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Abstract

Using the CAM-chem Model, we simulate the response of chemical species in the free troposphere to changes in emissions

of primary pollutants during the COVID-19 pandemic. Zonally averaged ozone concentrations in the free troposphere during

Northern Hemisphere spring and summer were 5 to 15 % lower than 19-year climatological values, in good quantitative agreement

with ozone observations. About one third of this anomaly is attributed to the drastic reduction in air traffic during the pandemic,

another third to reductions in surface emissions, the remainder to 2020 meteorological conditions, including the exceptional

springtime Arctic stratospheric ozone depletion. The overall COVID-19 reduction in mean northern hemisphere tropospheric

ozone in June is less than 5 ppb below 400 hPa, but reaches 8 ppb at 250 hPa. In the Southern Hemisphere, COVID-19 related

ozone reductions by 4 to 6% were masked by comparable ozone increases due to other changes in 2020.

1



 

 1 

Ozone Anomalies in the Free Troposphere during the COVID-19 Pandemic 1 

 2 

Idir Bouarar
1
, Benjamin Gaubert

2
, Guy P. Brasseur

1,2,9
, Wolfgang Steinbrecht

3
, Thierno 3 

Doumbia
4
, Simone Tilmes

2
, Yiming Liu

6
, Trissevgeni Stavrakou

7
, Adrien Deroubaix

1
, 4 

Sabine Darras
5
, Claire Granier

4,8
, Forrest Lacey

2
, Jean-François Müller

7
, Xiaoqin Shi

1
, 5 

Nellie Elguindi
4
 and Tao Wang

9
  6 

1
Environmental Modeling Group, Max Planck Institute for Meteorology, Hamburg, Germany, 7 

2
Atmospheric Chemistry Observations and Modeling Laboratory, National Center for 8 

Atmospheric Research, Boulder, CO, 
3
Deutscher Wetterdienst, Hohenpeißenberg, Germany,

 
9 

4
Laboratoire d’Aérologie, Université de Toulouse, CNRS, UPS, France, 

5
Observatoire, Midi-10 

Pyrénées, Toulouse, France, 
6
School of Atmospheric Science, Sun Yat-sen University, 11 

Guangzhou, China, 
7
Royal Belgian Institute for Space Aeronomy, Brussels, Belgium, 

8
NOAA 12 

Chemical Sciences Laboratory/CIRES, University of Colorado, Boulder, CO.,
 9

Department of 13 

Civil and Environmental Engineering, The Hong Kong Polytechnic University, Hong Kong 14 

China. 15 

Corresponding author: Guy P. Brasseur (guy.brasseur@mpimet.mpg.de)  16 

 17 

Abstract 18 

Using the CAM-chem Model, we simulate the response of chemical species in the free 19 

troposphere to changes in emissions of primary pollutants during the COVID-19 pandemic. 20 

Zonally averaged ozone concentrations in the free troposphere during Northern Hemisphere 21 

spring and summer were 5 to 15 % lower than 19-year climatological values, in good 22 

quantitative agreement with ozone observations. About one third of this anomaly is attributed to 23 

the drastic reduction in air traffic during the pandemic, another third to reductions in surface 24 

emissions, the remainder to 2020 meteorological conditions, including the exceptional 25 

springtime Arctic stratospheric ozone depletion. The overall COVID-19 reduction in mean 26 

northern hemisphere tropospheric ozone in June is less than 5 ppb below 400 hPa, but reaches 8 27 

ppb at 250 hPa. In the Southern Hemisphere, COVID-19 related ozone reductions by 4 to 6% 28 

were masked by comparable ozone increases due to other changes in 2020. 29 

 30 

Plain Language Summary 31 

The reduction in the emissions of primary air pollutants during the 2020 COVID-19 pandemic 32 

has generated perturbations in the chemical state of the atmosphere. A global Earth system 33 

model that accounts for chemical, physical and dynamical processes in the atmosphere and for 34 

the coupling between the atmosphere, the ocean and the land surface, indicates that the 35 

abundance of tropospheric ozone was significantly reduced during the pandemic in response to 36 

reduced emissions of primary pollutants associated with restrictions of air traffic and economic 37 

activities. These findings are consistent with observed ozone anomalies during the summer of 38 

2020. 39 

 40 
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Major Findings 41 

1. The ozone concentration in the northern extratropical free troposphere was 5 to 15% lower in 42 

May and June 2020 relative to climatology.  43 

2. A third of this anomaly is attributed to meteorological conditions including stratospheric 44 

Arctic air with abnormally low ozone.  45 

3. The reduction in surface and aircraft emissions associated with the COVID-19 pandemic has 46 

caused an ozone anomaly of 4 to 8%. 47 

 48 

1. Introduction 49 

The reduction in the emissions of primary pollutants during the COVID-19 pandemic, due to the 50 

worldwide slowdown in economic activity, produced a perturbation in the formation of 51 

secondary compounds, including ozone, and in the oxidative capacity of the lower atmosphere. 52 

Several studies have highlighted that the sign and magnitude of the anomaly depended on the 53 

photochemical regime in the region under consideration (Miyazaki et al., 2020; Le et al., 2020; 54 

Venter et al., 2020; Cazorla et al., 2020; Gaubert et al., 2021). In China, for example, where a 55 

strict lockdown was imposed as early as January 2020, the surface concentration of ozone 56 

increased in the North China Plain and in the major cities of the country (Shi and Brasseur, 2020, 57 

Huang et al., 2020; Liu et al., 2020; Miyazaki et al. 2020; Gaubert et al., 2021). In these NOx 58 

saturated regions, the titration of ozone by nitrogen oxides was reduced during the entire 59 

lockdown period. In contrast, in the rural areas of southern China, which are NOx-controlled, the 60 

surface concentration of ozone decreased during the pandemic (Liu et al., 2020; Lian et al., 61 

2020). In the rest of the world, where the most stringent containment measures were introduced 62 

only in March and April 2020, the concentrations of surface ozone in remote areas were 63 

generally reduced (Weber et al., 2020; Gaubert et al., 2021) with positive anomalies mostly 64 

driven by meteorological conditions (Ordoñez et al., 2020). 65 

 66 

Most of the early data analyses about the effect of the pandemic on air quality have focused 67 

on chemical species anomalies at the Earth’s surface and were based on measurements from 68 

monitoring stations (Huang et al., 2020; Shi and Brasseur, 2020) and, for a limited number of 69 

species (e.g., nitrogen dioxide), on information deduced from satellite observations (e.g., the 70 

Tropospheric Monitoring Instrument, TROPOMI) (Bauwens et al., 2020). Little information on 71 
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the effects of the chemical perturbations during the COVID-19 pandemic in the free troposphere 72 

is currently available. A recent study (Steinbrecht et al., 2021) based on ozone measurements by 73 

balloon-borne ozone sondes as well as ground-based FTIR and LIDAR systems during the 74 

period 2000-2020 at latitudes 82.5
0
N to 54.5

0
S reported changes of free tropospheric ozone 75 

related to the COVID-19 disruptions. It shows that, from April to August 2020 and from 1 to 8 76 

km altitude, the average concentration of ozone was 7% lower than the climatological mean 77 

values across most of the Northern Hemisphere.   78 

 79 

To help interpret the reduced ozone concentrations, we use the global Community 80 

Atmosphere Model with chemistry (CAM-chem) and quantify the relative importance of the 81 

different processes that have contributed to the observed ozone anomalies. Unlike the situation in 82 

the boundary layer where the lifetime of ozone is of the order of a few days (Goldberg et al., 83 

2015), the timescales associated with the temporal evolution of odd oxygen (Ox = O3 + NO2) in 84 

the free troposphere are of the order of several weeks (Stevenson et al., 2006), or even several 85 

months (Bates and Jacob, 2020) if one includes hydrogenated compounds (HOx and its chemical 86 

reservoirs) in the definition of Ox. The behavior of ozone in the free troposphere therefore 87 

depends both on photochemical processes and on the effect of transport due to the atmospheric 88 

circulation.  89 

 90 

During the year 2020, several events potentially affected ozone in the free troposphere: (1) 91 

the intense world-wide disruption of the surface emissions of primary pollutants in response to 92 

the COVID-19 pandemic; (2) the related reduction in air traffic with a reduced injection of NOx, 93 

SO2 and black carbon (BC) into the upper troposphere; (3) the particularly intense depletion of 94 

ozone in the lower Arctic stratosphere due to the abnormally stable and vigorous polar vortex 95 

during the first months of 2020 (Manney et al., 2020; Wohltmann et al., 2020; Inness et al., 2020, 96 

Wilka et al. 2021), (4) the interannual variability associated with meteorology, lightning and 97 

fires.  98 

 99 
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Here, we quantify the response of free tropospheric ozone to the aforementioned potential 100 

causes of the 2020 ozone anomaly by performing several sensitivity simulations in which the 101 

different sources of disturbances are taken into account. We compare the simulated overall 102 

responses with observed ozone anomalies from Steinbrecht et al. (2021). 103 

 104 

2. Model description and overview of simulations 105 

For the simulations reported in this letter, we use the Community Earth System Model (CESM) 106 

version 2.2 described by Danabasoglu et al. (2020) and adopted by Gaubert et al. (2021). The 107 

atmospheric component of the model (CAM-chem) provides a comprehensive description of 108 

atmospheric chemistry and aerosol processes (Gettelman et al., 2019; Tilmes et al., 2020; 109 

Emmons et al., 2020; Gaubert et al., 2020), at a spatial resolution of 1.25° in longitude by 0.95° 110 

in latitude (about 100 x 100 km
2
 at mid-latitude), and with 32 vertical pressure layers from the 111 

surface to 2.6 hPa (about 40 km altitude). We adopt the MOZART Troposphere Stratosphere 112 

(TS1) chemistry mechanism (Emmons et al., 2020), which includes 221 gas phase and aerosol 113 

species and 528 chemical and photochemical reactions. Aerosol concentrations and size 114 

distribution are derived from the four-mode Modal Aerosol Model (MAM4, Liu et al., 2016; 115 

Mills et al., 2016). In order to realistically represent meteorological conditions for the period 116 

under consideration, the wind velocity components and the temperature are nudged at every 117 

physical step (30 min) towards the MERRA-2 meteorological analysis (Gelaro et al., 2017) with 118 

a Newtonian relaxation of about 6 hours. Figure S1 shows the calculated zonally mean of NOx 119 

and ozone concentrations averaged over the month of 2020 (baseline case). Wilka et al. (2021) 120 

suggested to increase the nitric acid trihydrate (NAT) particle number density to increase the 121 

denitrification rate and reduces O3. They found a better agreement with observations for both 122 

nitric acid and O3. We use their suggested particle number density of 10
-5

 in a sensitivity 123 

experiment, giving an upper bound for stratospheric ozone reduction.  124 

 125 

Anthropogenic surface emissions are based on the CAMS-GLOB-ANT_v4.2-R1.1 global 126 

inventory (Granier et al., 2019, Elguindi et al., 2020). Three-dimensional aircraft emissions are 127 

based on Hoesly et al. (2018). Biogenic emissions are calculated online from the Model of 128 

Emissions of Gases and Aerosols from Nature (MEGAN v2.1; Guenther et al., 2012). Daily 129 
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biomass burning emissions are based the Quick-Fire Emissions Dataset (QFED; Darmenov and 130 

Da Silva, 2014) include, for example, the 2019/2020 large fires in California, Colorado and 131 

Australia. Deposition of gases and aerosols are calculated through an active coupling between 132 

the atmosphere and the Community Land Model version 5 (CLM5; Lawrence et al., 2019). To 133 

account for the effect of the COVID-19 lockdowns, anthropogenic emissions are modified for 134 

each economic activity sector (industrial, mobility, residential, energy) and geographical region 135 

according to the CONFORM dataset developed by Doumbia et al. (2021) (see Supplementary 136 

Information and Figure S2). The reduction in the emissions by air traffic is estimated to be close 137 

to 80% between April and June. The different model simulations performed for the present study 138 

are summarized in Table S1. 139 

 140 

We present here the calculated anomalies in the concentration of chemical species in the 141 

troposphere during year 2020 relative to a baseline case in which the COVID-related changes in 142 

the emissions are ignored. These numerical experiments only quantify changes due to the 143 

anthropogenic emissions following lockdowns across the world. We analyze the atmospheric 144 

response for three different cases: changes only in the surface emissions during the pandemic 145 

(case 1); changes only in the air traffic emissions (case 2) and the combined effects (case 3). We 146 

focus on the monthly mean changes in the global distribution of NOx and ozone in a global 147 

domain extending from the surface to the lower stratosphere and from pole to pole. In addition, 148 

we assess the contribution of inter-annual atmospheric variability including the influence of the 149 

exceptionally high ozone depletion inside the 2020 Arctic vortex by comparing the baseline 2020 150 

results (no COVID related effects included) with 2001-2019 climatology (case 4). Finally, we 151 

perform a comparison similar to case 4, but with the year 2020 simulation accounting also for the 152 

reduced anthropogenic emissions during the pandemic (case 5). This last case can be compared 153 

with the results of Steinbrecht et al (2021), in which observed ozone concentrations in 2020 are 154 

contrasted to the observed ozone climatology. 155 

 156 

3. Results 157 

Figure 1 shows the response of the zonally and monthly averaged ozone concentration due to the 158 

perturbed emissions (COVID-19, case 3) relative to the baseline case in which no lockdown 159 



 

 6 

effect is applied to the emissions. We note the gradually larger reduction in the ozone 160 

concentration as time proceeds and photochemical activity increases; the relative anomaly does 161 

not exceed 2% in March, but reaches 7 % in May and June before it slightly decreases in July. 162 

While the lockdown measures were stricter in the Northern Hemisphere winter and spring 2020, 163 

the photochemical response of ozone was largest in summer. The relative changes in the 164 

concentration are more pronounced in the lower to middle troposphere (800 to 300 hPa, or 2 to 9 165 

km altitude), but the absolute changes (up to 8 ppbv in June, see Figure 1 lowest panels) are 166 

largest at higher altitudes (between 300 and 200 hPa or 9 and 12 km) in the extratropics of the 167 

Northern Hemisphere. When examining the relative changes, we also note that the location of the 168 

maximum response evolves with latitude following the mean solar radiation. The largest 169 

response is most pronounced first in the tropics (March and April) with a gradual displacement 170 

towards the northern polar region (May to July). 171 

 172 
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173 

174 

 175 

 176 

Figure 1. Change in the zonally and monthly averaged ozone mixing ratio between the surface and the 177 
upper troposphere for different months in response the combined changes in the emissions of pollutants 178 
during the COVID-19 pandemic (case 3). The two upper rows show relative changes from February to 179 
July 2020 (percent). The lowest row shows similar results but in absolute terms (ppbv) for the period May 180 
to July 2020. 181 

 182 

We now investigate the contribution of the different forcing factors that explain the 183 

calculated ozone anomaly. We focus here on June 2020 during which the ozone reduction is 184 

largest. In Figure 2, we show the response of zonal and monthly mean concentrations of NOx, 185 

ozone, hydroxyl (OH) and peroxy (HO2) radicals and particulate matter to the changes in surface 186 

emissions (middle panels, case 1) and aircraft emissions (right panels, case 2), and to the 187 

combined changes (left panels, case 3). In the case of NOx, the response to the reduced surface 188 
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emissions (case 1) is generally largest in the planetary boundary layer (larger than 10%), except 189 

in the tropics where NOx-depleted near-surface air masses are lifted to the upper troposphere by 190 

convective transport resulting in 5 to 8 % reductions in the concentrations. The effect of tropical 191 

convection is also visible in the case of ozone (reduction of 3 - 4%) and PM2.5 (reduction of 5 - 192 

8%). The depleted tropical NOx leads to a slower HO2 to OH conversion, and explains the 193 

reduced OH (3 to 5 x 10
 3 

pptv or 3 to 4%) and the enhanced HO2 concentrations (2 to 3%) near 194 

the equator.  195 

 196 

Large concentration changes resulting from the dramatic reduction in air traffic during the 197 

pandemic (case 2) are derived by the model. Between 300 to 200 hPa (9 and 12 km), the zonal 198 

and monthly mean NOx concentration is reduced by more than 20% north of 30°N, while that of 199 

ozone is reduced by 4 to 5% north of 60°N. Because of the increase with altitude of the 200 

background ozone concentration, the maximum ozone depletion in relative terms is located near 201 

400 hPa (7 km), while in absolute terms (reduction of 7 ppbv), it is located higher in the 202 

atmosphere near 250 hPa (10 km). A secondary maximum decrease in the NOx concentration of 203 

7 % is found near 30°S. The reduced NOx levels along the flight corridors tend to reduce the OH 204 

concentration by more than 1 x 10
-2

 pptv (about 10 %) between 400 and 200 hPa (about 7 to 12 205 

km) at 45°N and between 400 and 300 hPa (7 and 9 km) in the polar Arctic region, and hence 206 

induce in these regions an increase in HO2 levels of typically 40 x 10
-2

 pptv (20%). The small 207 

OH concentration increase of up to 0.6 x 10
-2

 pptv (3%) between 200 and 250 hPa in the polar 208 

region (concomitant with a HO2 increase of 15-20%) is attributed to the enhanced penetration of 209 

solar radiation under high zenith angles associated with the slight reduction of ozone at these 210 

heights. The reduction in PM2.5 associated with reduced air traffic reaches 15% near 300 hPa and 211 

results from a reduction of similar magnitude in the concentration of sulfate and black carbon 212 

particles.  213 

 214 

The zonally averaged perturbations in June, resulting from the combined changes in surface 215 

and aircraft emissions during the pandemic relative to the baseline simulation (case 3), are shown 216 

by the left panels of Figure 2. In the specific case of NOx, the relative reduction in the 217 

concentration is higher than 10% in the boundary layer at several latitudes and in the upper 218 
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troposphere north of 30°N and between 40°S to 15°S. In the case of ozone, the calculated 219 

reduction in June reaches 6 to 7 percent north of 30°N between 800 and 300 hPa (2 and 9 km). 220 

The reduction is close to 5% in the tropics (30°S to 30°N) and extends up to the tropopause. 221 

Results for SO2, sulfate particles and black carbon (soot) are displayed in Figure S4. Vertical 222 

profiles of the changes in the monthly and zonally mean ozone reductions (in ppbv) relative to 223 

the baseline simulation and calculated poleward of 65°S in the tropics and poleward of 65°N are 224 

shown in Figure S5. 225 

 226 

 227 

228 

229 
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230 

 231 

Figure 2.  Change from the surface to the lower stratosphere in the zonally and monthly averaged 232 
concentration of NOx (percent), ozone (percent), PM2.5 (percent), OH (10-4 pptv) and HO2 (10-2 pptv) in 233 
June 2020 relative to a baseline case in which the COVID-19 related changes in the emissions or primary 234 
species are ignored. Left: response to changes in surface and air traffic emissions (case 3); Middle: 235 
response to changes in surface emissions only (case 1); Right: response to the reduction in aircraft 236 
emissions (case 2).   237 

 238 

In order to provide some insight into the longitudinal distribution of the perturbed chemical 239 

fields, we show in Figure S6 the anomaly in NOx and ozone at the 273 hPa level (about 10 km), a 240 

layer of the atmosphere that is strongly affected by aircraft emissions. We see that the NOx levels 241 

are considerably reduced over Europe (more than 30%) and over the Northern Atlantic Ocean as 242 

well as over the eastern and western US (between 10 and 25%) and the Pacific Ocean (up to 20–243 

25%). Noticeable reductions are also found along the Brazilian coast (15%) and in eastern 244 

Australia (10- 15%). The small increases seen in the tropics result from enhanced NOx emissions 245 

in the residential sector during the pandemic. The reduction in ozone at 273 hPa shown here for 246 

June 2020 is relatively uniformly distributed (5%) with the largest values found over Europe and 247 

the Northern Atlantic (7–8%). 248 

 249 

4. Effects of 2020 meteorological conditions and comparison with observations 250 
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The interannual variations in the strength of the stratospheric circulation and dynamical 251 

variability impact the tropospheric ozone burden (Archibald et al., 2020). Specifically, deep 252 

intrusions of stratospheric ozone frequently reach the middle and even lower troposphere at 253 

midlatitudes during winter and spring, and can contribute significantly to ozone variability in the 254 

troposphere (Terao et al., 2008). This meteorologically induced variability (case 4) needs to be 255 

accounted for, e.g., when comparing our simulations with observed changes (case 5). Particularly 256 

in 2020, early and persistent cold conditions led to an exceptionally stable polar vortex and to 257 

record-low ozone in the Arctic, as highlighted by MLS observations (Manney et al., 2020), 258 

ozone sondes measurements (Wohltmann et al., 2020) and chemical reanalyses by the 259 

Copernicus Atmosphere Monitoring Service (CAMS, Inness et al., 2020). The minimum ozone 260 

column occurred in the first half of March, with March and April 2020 corresponding to the 261 

lowest ozone recorded for the period 1979 to 2020.  262 

 263 

We show in the Supplementary Information (Figure S7) that the anomalies in monthly mean 264 

NOx concentrations calculated in June 2020 relative to our adopted climatology and resulting 265 

from interannual variations in atmospheric circulation and temperature, lightning-related NOx 266 

formation and wildfire-related emissions (case 4) are large, up to 25%, and comparable to the 267 

effect generated by the COVD-19 outbreak, up to -20% (case 3). Based on the “meteorological” 268 

model estimates (top left panel, case 4), NOx should have been abnormally abundant in the free 269 

troposphere during 2020, particularly in the northern hemisphere. However, the perturbations in 270 

emissions due to the pandemic substantially reduced the NOx level in northern hemisphere and 271 

tropics (top right Panel, case 5). 272 

 273 

Poleward of 45°N, the anomaly in the zonally and monthly mean free tropospheric ozone 274 

concentration relative to the 19-year climatology is influenced substantially by the pronounced 275 

springtime Arctic ozone depletion in the first months of 2020 (case 4, bottom left panel of Figure 276 

S7). This anomaly persisted between 400 and 20 hPa, poleward of 60°N, as late as June, 277 

although with a considerably lower amplitude. The ozone concentration anomaly resulting from 278 

the perturbed emissions during the COVID-19 pandemic combined with the interannual 279 

variability ranges from 5 to 15 percent north of 30°N (case 5, bottom right panel of Figure S7). 280 
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Averaged vertical profiles of the anomalies are provided in Figures S8 (polar latitudes) and S9 281 

(hemispheric and tropical averages).  282 

 283 

It is interesting to note that meteorologically-induced positive ozone anomalies everywhere 284 

south of 30°N in 2020 (bottom left panel of Figure S7, case 4) appear to have masked the 285 

COVID-19 related ozone reductions in this region (see Figures 1 and 2, case 3). The net ozone 286 

anomaly in 2020 was therefore small south of 30°N (bottom right panel of Figure S7, case 5), 287 

which is consistent with the lack of large negative anomalies derived from the observations in 288 

the tropics and in the Southern Hemisphere (Steinbrecht et al. 2021, and Figs. S10, S12, S13).  289 

 290 

For the northern hemisphere, the comparison between our simulations (case 5) and the 291 

observations of Steinbrecht et al., (2021) is shown in Figure 3. Ozone monthly means of the year 292 

2020, at about 45 locations worldwide (see Figure S10 for a map of the locations), are compared 293 

against the 2000 to 2019 climatology. Figure 3 also shows results from the Copernicus 294 

Atmospheric Monitoring Service (CAMS), which do not include effects of the reduced emissions 295 

in 2020 (case 4). Panel a.) of Figure 3) shows the resulting annual courses of ozone anomalies at 296 

6 kilometers altitude (~420 hPa), averaged over all northern extratropical stations (stations north 297 

of 15°N). All data sets show increasingly negative anomalies from January to April 2020, largely 298 

due to 2020 meteorological conditions and Arctic stratospheric ozone depletion in 2020 299 

(compare Figure S7). Observations and CAMS show similar decline from January to April, our 300 

CAM-chem simulations (case 5) give less of a decline. From April onwards, photochemical 301 

ozone production becomes increasingly important, and the reduced emissions of 2020 play a 302 

major role (compare Figure 1 and S9). Consequently, observations and CAM-chem simulations 303 

show persistent negative anomalies (case 5) of -5 to -10%. Note the slight difference between the 304 

two CAM-chem simulations from May to August. The simulation with larger and more realistic 305 

Arctic stratospheric springtime ozone depletion following Wilka et al. (2021) (NCAR_W, thick 306 

light red line) gives about 1% more ozone reduction from May to August, and is generally in 307 

better agreement with the observations (thick blue lines, see also panels b.-d.)). In contrast to 308 

observations and both CAM-chem simulations (case 5), CAMS (case 4, grey lines) simulates 309 

increasing ozone from May onwards. By July, CAMS simulates anomalies near or above zero. 310 
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The good agreement between observations and CAM-chem simulations (case 5) from April to 311 

August, and their difference with respect to CAMS (case 4), further confirms that the negative 312 

ozone anomaly of -5 to -10% in late spring and summer 2020 was caused largely by reduced 313 

emissions, with some influence from the 2020 Arctic spring-time depletion of stratospheric 314 

ozone.  315 

 316 

To complete the picture, panels b.- d. in Figure 3 show vertical profiles of the ozone anomaly, 317 

averaged over the 4 months from April to August 2020, and for April and June. In all three 318 

panels, good agreement and overlapping error bars are shown for observations and CAM-chem 319 

simulations (case 5), whereas CAMS (case 4) shows 5 to 7% higher ozone at all levels up to 150 320 

hPa, consistent with the simulated effect of reduced emissions in Figure 1.  321 

 322 

Figures S11 to S13 in the supplement show similar comparisons for other latitude bands. For 323 

high latitudes, north of 65°N (Figure S11), meteorological conditions of 2020 and the large 324 

stratospheric springtime ozone depletion (case 4) are the major contributors to low ozone in 325 

2020, certainly at levels above 500 hPa (see also Figure S7). The effects of the reduced 326 

emissions are less pronounced, and appear mostly in summer below 500 hPa (~-5%), possibly 327 

also around 200 hPa, -5 to -10% due to air-traffic reductions. In the tropics and Southern 328 

Hemisphere (Figure S12, S13), observations, CAM-chem simulations, and CAMS show similar 329 

meteorological ozone anomalies in 2020, with no indication of significant changes due to 330 

emission reductions in 2020.  331 
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 332 

a)                                                                                b) 333 

 334 

c)                                                                               d) 335 

 336 

Figure 3. Panel a.) annual course of 2020 ozone anomalies at 6 km altitude (~420 hpa), averaged over 337 
stations north of 15°N, as in Steinbrecht et al. (2021). Red: observations (case 5). Light and dark blue: 338 
CAM-chem simulation (case 5), and CAM-chem simulation with more realistic Arctic stratospheric 339 
spring-time ozone depletion following Wilka et al. (2021). Grey: CAMS simulation (case 4). Panels b) to 340 
d): Profiles of the 2020 mean anomaly over stations north of 15°N for April to August, April, and June. 341 
Error bars (or shading) give ±2 standard deviations of the mean over stations. 342 

 343 

5. Summary 344 

The ozone abundance in the extratropical northern hemisphere free troposphere during the spring 345 

and summer of 2020 has been 5 to 15% lower than climatology. The response to the decreased 346 

emissions of primary pollutants associated with the reduction in economic activity including air-347 

traffic during the COVID-19 pandemic is estimated to be 4 to 8%. Substantial changes are also 348 

found in the level of oxidants (OH and HO2). Reduced worldwide aircraft operations had the 349 

highest impact in the middle and upper troposphere of the northern hemisphere during the 350 



 

 15 

summer months. The impact of 2020 meteorological conditions and the abnormally high ozone 351 

depletion in the Arctic lower stratosphere during the spring and summer of 2020 produces a 352 

noticeable ozone reduction of 3 to 10 % in the northern extratropical free troposphere. This effect 353 

is noticeable until late spring and reaches a maximum in June. Below 400 hPa, the influence of 354 

the stratosphere remains small compared to the effect of the COVID-19-related reduction. For 355 

regions south of 30°N, the tropics and the southern hemisphere, the simulations indicate that a 4 356 

to 6% reduction of ozone due to COVID-19 related emission reductions did take place in 2020, 357 

but was largely compensated by ozone (and nitrogen oxides) increases caused by the specific 358 

meteorological conditions of 2020. 359 

Finally, our study investigates the response of free tropospheric ozone to an unprecedented real 360 

case reduction in global anthropogenic emissions. The model simulations successfully reproduce 361 

the observed ozone anomalies in the free troposphere during the six months that followed the 362 

COVID-19 outbreak. Further, they provide a quantitative estimate of the different factors that 363 

contributed to the observed ozone anomalies. Clearly, global and regional air quality forecast and 364 

reanalysis models must account for the disturbances that occurred in the atmospheric chemical 365 

system after January 2020.  366 

Data availability 367 

CESM2.2.0 is a publicly released version of the Community Earth System Model and freely 368 

available online (at www.cesm.ucar.edu, last access: 2 October 2020). The results of the model 369 

simulations are available online (Gaubert et al., 2021, https://doi.org/10.5065/cgg0-rr19). The 370 

CAMS-GLOB-ANT_V4.2_R1.1 surface emissions and the CONFORM adjustment factors are 371 

publicly available from the ECCAD database (eccad.aeris-data.fr). 372 

Acknowledgments 373 

We would like to acknowledge the high-performance computing support from Cheyenne 374 
(doi:10.5065/D6RX99HX) provided by NCAR's Computational and Information Systems Laboratory of 375 
the National Center for Atmospheric Research (NCAR), sponsored by the US National Science 376 
Foundation (NSF). This material is based upon work supported by the National Center for Atmospheric 377 
Research, which is a major facility sponsored by the National Science Foundation under cooperative 378 
agreement no. 1852977. We also acknowledge the support of the AQ-WATCH European project, a 379 
HORIZON 2020 Research and Innovation Action (GA 870301). The surface emissions adopted in the 380 
present study are based on the CAMS-GLOB-ANT dataset that has been developed with the support of 381 
the CAMS (Copernicus Atmosphere Monitoring Service), operated by the European Centre for Medium-382 
Range Weather Forecasts on behalf of the European Commission as part of the Copernicus 383 
Programme. T. W. and Y. L. acknowledge support by the Hong Kong Research Grants Council (T24-384 

https://doi.org/10.5065/cgg0-rr19


 

 16 

504/17-N and A-PolyU502/16). T.S. acknowledges the support of the ICOVAC and TROVA projects 385 
funded by ESA. 386 
 387 
Author contributions: 388 
 389 
Conceptualization: Guy Brasseur, Benjamin Gaubert, Idir Bouarar, Wolfgang Steinbrecht 390 
Production of emissions: Sabine Darras, Thierno Doumbia, Claire Granier, Nellie Elguindi  391 
Analysis observations: Wolgang Steinbrecht 392 
Model simulations: Benjamin Gaubert, Simone Tilmes 393 
Analysis of the model results: Guy Brasseur, Idir Bouarar, Benjamin Gaubert, Trissevgeni Stavrakou, 394 
Jean-François Müller, Tao Wang, Adrien Deroubaix, Forrest Lacey, Xiaoqin Shi. 395 
Writing -original draft: Guy Brasseur, Wolfgang Steinbrecht, Benjamin Gaubert 396 
Writing -review and editing: All authors. 397 
 398 

 399 

References 400 
 401 
Archibald, A. T., et al. 2020. Tropospheric Ozone Assessment Report: A critical review of changes in the 402 
tropospheric ozone burden and budget from 1850 to 2100. Elementa, Science of the Anthropocene, 8: 1., 403 
https://doi.org/10.1525/elementa.2020.034.  404 
 405 
Bates, K. H. and Jacob, D. J. (2020). An Expanded Definition of the Odd Oxygen Family for 406 
Tropospheric Ozone Budgets: Implications for Ozone Lifetime and Stratospheric Influence, Geophysical 407 
Research Letters, 47(4) https://doi.org/10.1029/2019GL084486. 408 
 409 
Bauwens, M., Compernolle, S., Stavrakou, T., Müller, J.-F., van Gent, J., Eskes, H., … Zehner, C. (2020). 410 
Impact of coronavirus outbreak on NO2 pollution assessed using TROPOMI and OMI observations. 411 
Geophysical Research Letters, 47, e2020GL087978. https://doi.org/10.1029/2020GL087978. 412 
 413 

Cazorla, M., Herrera, E., Palomeque, E., Saud, N. (2020). What the COVID-19 lockdown revealed about 414 
photochemistry and ozone production in Quito, Ecuador, Atmospheric Pollution Research, in press., 415 
https://doi.org/10.1016/j.apr.2020.08.028. 416 
 417 
Danabasoglu, G., Lamarque, J.‐F., Bacmeister, J., Bailey, D. A., DuVivier, A. K., Edwards, J., et al. 418 
(2020). The Community Earth System Model Version 2 (CESM2). Journal of Advances in Modeling 419 
Earth Systems, 12, e2019MS001916. https://doi.org/10.1029/2019MS001916. 420 
 421 
Doumbia, T., Granier, C., Elguindi, N., Bouarar, I., Darras, S., Brasseur, G., Gaubert, B., Liu, Y., Shi, X., 422 
Stavrakou, T., Tilmes, S., Lacey, F., Deroubaix, A., and Wang, T. (2021). Changes in global air pollutant 423 
emissions during the COVID-19 pandemic: a dataset for atmospheric chemistry modeling, Earth System 424 
Science Data Discussion. [preprint], https://doi.org/10.5194/essd-2020-348, in review. 425 
 426 
Elguindi, N., Granier, C., Stavrakou, T., Darras, S., Bauwens, M., Cao, H., C. Chen, H.A.C. Denier van 427 
der Gon, O. Dubovik, T.M. Fu, D.K. Henze, Z. Jiang, S. Keita, J.J.P. Kuenen, J. Kurokawa, C. Liousse, 428 
J.F. Muller, Z. Qu, F. Solmon, B. Zheng (2020). Intercomparison of magnitudes and trends in 429 
anthropogenic surface emissions from bottom-up inventories, top-down estimates, and emission 430 
scenarios, Earth's Future, 8, e2020EF001520. doi:10.1029/2020EF001520. 431 
 432 
Emmons, L. K., Schwantes, R. H., Orlando, J. J., Tyndall, G., Kinnison, D., Lamarque, J.-F., … Pétron, 433 
G. (2020). The Chemistry Mechanism in the Community Earth System Model version 2 (CESM2). 434 

https://doi.org/10.1029/2019GL084486
https://doi.org/10.1029/2020GL087978
https://doi.org/10.1029/2019MS001916


 

 17 

Journal of Advances in Modeling Earth Systems, 12, e2019MS001882. 435 
https://doi.org/10.1029/2019MS001882.  436 
 437 
Gaubert, B., Emmons, L.K., Reader, K., Tilmes, S., Miyazaki, K., ... Ren, X. (2020). Correcting model 438 
biases of CO in East Asia: impact on oxidant distributions during KORUS-AQ. Atmospheric Chemistry 439 
and Physics 20, 14617–14647, https://doi.org/10.5194/acp-20-14617-2020, 2020.  440 
 441 
Gaubert, B., Bouarar, I., Doumbia, T., Liu, Y., Stavrakou, T., Deroubaix, A., Darras, S., Elguindi, N., 442 
Granier, C., Lacey, F., Müller, J.-F., Shi, X., Tilmes, S., Wang, T. and Brasseur G. P. (2021). Global 443 
Changes in Secondary Atmospheric Pollutants during the 2020 COVID-19 Pandemic, Journal of 444 
Geophysical Research, in press, doi/10.1002/essoar.10504703.1 445 
 446 
Gaubert, Benjamin, Tilmes, Simone, Bouarar, Idir, Doumbia, Thierno, Liu, Yiming, Stavrakou, 447 
Trissevgeni, Deroubaix, Adrien, Darras, Sabine, Elguindi, Nellie, Granier Forrest Lacey, Claire, Müller, 448 
Jean-François, Shi, Xiaoqin, Wang, Tao, Brasseur, Guy. (2020). CAM-chem simulation of the 2020 449 
lockdown. Version 3.0. UCAR/NCAR - DASH Repository. https://doi.org/10.5065/cgg0-rr19. Accessed 450 
09 Mar 2021. 451 
 452 
Gelaro, R., McCarty, W., Suarez, M.J., … B. Zhao (2017) The Modern-Era Retrospective Analysis for 453 
Research and Applications, Version 2 (MERRA-2), Journal of Climate, 30(14), 5419-5454 454 
https://doi.org/10.1175/JCLI-D-16-0758.1. 455 
 456 
Gettelman, A., Mills, M. J., Kinnison, D. E., Garcia, R. R., Smith, A. K., Marsh, D. R., … Randel, W.J. 457 
(2019). The whole atmosphere community climate model version 6 (WACCM6). Journal of Geophysical 458 
Research: Atmospheres, 124, https://doi.org/10.1029/2019JD030943. 459 
 460 
Goldberg, D. L., Vinciguerra, T. P., Hosley, K. M., Loughner, C. P., Canty, T. P., Salawitch, R., and 461 
Dickerson, R. R. (2015). Evidence for an increase in the ozone photochemical lifetime in the eastern 462 
United States using a regional air quality model, Journal of Geophysical Research 120(24), 12778-12793, 463 
https://doi.org/10.1002/2015JD023930. 464 
 465 
Granier, C., S. Darras, H. Denier van der Gon, J. Doubalova, N. Elguindi, B. Galle, M. Gauss, M. 466 
Guevara, J.-P. Jalkanen, J. Kuenen, C. Liousse, B. Quack, D. Simpson, K. Sindelarova (2019). The 467 
Copernicus Atmosphere Monitoring Service global and regional emissions, Copernicus Atmosphere 468 
Monitoring Service (CAMS) report, doi:10.24380/d0bn-kx16. 469 
 470 
Huang, X., Ding, A., Gao, J., Zheng, B., Zhou, D., Qi, X., … He, K. (2020) Enhanced secondary 471 
pollution offset reduction of primary emissions during COVID-19 lockdown in China, National Science 472 
Review, https://doi.org/10.1093/nsr/nwaa137. 473 
 474 
Hoesly, R. M., Smith, S. J., Feng, L., Klimont, Z., Janssens-Maenhout, G., Pitkanen, T., Seibert, J. J., Vu, 475 
L., Andres, R. J., Bolt, R. M., Bond, T. C., Dawidowski, L., Kholod, N., Kurokawa, J.-I., Li, M., Liu, L., 476 
Lu, Z., Moura, M. C. P., O'Rourke, P. R., and Zhang, Q. (2018) Historical (1750–2014) anthropogenic 477 
emissions of reactive gases and aerosols from the Community Emissions Data System (CEDS), 478 
Geosciences Model Development, 11, 369–408, https://doi.org/10.5194/gmd-11-369-2018. 479 
 480 
Inness, A., Chabrillat, S., Flemming, J., Huijnen, V., Langenrock, B., Nicolas, J., et al. (2020). 481 
Exceptionally low Arctic stratospheric ozone in spring 2020 as seen in the CAMS reanalysis. Journal of 482 
Geophysical Research: Atmospheres, 125, e2020JD033563. https://doi.org/10.1029/2020JD033563.  483 
 484 

https://doi.org/10.1029/2019MS001882
https://doi.org/10.1175/JCLI-D-16-0758.1
https://doi.org/10.1029/2019JD030943
https://doi.org/10.1002/2015JD023930
https://doi.org/10.1093/nsr/nwaa137


 

 18 

Lawrence, D. M., Fisher, R. A., Koven, C. D., Oleson, K. W., Swenson, S. C., Bonan, G., et al. (2019). 485 
The Community Land Model version 5: Description of new features, benchmarking, and impact of 486 
forcing uncertainty. Journal of Advances in Modeling Earth Systems, 11, 4245–4287. 487 
https://doi.org/10.1029/2018MS001583 488 
 489 
Le, T., Wang, Y., Liu, L., Yang, J., Yung, Y. L., Li, G., and Seinfled, J. H. (2020). Unexpected air 490 
pollution with marked emission reduction during the COVID-19 outbreak in China, Science, 369, 702-491 
706, doi: 10.1126/science.abb7431  492 
 493 
Lian, X., Huang, J., Huang, R., Liu, C., Wang, L. & Zhang, T. (2020). Impact of city lockdown on the air 494 
quality of COVID-19-hit of Wuhan city. Science of the Total Environment, 742, 140556, 495 
https://doi.org/10.1016/j.scitotenv.2020.140556. 496 
 497 
Liu, X., Ma, P.-L., Wang, H., Tilmes, S., Singh, B., Easter, R. C., Ghan, S. J., & Rasch P.J. (2016). 498 
Description and evaluation of a new four-mode version of the Modal Aerosol Module (MAM4) within 499 
version 5.3 of the Community Atmosphere Model. Geoscientific Model Development, 9 (2), 505–522. 500 
https://doi.org/10.5194/gmd-9-505-2016. 501 
 502 
Liu, Y., Wang, T. Stravrakou, T., Elguindi, N., Doumbia, T., Granier, C., Bouarar, I., Gaubert B., and 503 
Brasseur G. P. (2020). Diverse response of atmospheric ozone to COVID-19 lockdown in China, arXiv 504 
preprint arXiv:2008:10851, https://arxiv.org/abs/2008.10851. 505 
 506 
Manney, G. L., Livesey, N. J., Santee, M. L., Froidevaux, L., Lambert, A., & Lawrence, Z. D., et al. 507 
(2020). Record‐ low Arctic stratospheric ozone in 2020: MLS observations of chemical processes and 508 
comparisons with previous extreme winters. Geophysical Research Letters, 47, e2020GL089063. 509 
https://doi.org/10.1029/2020GL089063.  510 
 511 
Mills, M. J., Schmidt, A., Easter, R., Solomon, S., Kinnison, D. E., Ghan, S. J., … Gettelman, A. (2016). 512 
Global volcanic aerosol properties derived from emissions, 1990–2014, using CESM1 (WACCM), 513 
Journal of Geophysical Research: Atmospheres, 121, 2332–2348. https://doi.org/10.1002/2015JD024290. 514 
 515 
Miyazaki, K., Bowman, K., Sekiya, T., Jiang, Z., Chen, X., Eskes, H., et al. (2020). Air quality response 516 
in China linked to the 2019 novel coronavirus (COVID‐19) lockdown. Geophysical Research Letters, 517 
47, e2020GL089252. https://doi.org/10.1029/2020GL089252. 518 
  519 
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Overview 579 

We present here supplementary information that complements the presentation in the paper. 580 

 581 

Table S1. Description of the Model Simulations 582 
 583 
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 

COVID 

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 WACCM Same as COVID-ALL Nitric acid trihydrate (NAT) particle 

number density controlling 

denitrification of 10
-5

 particles cm
-3

. 
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 584 

Table S2. Description of the Model Cases 585 

 586 

Case Differences between 

simulations 

Description of the cases 

1 COVID-surf 

minus 

CONTROL 2020 

Sim. 2 – Sim. 1 Impact of adjustments in surface 

emissions during COVID 

2 COVID-airc 

minus 

CONTROL 2020 

Sim. 3 – Sim. 1 Impact of adjustments in aircraft 

emissions during COVID 

3 COVID-all minus 

CONTROL 2020 

Sim. 4 – Sim. 1 Impact of combined adjustments in 

surface and aircraft emissions during 

COVID 

4 CONTROL 2020 

minus  

CLIMO 

Sim. 1 – Sim. 5 Change in the concentrations of 

chemical species with no COVID 

effects in 2020 relative to the 2001-2019 

climatology  

5 COVID-All 

minus 

EMIS-CLIMO 

Sim. 4 – Sim. 5 Change in the concentrations of 

chemical species resulting from the 

adjusted emissions (surface and aircraft) 

relative to the 2001-2019 climatology  

 587 

 588 

Text S1. Model description and baseline distribution of NOx and ozone 589 
 590 
Figure S1 shows the zonal and monthly mean mixing ratio (ppbv) of background NOx and ozone 591 

during the months of April and June. We note the larger NOx and ozone concentrations in the 592 

northern hemisphere. NOx levels are highest in the boundary layers where the influence of 593 

surface emissions is largest as well as in the stratosphere where NOx is produced by the oxidation 594 

of nitrous oxide. In the case of ozone, the mean surface mixing ratio is close to 20-25 ppbv 595 

(April) 25-30 ppbv (June) in the southern hemisphere and reaches 45-55 ppbv (April) and 35-40 596 

ppbv (June) at 40
0
N.   597 

 598 
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     599 
 600 

        601 
 602 
Figure S1. Zonally and monthly averaged NOx and ozone mixing ratio for the months of April (left 603 
panels) and June 2020 (right panels) in the baseline case (control run) with no disturbance in the 604 
emissions associated with the COVID-19 outbreak.  605 

 606 

Text S2. Adjustments of emissions during the COVID-19 pandemic (first wave) 607 

The anthropogenic emissions are specified at a spatial resolution of 0.1 x 0.1 degree according to 608 

the CAMS-GLOB-ANT_v4.2-R1.1 global inventory (Granier et al., 2019, Elguindi et al., 2020). 609 

This inventory provides monthly-averaged emissions of the main chemical compounds and 25 610 

speciated volatile organic compounds for the 2000-2020 period. To account for the effect of the 611 

COVID pandemic in 2020, the emissions of nitrogen oxides (NOx), carbon monoxide (CO), 612 

volatile organic compounds (VOCs), sulfur dioxide (SO2), black carbon (BC) and primary 613 

organic aerosols and SOA precursors (SVOC and IVOC) are modified by applying daily 614 

adjustment factors as provided in the CONFORM dataset developed by Doumbia et al. (2021). 615 

These factors for each economic sector (industrial, mobility, residential, energy) and 616 
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geographical region cover the period January to August 2020 (Figure S1) and are gridded at a 617 

spatial resolution of 0.1 x 0.1 degree (about 10 km x 10 km). We see that the largest changes in 618 

emissions took place first in China (January to March) and later in the other parts of the world 619 

(March to May). The reduction in the emissions by air traffic was most pronounced between 620 

April and June (about 80%).  621 

 622 
Figure S2. Adjustment factors applied in Europe, China and North America to the base surface emissions 623 
of chemical species (NOx, CO, VOCs, SO2) to account for the changes in economic activities (road 624 
transportation, power generation, industrial and residential activities) during the COVID-19 pandemic. 625 
The reduction in the global emissions resulting from the slowdown of air traffic is also shown. 626 
 627 
 628 
Text S3 629 

We report here the monthly mean changes in surface NOx and ozone in response to changed 630 

emissions of primary pollutants during the COVID-19 pandemic. The results are shown for 631 

February, April and June 2020 and are expressed relative to a model simulation with identical 632 

meteorology but with standard emissions (no COVID-19 effect). We note the large reduction in 633 

surface NOx concentration in China during February and the related change in surface ozone 634 

(increase in concentration in the northern part of the country and decrease in the southern 635 

regions). In the following months, the NOx decrease spread in most regions of the world and 636 

ozone concentrations usually decrease, except in limited areas (large urban centers) where ozone 637 

is NOx limited. See Gaubert et al, 2021 for a more detailed discussion. 638 
 639 
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 640 
 641 

 642 

 643 

 644 

Figure S3. Global distribution of the percentage change in the NOx (left) and ozone (right) concentrations 645 
near the surface during the COVID-19 pandemic (case 3). Top Panels: February 2020, Middle Panel: 646 
April 2020 and Lower Panel: June 2020. 647 

 648 
 649 
 650 
 651 
 652 
 653 
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 654 
 655 
 656 
Text S4.  657 
 658 
Figure S4 presents results similar to those shown in Figure 2, but for other chemical species.  659 
 660 
 661 

662 

663 

   664 
 665 
Figure S4. Change (percent) from the surface to the lower stratosphere in the zonally and monthly 666 
averaged concentration of SO2, SO4 and black carbon in June 2020 relative to a baseline case in which the 667 
COVID-19-related changes in the emissions of primary species are ignored. Left Panel: response to 668 
changes in surface and air traffic emissions (case 3); Middle Panel: response to changes in surface 669 
emissions only (case 1); Right Panel: response to the reduction in aircraft emissions (case 2). 670 
 671 
 672 

Text S5.  673 

We show in Figure S5 the relative change in the ozone concentration due to the change in 674 

surface emissions (red curves), to the reduction in air-traffic (green curves) and to the combined 675 

effects (blue curves). The meteorology in the baseline and perturbed cases is identical. The 676 
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calculated reduction at high latitudes varies with altitude from 1 to 7.5 percent in the northern 677 

hemisphere and from 0.7 to 1.3 percent in the southern hemisphere. In the tropics, the ozone 678 

reduction ranges from 1.0 to 3.5 percent. Figure S8 shows high latitude ozone responses when 679 

the meteorological variability is taken into account. 680 

 681 
 682 

 683 
 684 
Figure S5. Vertical distribution of the changes (ppbv) in June 2020 monthly mean ozone concentration 685 
poleward of 650S (left panel), in the tropics (middle panel) and poleward of 650N (right panel) due to 686 
COVID-related changes in surface (red curves, case 1) and aircraft emissions (green curves, case 2). The 687 
two combined effects (case 3) are shown by the blue curves. 688 
 689 
 690 
Text S6. 691 

We show in Figure S6 the anomaly in NOx and ozone at the 273 hPa level (about 10 km). The 692 

effect of the reduction in air traffic during the COVID-19 outbreak is dominant at this altitude. 693 
 694 
 695 
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 696 

 697 
 698 
Figure S6. Relative changes (percent) in the monthly concentration of NOx (top) and ozone (bottom) at 699 
the pressure height of 273 hPa (about 10 km or 32,000 ft) in response to the perturbations in the emissions 700 
of atmospheric pollutants during the COVID-19 pollutants. The changes at this altitude are affected 701 
mostly by the reduction in air traffic. The small positive NOx changes in the tropics are due to the 702 
convective transport of positive surface anomalies due to enhanced residential activities.  703 
 704 

 705 
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Text S7.  Effect of 2020 meteorological conditions 706 

The influence of the dynamical inter-annual variability on tropospheric ozone is important and is 707 

analyzed by comparing the ozone fields calculated for 2020 (with and without COVID-19 effects 708 

on the emissions) with the model ozone climatology (cases 5 and 4). Our climatology is derived 709 

by averaging over the period 2001-2019 the seasonally evolving concentrations of the chemical 710 

species provided by our model simulation constrained by the MERRA-2 reanalysis.  711 

 712 

We show in Figure S7 the percentage anomalies in monthly mean NOx concentrations calculated 713 

in June 2020 respectively for baseline and for COVID-19 related conditions (surface and air-714 

traffic perturbations) relative our adopted climatology (cases 4 and 5). The calculated 715 

distributions underline the large amplitude of interannual variations resulting from anomalies in 716 

atmospheric circulation, lightning-related NOx formation and wildfire-related emissions. Based 717 

on the model estimates, NOx should have been abnormally abundant in the free troposphere 718 

during 2020, particularly in the northern hemisphere (case 4, upper left panel). However, the 719 

perturbations in emissions due to the pandemic reduced the NOx level in northern hemisphere 720 

and in the tropics (case 5, upper right panel). 721 

 722 

Figure S7 also depicts the anomaly in the zonally and monthly mean ozone concentration in June 723 

2020 derived for the baseline case 4 and the COVID-19 perturbed case 5, respectively relative to 724 

the 19-year climatology. As shown by Figure S7, the influence of the pronounced Arctic ozone 725 

depletion (300-100 hPa) on tropospheric ozone (500-300 hPa) poleward of 450N was substantial 726 

(case 4) and persisted near 250 hPa as late as the month of June, although with an amplitude 727 

considerably smaller than during springtime. In June, the influence of the springtime injection of 728 

stratospheric air with reduced ozone is still visible between 400 and 200 hPa poleward of 60°N 729 

(case 4, bottom left panel). The ozone concentration anomaly resulting from the perturbed 730 

emissions during the COVID-19 pandemic combined with the interannual variability (case 5) 731 

ranges from 5 to 15 percent north of 30°N. Averaged vertical profiles of the anomalies are 732 

provided in Figures S8 (polar latitudes) and S9 (hemispheric and tropical averages). 733 

 734 

  735 

       736 

   737 
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       738 
Figure S7. Top Panels: Relative variations in the zonally averaged concentrations of NOx for June 2020 739 
relative to 2001--2019 as a function of latitude and pressure for baseline conditions (left, case 4) and for 740 
COVID-19 situation (right, case 5).  Lower panels: same as for NOx in the upper panels, but for ozone.  741 
 742 

 743 

Text S8.  Vertical profiles versus climatology. 744 

We show here the anomaly in the June 2020 monthly ozone concentration (with COVID-19 745 

effects included) poleward of 65 degrees (south and north) relative to the 2001-2019 746 

climatology. These results account for the effects of COVID-19 pandemic as well as for 747 

meteorological variability. The reduction in the ozone concentration for the combined case (case 748 

5 with COVID-19 related changes in surface and air-traffic emissions) is of the order of 7 to 16 749 

percent at high latitudes in the northern hemisphere and 2 to 3 percent at high latitudes in the 750 

southern hemisphere. These results, which account for the effects of meteorological anomalies in 751 

2020, need to be compared with the results displayed in Figure S5 in which the effects of 752 

interannual dynamical variability are ignored (case 3). In both Figures S5 and S7, the largest 753 

reduction in ozone located near 250 hPa is attributed to the effect of the abnormal 2020 754 

springtime meteorological conditions and ozone depletion in the Arctic lower stratosphere. The 755 

reduction persisted with decreasing intensity into the summer.  756 
            757 
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      758 
 759 
 760 

             761 
 762 
Figure S8. Vertical distribution of the June 2020 monthly mean ozone concentration anomaly (ppbv, left 763 
panels and percent, right panels) poleward of 650S (upper panels), and poleward of 650N (lower panels) 764 
due to COVID-related changes in surface (red curves, case 1) and aircraft emissions (green curves, case 765 
2) relative to the 2001-2019 climatology. All combined effects are shown by the blue curves (case 5), 766 
which include the anomaly attributed to interannual meteorological variability and the influence of the 767 
large ozone springtime ozone depletion in the Arctic, represented by the orange curve (case 4). 768 
 769 
 770 
 771 
Text S9. 772 
We show here the anomaly (ppbv and percent) in the June 2020 monthly ozone concentration 773 

(with COVID-19 effects and meteorological variability included) relative to the 2001-2019 774 
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climatology averaged over the southern hemisphere, the tropics and the northern hemisphere, 775 

respectively. The reduction in the ozone concentration for the combined case (with COVID-19 776 

related changes in surface and air-traffic emissions, case 5) between the surface and pressure 777 

height of 350 hPa is of the order of 2 percent in the southern hemisphere, 1 to 4 percent in the 778 

tropics and 6 to 9 percent in the northern hemisphere. The largest reduction in northern 779 

hemisphere ozone located near 250 hPa is attributed to the effect of the abnormal 2020 780 

meteorological conditions and springtime ozone depletion that occurred during spring in the 781 

Arctic lower stratosphere and persisted with decreasing intensity into the summer. 782 

 783 

      784 
 785 

 786 

      787 
 788 
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           789 
   790 

Figure S9. Vertical distribution of the June 2020 monthly mean ozone anomaly (ppbv, left panels and 791 
percent, right panels) for the southern hemisphere (upper panels), the tropics (middle panels) and the 792 
northern hemisphere (lower panels) due to COVID-related changes in surface (red curves, case 1) and 793 
aircraft emissions (green curves, case 2) relative to the 2001-2019 climatology. All combined effects are 794 
shown by the blue curves (case 5). These estimates account for the meteorological anomaly in 2020 795 
relative to climatology. The orange curve shows the calculated anomaly resulting only from the 796 
interannual variability (case 4, meteorology including the effect of the abnormal ozone depletion in the 797 
springtime Arctic lower stratosphere)   798 



 

 33 

Text S10. 799 
Figs. S10 to S13 show the comparison of CAM-chem simulated ozone anomalies (case 5) with 800 

observed (case 5) and simulated anomalies (case 4, from the Copernicus Atmosphere Monitoring 801 

Service, CAMS) following Steinbrecht et al. (2021). Since the observations are only available at 802 

about 45 stations between 82°N and 54°S, the simulations are also considered at only the 803 

gridpoints next to these stations. Figure S10 shows the geographical distribution of the stations 804 

and of the observed and simulated ozone anomalies for spring and summer 2020. The 2020 805 

tropospheric ozone anomaly is averaged from April to August and from 1 to 8 km altitude (~900 806 

to 350 hPa), and is color-coded in the Figure. Since CAMS does not account for the 2020 807 

emissions reductions (case 4), CAMS shows 5 to 10% higher ozone than observations and CAM-808 

CHEM. The spatial distribution is similar in all cases: Due to contributions from 2020 809 

meteorological conditions, including the large Arctic spring-time ozone depletion in the 810 

stratosphere, the largest negative tropospheric anomalies occur in the Northern Hemisphere, with 811 

no pronounced longitudinal structure. 812 

 813 

a.) 814 

 815 
 816 

 817 

 818 

 819 

 820 

 821 

 822 

 823 

 824 

 825 

 826 

 827 

 828 

 829 

 830 
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b.) 831 

 832 
c.) 833 

 834 
Figure S10. Stations used for comparing tropospheric ozone anomalies in 2020 between observations 835 
(panel a.) and simulations from CAM-chem (panel b, case 5, following Wilka et al. 2021) and Copernicus 836 
Atmosphere Monitoring Service (CAMS, panel c, case 4). Circles and squares show the locations of 837 
sonde, lidar and FTIR stations. Simulation data are taken at the corresponding grid-points. Colors give the 838 
average tropospheric ozone anomaly in 2020, averaged from April to August and from 1 to 8 km altitude 839 
(~900 to 350 hPa). Red colors indicate above average ozone in 2020, blue colors indicate ozone below 840 
average. 841 
 842 
 843 
Text S11 to S13. 844 

Similar to Figure 3, and extending Figure S10, Figures. S11 to S13 compare the simulated 2020 845 

ozone anomalies (case 5) with observations and Copernicus Atmosphere Monitoring Service 846 

simulations (CAMS, case 4) from Steinbrecht et al. (2021). Anomalies are averaged over the 847 

stations in different latitude bands (compare station map in Figure S10). Since CAMS does not 848 
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account for the 2020 emissions reductions, CAMS shows higher ozone than observations and 849 

CAM-CHEM. For high latitudes, north of 65°N (Figure S11), meteorological conditions of 2020, 850 

including the large stratospheric springtime ozone depletion, are the major contributor to low 851 

ozone in 2020. Effects of reduced emissions are less pronounced at high latitudes, and appear 852 

mostly in summer below 500 hPa (~-5%), possibly also around 200 hPa, -5 to -10% due to air-853 

traffic reductions. In tropics and Southern Hemisphere (Figure S12, S13), observations, CAM-854 

CHEM simulations, and CAMS show similar meteorological ozone anomalies in 2020, with no 855 

indication of significant changes due to emission reductions in 2020.  856 

 857 

 858 

a)                                                                         b) 859 

 860 
c)                                                                         d) 861 

 862 
 863 
Figure S11. Panel a.) annual course of 2020 ozone anomalies at 6 km altitude (~420 hPa), averaged over 864 
all stations north of 65°N (see station map in Figure S10). Red: observations as in Steinbrecht et al. 865 
(2021). Light and dark blue: CAM-chem simulation (case 5), and CAM-chemW simulation with 866 
enhanced and more realistic Arctic stratospheric spring-time ozone depletion following Wilka et al. 867 
(2021). Grey: CAMS simulation (case 4). Panels b) to d): Profiles of the 2020 mean anomaly over all 868 
stations north of 65°N for April to August, April, and June. Error bars (or shading) give ±2 standard 869 
deviations of the mean over stations. 870 
 871 

 872 

 873 

 874 
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 875 

 876 

 877 

a)                                                                         b) 878 

 879 
c)                                                                         d) 880 

 881 
 882 
Figure S12. Same as previous Figure, but averaged over all tropical stations between 20°S and 20°N (see 883 
station map in Figure S10).  884 
 885 

 886 

 887 

 888 
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 890 
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 892 

 893 

 894 

 895 
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 899 

 900 



 

 37 

 901 

 902 

a)                                                                         b) 903 

 904 
c)                                                                         d) 905 

 906 
 907 
Figure S13. Same as previous Figures, but averaged over all Southern Hemisphere stations (see 908 

station map in Figure S10). 909 


