stratospheric denitrification in the Arctic according to Wilka et al. (2021).
	Nitric acid trihydrate (NAT) particle number density controlling denitrification of 10-5 particles cm-3. Accounts for uncertainties in the simulation of the Arctic ozone depletion in 2020.

	Sim. 7
	COVID-ALL2
	Same as COVID-ALL (Sim. 4), but with smaller reduction in aircraft emissions
	The adjustment in aircraft emissions adopted in previous simulations has been reduced by a third. Accounts for uncertainties in COVID-19 impact on aviation.




Table S3. Description of the Model Cases
	Case
	Differences between simulations
	Description of the cases

	1
	COVID-surf minus CONTROL 2020
	Sim. 2 minus Sim. 1
	Impact of adjustments in surface emissions during COVID relative to the 2020 CONTROL case.

	2
	COVID-airc minus CONTROL 2020
	Sim. 3 minus Sim. 1
	Impact of adjustments in aircraft emissions during COVID relative to the 2020 CONTROL case.

	3
	COVID-ALL 
minus CONTROL 2020
	Sim. 4 minus Sim. 1
	Impact of combined adjustments in surface and aircraft emissions during COVID relative to the 2020 CONTROL case.

	4
	CONTROL 2020 minus 
CLIMO
	Sim. 1 minus Sim. 5
	Change in the 2020 concentrations of chemical species with no COVID effects relative to the 2001-2019 climatology (meteorological anomaly only)

	5
	COVID-ALL minus
EMIS-CLIMO
	Sim. 4 minus Sim. 5
	Change in the concentrations of chemical species resulting from the adjusted emissions (surface and aircraft) relative to the 2001-2019 climatology 

	6
	CAM-Chem-W
minus 
EMIS-CLIMO
	Sim. 6 minus Sim. 5
	Impact of combined adjustments in surface and aircraft emissions during COVID relative to the 2001-2009 climatology, but with enhanced denitrification in the Arctic lower stratosphere (Wilka et al 2021).

	7
	COVID-ALL2
minus
CONTROL 2020
	Sim. 7 minus Sim. 1
	Impact of combined adjustments in surface and aircraft emissions during COVID relative to the 2020 CONTROL case, but with adjustment in aircraft emission reduced by one third compared to the other COVID-19 related simulations.




Text S1. Model description and baseline distribution of NOx and ozone

Figure S1 shows the zonal and monthly mean mixing ratio (ppbv) of background NOx and ozone during the months of April and June. We note the larger NOx and ozone concentrations in the northern hemisphere. NOx levels are highest in the boundary layers where the influence of surface emissions is largest as well as in the stratosphere where NOx is produced by the oxidation of nitrous oxide. In the case of ozone, the mean surface mixing ratio is close to 20 to 25 ppbv (April) 25 to 30 ppbv (June) in the southern hemisphere and reaches 45 to 55 ppbv (April) and 35 to 40 ppbv (June) at 40°N.
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Figure S1. Zonally and monthly averaged NOx and ozone mixing ratio for the months of April (left panels or a) and c) and June 2020 (right panels or b) and d) in the baseline case (control run) with no disturbance in the emissions associated with the COVID-19 outbreak. 

Text S2. Adjustments of emissions during the COVID-19 pandemic (first wave)
The anthropogenic emissions are specified at a spatial resolution of 0.1 x 0.1 degree according to the CAMS-GLOB-ANT_v4.2-R1.1 global inventory (Granier et al., 2019, Elguindi et al., 2020). This inventory provides monthly-averaged emissions of the main chemical compounds and 25 speciated volatile organic compounds for the 2000-2020 period. To account for the effect of the COVID pandemic in 2020, the emissions of nitrogen oxides (NOx), carbon monoxide (CO), volatile organic compounds (VOCs), sulfur dioxide (SO2), black carbon (BC) and primary organic aerosols and SOA precursors (SVOC and IVOC) are modified by applying daily adjustment factors as provided in the CONFORM dataset developed by Doumbia et al. (2021). These factors for each economic sector (industrial, mobility, residential, energy) and geographical region cover the period January to August 2020 (Figure S2) and are gridded at a spatial resolution of 0.1 x 0.1 degree (about 10 km x 10 km). We see that the largest changes in emissions took place first in China (January to March) and later in the other parts of the world (March to May). See Table S1 for estimated uncertainties of these emission reductions.
[image: ]
Figure S2. Adjustment factors applied in Europe (a), China (b) and North America (c) to the base surface emissions of chemical species (NOx, CO, VOCs, SO2) to account for the changes in economic activities (road transportation, power generation, industrial and residential activities) during the COVID-19 pandemic. 




Text S3. 
We show in Figure S3 the relative change in the ozone concentration due to our scenarios for the change in surface emissions (red curves), for the reduction in air-traffic (green curves) and for the simulation with both effects combined (blue curves). The meteorology in the baseline and perturbed cases is identical. The calculated reduction at high latitudes varies with altitude from 1 to 7.5 percent in the northern hemisphere and from 0.7 to 1.3 percent in the southern hemisphere. In the tropics, the ozone reduction ranges from 1.0 to 3.5 percent. Figure S6 shows high latitude ozone responses when the meteorological variability is taken into account. Note that the simulation using the combined emission reductions gives results similar to the sum of the simulations for the individual change scenarios.

          a)                                                       b)                                               c)
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Figure S3. Vertical distribution of the changes (ppbv) in June 2020 monthly mean ozone concentration poleward of 65°S (panel a), in the tropics (panel b) and poleward of 65°N (panel c) due to COVID-related changes in surface (red curves, case 1 = COVID-surf - CONTROL) and aircraft emissions (green curves, case 2 = COVID-air - CONTROL). The two combined effects (case 3 = COVID-ALL - CONTROL) are shown by the blue curves.


Text S4.

       In order to provide some insight into the longitudinal distribution of the perturbed chemical fields, we show in Figure S4 the anomaly in NOx and ozone at the 273 hPa level (about 10 km), a layer of the atmosphere that is strongly affected by aircraft emissions. We see that the NOx levels are considerably reduced over Europe (more than 30%) and over the Northern Atlantic Ocean as well as over the eastern and western US (between 10 and 25%) and the Pacific Ocean (up to 20 to 25%). Noticeable reductions are also found along the Brazilian coast (15%) and in eastern Australia (10-15%). The small increases seen in the tropics result from enhanced NOx emissions in the residential sector during the pandemic. The reduction in ozone at 273 hPa shown here for June 2020 is relatively uniformly distributed (5%) with the largest values found over Europe and the North Atlantic (7 to 8%). 
              


                  a)
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                  b)
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Figure S4. Relative changes (percent) in the monthly concentration of NOx (panel a) and ozone (panel b) at the pressure height of 273 hPa (about 10 km or 32,000 ft) in response to the perturbations in the emissions of atmospheric pollutants during the COVID-19 pollutants. The changes at this altitude are affected mostly by the reduction in air traffic. The small positive NOx changes in the tropics are due to the convective transport of positive surface anomalies due to enhanced residential activities. 



Text S5.  Effect of 2020 meteorological conditions
The influence of the dynamical inter-annual variability on tropospheric ozone is important and is analyzed by comparing the ozone fields calculated for 2020 (with and without COVID-19 effects on the emissions) with the model ozone climatology (cases 5 and 4, = COVID-ALL – CLIMO and Control - CLIMO). Our climatology is derived by averaging over the period 2001-2019 the seasonally evolving concentrations of the chemical species provided by our model simulation constrained by the MERRA-2 reanalysis. 

We show in Figure S5 the percentage anomalies in monthly mean NOx concentrations calculated in June 2020 respectively for baseline and for COVID-19 related conditions relative to our adopted climatology (cases 4 and 5, = Control – CLIMO and COVID-ALL - CLIMO). The calculated distributions underline the large amplitude of interannual variations resulting from anomalies in atmospheric circulation, lightning-related NOx formation and wildfire-related emissions. Based on the model estimates, NOx should have been abnormally abundant in the free troposphere during 2020, particularly in the northern hemisphere (case 4, panel a). However, the perturbations in emissions due to the pandemic reduced the NOx level in northern hemisphere and in the tropics (case 5, panel b).

Figure S5 also depicts the anomaly in the zonally and monthly mean ozone concentration in June 2020 derived for the baseline case 4 and the COVID-19 perturbed case 5, respectively relative to the 19-year climatology. As shown by Figure S5, the influence of the pronounced Arctic ozone depletion (300-100 hPa) on tropospheric ozone (500-300 hPa) poleward of 45°N was substantial (case 4, panel c) and persisted near 250 hPa as late as the month of June, although with an amplitude considerably smaller than during springtime. In June, the influence of the springtime injection of stratospheric air with reduced ozone is still visible between 400 and 200 hPa poleward of 60°N (case 4, panel c). The ozone concentration anomaly resulting from the perturbed emissions during the COVID-19 pandemic combined with the interannual variability (case 5, panel d) ranges from 5 to 15 percent north of 30°N. Averaged vertical profiles of the anomalies are provided in Figures S6 (polar latitudes) and S7 (hemispheric and tropical averages).

a)                                                                        b)
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c)                                                                      d)     
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Figure S5. Panels a) and b): Relative variations in the zonally averaged concentrations of NOx for June 2020 relative to the 2001-2019 climatology as a function of latitude and pressure for baseline conditions (panel a), case 4, Control - CLIMO) and for the COVID-19 situation (panel b) case 5, COVID-ALL - CLIMO).  Panels c) and d): same as for NOx in the upper panels, but for ozone. 



Text S6.  Vertical profiles versus climatology.
We show in Figure S6 the anomaly in the June 2020 monthly ozone concentration (with COVID-19 effects included) poleward of 65 degrees (south and north) relative to the 2001-2019 climatology. These results account for the effects of COVID-19 pandemic as well as for meteorological variability. The reduction in the ozone concentration for the combined case (case 5 = COVID-ALL - CLIMO) is of the order of 7 to 16 percent at high latitudes in the northern hemisphere and 2 to 3 percent at high latitudes in the southern hemisphere. These results, which account for the effects of meteorological anomalies in 2020, need to be compared with the results displayed in Figure S3 in which the effects of interannual dynamical variability are ignored (case 3 = COVID-ALL - Control). In both Figures S3 and S5, the largest reduction in ozone located near 250 hPa is attributed to the effect of the abnormal 2020 springtime meteorological conditions and ozone depletion in the Arctic lower stratosphere. The reduction persisted with decreasing intensity into the summer. 

[image: ]
           
Figure S6. Vertical distribution of the June 2020 monthly mean ozone concentration anomaly (ppbv, panels a) and c), and percent, panels b) and d) poleward of 65°S (upper panels), and poleward of 65°N (lower panels) due to COVID-related changes in surface (red curves, case 1 = COVID-surf - Control) and aircraft emissions (green curves, case 2 = COVID-airc - Control) relative to the 2001-2019 climatology. All combined effects are shown by the blue curves (case 5 = COVID-ALL - CLIMO), which include the anomaly attributed to interannual meteorological variability and the influence of the large ozone springtime ozone depletion in the Arctic, represented by the orange curve (case 4 = Control - CLIMO).



Text S7.
We show in Figure S7 the anomaly (ppbv and percent) in the June 2020 monthly ozone concentration (with COVID-19 effects and meteorological variability included) relative to the 2001-2019 climatology averaged over the southern hemisphere, the tropics and the northern hemisphere, respectively. The reduction in the ozone concentration for this combined case (case 5 = COVID-ALL - CLIMO) between the surface and pressure height of 350 hPa is of the order of 2 percent in the southern hemisphere, 1 to 4 percent in the tropics and 6 to 9 percent in the northern hemisphere. The largest reduction in northern hemisphere ozone located near 250 hPa is attributed to the effect of the abnormal 2020 meteorological conditions and springtime ozone depletion that occurred during spring in the Arctic lower stratosphere and persisted with decreasing intensity into the summer.Similar to previous Figures, the system behaves fairly linearly, i.e. results for the combined scenario are quite similar to the sum of the changes from the individual scenarios.

[image: ]
    
   Figure S7. Vertical distribution of the June 2020 monthly mean ozone anomaly in ppbv (panels a), b) and c) and in percent (panels d), e) and f) for the southern hemisphere (panels a) and d), the tropics (panels b) and e) and the northern hemisphere (panels c) and f) due to COVID-related changes in surface (red curves, case 1 = COVID-surf - Control) and aircraft emissions (green curves, case 2 = COVID-airc - Control) relative to the 2001-2019 climatology. All combined effects are shown by the blue curves (case 5 = COVID-ALL - CLIMO). These estimates account for the meteorological anomaly in 2020 relative to climatology. The orange curve shows the calculated anomaly resulting only from the interannual variability (case 4 = Control - CLIMO, meteorology including the effect of the abnormal ozone depletion in the springtime Arctic lower stratosphere) 

Text S8.
Figures S8 to S11 show the comparison of CAM-chem simulated ozone anomalies (case 5 = COVID-ALL - CLIMO) with observed anomalies and with simulated anomalies from the Copernicus Atmosphere Monitoring Service, CAMS (corresponding to case 4 = Control - CLIMO) following Steinbrecht et al. (2021). Since the observations are only available at about 45 stations between 82°N and 54°S, the simulations are also considered at only the grid points next to these stations. Figure S8 shows the geographical distribution of the stations and of the observed and simulated ozone anomalies for spring and summer 2020. The 2020 tropospheric ozone anomaly is averaged from April to August and from 1 to 8 km altitude (~900 to 350 hPa), and is color-coded in the Figure. Since CAMS does not account for the 2020 emissions reductions (case 4), CAMS shows 5 to 10% higher ozone than observations and CAM-CHEM. The spatial distribution is similar in all cases: Due to contributions from 2020 meteorological conditions, including the large Arctic spring-time ozone depletion in the stratosphere, the largest negative tropospheric anomalies occur in the Northern Hemisphere, with no pronounced longitudinal structure.

a)
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b)
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Figure S8. Stations used for comparing tropospheric ozone anomalies in 2020 between observations (panel a) and simulations from CAM-chemW (panel b, case 6, following Wilka et al. 2021) and Copernicus Atmosphere Monitoring Service (CAMS, panel c, case 4). Circles and squares show the locations of sonde, lidar and FTIR stations. Simulation data are taken at the corresponding grid-points. Colors give the average tropospheric ozone anomaly in 2020, averaged from April to August and from 1 to 8 km altitude (~900 to 350 hPa). Red colors indicate above average ozone in 2020, blue colors indicate ozone below average.


Text S9 to S11.
      To complete the picture presented in Figure 3, we note in panels b.-d. of this figure (average over 4 months and for the single months of April and June) the good agreement and overlapping error bars between the observations and CAM-Chem simulations (case 5 and 6 = COVID-ALL(2) – CLIMO), whereas CAMS (case 4 no emission reductions) shows 5 to 7 % higher ozone at all levels up to 150 hPa, consistently with the simulated effect of the reduced emissions in Figure 1. 

Similar to Figure 3, and extending Figure S8, Figures S9 to S11 compare the simulated 2020 ozone anomalies (case 5 = COVID-ALL - CLIMO) with observations and Copernicus Atmosphere Monitoring Service simulations (CAMS, corresponding to case 4 = Control - CLIMO) from Steinbrecht et al. (2021). Anomalies are averaged over the stations in different latitude bands (compare station map in Figure S8). Since CAMS does not account for the 2020 emissions reductions, CAMS shows higher ozone than observations and CAM-CHEM. For high latitudes, north of 65°N (Figure S9), meteorological conditions of 2020, including the large stratospheric springtime ozone depletion, are the major contributor to low ozone in 2020. Effects of reduced emissions are less pronounced at high latitudes, and appear mostly in summer below 500 hPa (~ -5%), possibly also around 200 hPa, -5 to -10% due to air-traffic reductions. In tropics and Southern Hemisphere (Figures S10 and S11), observations, CAM-CHEM simulations, and CAMS show similar meteorological ozone anomalies in 2020, with no indication of significant changes due to emission reductions in 2020. 

a)                                                                         b)
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c)                                                                         d)
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Figure S9. Panel a) annual course of 2020 ozone anomalies at 6 km altitude (~420 hPa), averaged over all stations north of 65°N (see station map in Figure S8). Red: observations as in Steinbrecht et al. (2021). Light and dark blue: CAM-chem simulation (case 5), and CAM-chemW simulation (case 6) with enhanced and more realistic Arctic stratospheric spring-time ozone depletion following Wilka et al. (2021). Grey: CAMS simulation (case 4). Panels b) to d): Profiles of the 2020 mean anomaly over all stations north of 65°N for April to August, April, and June. Error bars and shading give ±2 standard deviations of the mean over stations.

a)                                                                         b)
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c)                                                                         d)
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Figure S10. Same as Figure S9, but averaged over all tropical stations between 20°S and 20°N (see station map in Figure S8). 
















a)                                                                         b)
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c)                                                                         d)
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Figure S11. Same as previous Figures, but averaged over all Southern Hemisphere stations (see station map in Figure S8).
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