A G s

> SPACE SCIENCE

Geophysical Research Letters’ o

RESEARCH LETTER
10.1029/2022GL098712

Key Points:

o NASA satellite data show that
spring-summer decreases in
tropospheric ozone reported
throughout the Northern Hemisphere
(NH) in 2020 have repeated again
in 2021

e Tropospheric ozone decreases in the
NH in 2020 and 2021 produced the
lowest recorded tropospheric ozone in
the NH since at least year 2005

e NASA satellite measurements of NO,
suggest that the NH tropospheric
ozone losses in both 2020 and 2021
were largely of anthropogenic origin

Supporting Information:

Supporting Information may be found in
the online version of this article.

Correspondence to:

J. R. Ziemke,
jerald.r.ziemke @nasa.gov

Citation:

Ziemke, J. R., Kramarova, N. A.,

Frith, S. M., Huang, L.-K., Haffner,

D. P., Wargan, K., et al. (2022). NASA
satellite measurements show global-scale
reductions in free tropospheric ozone

in 2020 and again in 2021 during
COVID-19. Geophysical Research
Letters, 49, €2022GL098712. https://doi.
0rg/10.1029/2022GL098712

Received 15 MAR 2022
Accepted 24 JUL 2022

© 2022. The Authors.

This is an open access article under

the terms of the Creative Commons
Attribution-NonCommercial-NoDerivs
License, which permits use and
distribution in any medium, provided the
original work is properly cited, the use is
non-commercial and no modifications or
adaptations are made.

NASA Satellite Measurements Show Global-Scale Reductions
in Free Tropospheric Ozone in 2020 and Again in 2021 During
COVID-19

Jerry R. Ziemke'? (), Natalya A. Kramarova! ), Stacey M. Frith'3 ()] Liang-Kang Huang'?
David P. Haffner'? (), Krzysztof Wargan!?® (2, Lok N. Lamsal* (), Gordon J. Labow'?,
Richard D. McPeters!, and Pawan K. Bhartia'?

'NASA Goddard Space Flight Center, Greenbelt, MD, USA, 2Goddard Earth Sciences Technology and Research (GESTAR)/
Morgan State University, Baltimore, MD, USA, 3Science Systems and Applications Inc. (SSAI), Lanham, MD, USA,
“University of Maryland Baltimore County, Baltimore, MD, USA, Emeritus, NASA Goddard Space Flight Center, Greenbelt,
MD, USA

Abstract NASA satellite measurements show that ozone reductions throughout the Northern Hemisphere
(NH) free troposphere reported for spring-summer 2020 during the COronaVIrus Disease 2019 pandemic

have occurred again in spring-summer 2021. The satellite measurements show that tropospheric column ozone
(TCO) (mostly representative of the free troposphere) for 20°N-60°N during spring-summer for both 2020 and
2021 averaged ~3 Dobson Units (DU) (or ~7%—-8%) below normal. These ozone reductions in 2020 and 2021
were the lowest in the 2005-2021 record. We also include satellite measurements of tropospheric NO, that
exhibit reductions of ~10%—20% in the NH in early spring-to-summer 2020 and 2021, suggesting that reduced
pollution was the main cause for the low anomalies in NH TCO in 2020 and 2021. Reductions of TCO ~2 DU
(7%) are also measured in the Southern Hemisphere in austral summer but are not associated with reduced NO,.

Plain Language Summary The decreases in ozone throughout the NH free troposphere in
spring-summer 2020 as reported by several previous studies are shown from satellite measurements to have
repeated in spring-summer 2021 with similar extent. The satellite data indicate decreases in tropospheric
column ozone (indicative mostly of free tropospheric ozone) of ~5%-10% throughout the NH in spring-summer
months for both 2020 and 2021. These ozone reductions in 2020 and 2021 were the lowest on record for the
2005-2021 time period considered in this study. The satellite data also exhibit smaller decreases in the SH of
~T7% in austral summer (December 2020-February 2021). The anomalous reductions in tropospheric ozone

in the NH are shown to be directly correlated with reductions in anthropogenic pollution-related NO, during
spring-summer 2020 and 2021, but not in the SH in summer. We conclude from our analyses that decreases in
pollutants due to reduced human activities including lockdowns during COronaVIrus Disease 2019 likely led to
most of the decreases measured in free tropospheric ozone throughout the NH in spring-summer 2020 and 2021.

1. Introduction

In early 2020, soon after the beginning of the global COronaVIrus Disease 2019 (COVID-19) pandemic, exten-
sive international efforts were taken in attempt to reduce the spread of the virus. These efforts included lockdowns
and reduced activities of many private and public businesses, schools, and travel. A result was unprecedented
decreases in Northern Hemisphere (NH) pollution including important ozone precursors nitrogen oxides
(NO, = nitric oxide [NO] + nitrogen dioxide [NO,]) and Volatile Organic Compounds (VOCs). The decreases
in pollution and subsequent changes in tropospheric ozone, particularly in the NH, has led to a large number of
published articles on this subject (e.g., Bauwens et al., 2020; Bouarar et al., 2021; Bray et al., 2021; Campbell
et al., 2021; Elshorbany et al., 2021; Jensen et al., 2021; Keller et al., 2021; Liu et al., 2020; Miyazaki et al., 2021;
Pakkattil et al., 2021; Sicard et al., 2020; Stavrakou et al., 2021; Steinbrecht et al., 2021). These studies have
shown numerous cases of large reductions in NO,, VOCs, and other pollutants in the troposphere including
free-tropospheric ozone during spring-summer 2020 that reached 5%—10% deficits or greater throughout the NH,
particularly in urban environments.

Although studies have measured ozone reductions throughout the NH free troposphere in spring-summer 2020,
ozone in the boundary layer (BL) during these months has been shown to have instead largely increased in and

ZIEMKE ET AL.

1 of8


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://orcid.org/0000-0002-5575-3654
https://orcid.org/0000-0002-6083-8548
https://orcid.org/0000-0001-6894-0574
https://orcid.org/0000-0002-7634-6740
https://orcid.org/0000-0003-1747-634X
https://orcid.org/0000-0002-3795-2983
https://orcid.org/0000-0003-1848-486X
https://orcid.org/0000-0001-8307-9137
https://doi.org/10.1029/2022GL098712
https://doi.org/10.1029/2022GL098712
https://doi.org/10.1029/2022GL098712
https://doi.org/10.1029/2022GL098712
https://doi.org/10.1029/2022GL098712

~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2022GL098712

around urban areas (e.g., Liu et al., 2021; Sicard et al., 2020; Yin et al., 2021, and references therein). These
studies suggest that the increases in surface ozone could be due to a weakening of a titration effect on ozone in
accordance with 2020 meteorological conditions and relative levels of NO, versus VOC reductions. Campbell
et al. (2021) and Parker et al. (2022) also show increases up to about +40% for near-surface ozone concentrations
in spring-summer 2020 over the US in urban environments. Campbell et al. (2021) further describe the complex
nature of the BL chemistry (NO, limited vs. VOC limited) whereby the widespread emission decreases in the US
in 2020 in a general sense led to increases of BL ozone in urban areas, but widespread decreases in rural regions.

Based on satellite observations from the TROPOspheric Monitoring Instrument (TROPOMI) and Infrared Atmos-
pheric Sounding Interferometer (IASI) instrument and a model simulation, Stavrakou et al. (2021) identified
pollutant reductions in early 2020 over China including peroxyacyl nitrates (PAN) by 21%, NO, by 15%-40%,
and glyoxal (CHOCHO) by 3%. Bauwens et al. (2020), using TROPOMI and the Ozone Monitoring Instrument
(OMI) satellite measurements, identified large drops in NO, in early 2020 varying from 20% to 40% relative
to the pre-COVID-19 time period over the US, western Europe, South Korea and China. Jensen et al. (2021)
identified pollution reductions of 40%—60% for industry and about 70% for traffic over China in early 2020
using TROPOMI and ground-based measurements. Miyazaki et al. (2021), using a chemical data assimilation
system, identified drops of 15% in global NO, with up to 25% regional drops in NO, for April-May 2020. For
VOC:s, studies also report large reductions in the NH in 2020. For example, Jensen et al. (2021) found 40%-70%
anthropogenic reductions in VOCs in early spring 2020 in Changzhou, China. Pakkattil et al. (2021) used ground
measurements to show drops in VOCs in early spring 2020 over major metropolitan cities in India, with up to 82%
reductions in the first phase of spring-time lockdown compared to pre-lockdown.

For tropospheric ozone, studies show anomalous reductions during spring-summer 2020 throughout the NH free
troposphere. Steinbrecht et al. (2021) identified a 7% reduction of ozone throughout the NH free troposphere
during spring-summer 2020 from analysis of ozonesondes, lidar, and a model; they attributed the loss mostly
to reductions in ozone precursors, with possibly up to 1/4 of the reductions coming from the record low Arctic
stratospheric ozone in winter-spring 2020 injected into the troposphere. Bouarar et al. (2021) used a model
simulation to indicate 5%—15% reductions of NH zonally averaged ozone in the free troposphere in winter-spring
2020; they attributed about 1/3 coming from reduction of air traffic, 1/3 from reduction in surface emissions,
and 1/3 from meteorological conditions that includes the 2020 Arctic stratospheric ozone depletion. Using satel-
lite data from the Earth Polychromatic Imaging Camera (EPIC) instrument, Kramarova, Newman, et al. (2021),
Kramarova, Ziemke, et al. (2021) showed anomalous decreases in zonal-mean tropospheric column ozone (TCO)
throughout the NH extra-tropics of about 2—4 Dobson Units (DU) (5%—10%) in spring-summer 2020. Elshorbany
et al. (2021) also described reductions of several percent in tropospheric ozone over the continental US using the
Ozone Mapping and Profiler Suite (OMPS) satellite data.

There are currently few articles on COVID-related global pollution for year 2021 relative to 2020 and previous
years. The general consensus is that global pollution was greater in 2021 compared to 2020, but still lower than
in years prior to COVID-19. Saharan et al. (2022) shows higher measured surface pollutants in 2021 in Delhi,
India compared to 2020, but still less than pre-COVID; their Table 2 for both March and April shows reductions
in CO, O,, and NO, during 2021 relative to years 2018 and 2019. Sarmadi et al. (2021) evaluated 87 world city
sites in both the NH and SH and state that air quality indices measured for CO, NO,, and particulate matter (PM)
with sizes less than 2.5 and 10 pm (PM, 5 and PM,)) were overall lower in 2020 by 7.4%-20.5% and higher in
2021 by 4.3%—7.5% when compared to 2019; however, their Figure 3 indicates that PM, s and PM,, for year 2021
still remained low on average for at least 25 city sites (mostly in the NH) when compared to years 2018 and 2019.
The International Civil Aviation Organization (ICAO, 2022) shows that world air traffic increased in year 2021
relative to 2020 but remained about 49% below the 2019 level. As comparison, the US Bureau of Transportation
Statistics for July 2021 (https://www.bts.gov/newsroom/july-2021-us-airline-traffic-data-0) indicates US passen-
ger air travel (domestic + international) was up 207% from July 2020; however, air travel was still down in July
2021 by 15.5% compared to July 2019, before the pandemic.

This paper provides a global evaluation of reductions in free tropospheric ozone in years 2020 and 2021 during
the COVID-19 pandemic using ozone measurements from combined EPIC, OMPS, OMI, and Microwave Limb
Sounder (MLS) satellite instruments. A primary motivation is to show that there were large planetary-scale
decreases of NH tropospheric ozone in year 2021 that were similar to the decreases in year 2020. Our study also
includes satellite observations of NO, and aerosols and offers plausible explanations for the tropospheric ozone
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reductions. Section 2 discusses the tropospheric ozone measurements, Section 3 describes results, and Section 4
summarizes our findings.

2. Tropospheric Ozone Measurements

For deriving TCO, we use measurements of total column ozone from three separate satellite instruments for
January 2015—August 2021 when all three measurements overlapped. These three satellite instruments are the
Deep Space Climate ObserVatoRy (DSCOVR) EPIC (Herman et al., 2018), the Aura OMI (Levelt et al., 2006),
and the Suomi National Polar Partnership (SNPP) OMPS nadir mapper (McPeters et al., 2019). TCO for all three
datasets is determined by subtracting stratospheric column ozone (SCO) from total column ozone, where SCO is
derived by vertically integrating Global Modeling and Assimilation Office (GMAO) Modern-Era Retrospective
analysis for Research and Applications-2 (MERRA-2) assimilated Aura MLS ozone profiles (Gelaro et al., 2017,
Wargan et al., 2017) from the top of the atmosphere down to the tropopause. The tropopause pressure is taken
from MERRA-2 analyses (GMAO, 2015) using the standard potential vorticity—potential temperature (PV-0)
definition (i.e., 2.5 PV units, 380 K). The SCO synoptic fields from MERRA-2 at 3-hr intervals are space-time
co-located on a pixel-by-pixel basis via temporal interpolation for each of the three satellites total ozone meas-
urement footprints independently. All TCO datasets represent daily global maps (outside polar night regions) at
1° latitude X 1° longitude gridding. Details regarding individual TCO measurements for EPIC, OMPS, and OMI
with MERRA-2 SCO are discussed by Kramarova, Newman, et al. (2021), Kramarova, Ziemke, et al. (2021) and
Elshorbany et al. (2021). The sensitivity of detecting tropospheric ozone for EPIC, OMI, and OMPS is ~100%
above 5 km altitude but decreases to ~40%-50% for ozone columns below 5 km; TCO measured from the three
instruments therefore represents mostly free tropospheric ozone. Uncertainties (16 precision values) in gridded
TCO were determined by 1-1 comparisons with daily ozonesondes, indicating zero to +4 DU offsets and stand-
ard deviations of 2—7 DU (smallest in tropics) for EPIC, OMI, and OMPS TCO measurements; precision for
monthly-mean gridded TCO for each product varies ~0.5-1.5 DU.

We derive a “merged” TCO data set by statistically averaging the TCO daily measurements from the three satellite
measurements based on the extent of their daily global coverage. This was done by weighting OMPS and EPIC
ozone by ~1.0 and OMI by ~0.7 because 30% of OMI measurements are missing due to the OMI row anomaly.
The reason for generating the merged data is to produce the best overall data set for studying inter-annual changes
in TCO. Inter-annual anomalies of TCO were determined relative to a 12-month baseline average TCO field for
2016-2019 (as a function of longitude, latitude, and month). Year 2015 was not included in the baseline TCO
calculation due to 2015-2016 being an extreme El Nino event greatly affecting TCO for September—November
2015; also, the EPIC measurements begin June 2015 and are sparse until August 2015. In addition, we analyzed
an 18-year extended record of merged TCO by appending the 2015-2021 record with OMI/MLS TCO meas-
urements (Ziemke et al., 2006) for October 2004—December 2014 to evaluate the long-term significance of
observed reductions in 2020-2021. Figures and discussion regarding merged TCO and the individual satellite
measurements of TCO from EPIC, OMI, and OMPS are provided in the Supporting Information.

3. Results
3.1. Reduction of Zonal Mean Tropospheric Ozone in the NH for Both 2020 and 2021

The satellite data show that the reductions of 5%-10% in free tropospheric ozone throughout the NH in
spring-summer 2020, as reported by many studies, has occurred again in spring-summer 2021 (Figure 1). Figure 1a
shows TCO monthly time series averaged over the NH for latitudes 20°N—60°N for the three satellite records
along with the merged data set. The seasonal cycle in tropospheric ozone is very pronounced in the NH with the
seasonal peak in spring-summer months driven by combined effects of spring-summer stratosphere-troposphere
exchange (STE) and ozone precursors from natural and anthropogenic sources (de Laat et al., 2005; Lelieveld
and Dentener, 2000, and references therein). The large red oval in Figure 1a highlights a ~3 DU decrease in NH
TCO during spring-summer 2020 that was repeated nearly identically in spring-summer 2021. The anomalous
decreases in TCO in 2020 and 2021 are illustrated more clearly in Figure 1b which plots inter-annual anomaly time
series of merged TCO with respect to 2016-2019 seasonal averages. The right vertical axis in Figure 1b shows
that drops of 3 DU of TCO in spring-summer months in both 2020 and 2021 correspond to percentage decreases
of ~7%-8%. These percent decreases are similar to the 7% decreases in free tropospheric ozone throughout the
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Figure 1. (a) Monthly time series of tropospheric column ozone (TCO) (in DU) averaged over the NH for 20°N—60°N for the three instrument measurements along
with the combined EPIC + OMPS + OMI merged time series (indicated). Red oval highlights anomalous drops of ~3 DU in spring-summer of both 2020 and 2021.
(b) Inter-annual anomaly time series of merged monthly TCO (in DU) for 20162021 relative to the baseline TCO (see text). Vertical bars show absolute maximum and
absolute minimum TCO inter-annual anomalies for the three instruments during each month about the merged mean value.

NH in year 2020 reported by Steinbrecht et al. (2021) from ozonesonde data. The 18-year merged TCO record
(Figure S7 in Supporting Information S1) indicates that the decreases in NH TCO during spring-summer 2020
and 2021 were larger than in any previous year extending back to year 2005.

We have compared the anomalous drops in TCO in years 2020-2021 with

a) Tropospheric Ozone Anomalies changes in tropospheric NO, (Figure 2) and aerosol measurements to evaluate
0! l i ! l i Ii possible links to pollution including anthropogenic emissions, smoke from
! 4 M3 biomass burning and wildfires, and Saharan dust (Figure S11 in Support-
. =0 ] M . ing Information S1). In Figure 2a the three red ovals highlight anomalous
B ‘ 4 ®' 5 decreases in TCO in the NH during spring-summer 2020 and 2021 (~3-5
% 0 ) ] 01 g DU in both years) and in the SH (~2 DU) during summertime (December
= .30 18- N 2020—February 2021). These drops in TCO are larger than the 1c average
4 g3 inter-annual variability of ~1 DU (Figure S9 in Supporting Information S1).
60! ‘ ‘ ‘ | :!V 7 Iz In the tropics, decreases in TCO in 2019 are related to a strong positive phase
2016 2017 2018 2019 2020 2021 of the Indian Ocean Dipole (IOD) which reduced TCO over tropical Africa
) NopiAnohidiies and east of Africa due an increase in deep convection east of Africa that
60! - - lofted low ozone air from the oceanic BL into the free troposphere (Ratna
) » et al., 2021; Figure S10 in Supporting Information S1). A close inspection of
30, > - Figure 2a indicates that TCO reductions in mid-latitudes were stronger by ~1

3 - DU in 2020 compared to 2021.
;§' ¢ i :g Figure 2b shows corresponding changes in OMI NO, (version 4.0, Lamsal

30 0, et al., 2021). Similar to TCO, largest decreases for NO, of —=2.0 x 10'* to
I —4.0 X 10" mol. cm~2 occur in early spring into summer for years 2020 and

2021 in the NH extra-tropics (large red oval). In the SH there are no obvi-

— 2016 : 2017 : 2018 ] 2019 ' 2020 ' 2021 e ous NO, anomalies for any year. Estimated 1o uncertainty for NO, monthly

Year means is about 0.5 X 10'* mol. cm~2 (e.g., Marchenko et al., 2015; Figure

S3 in Supporting Information S1). The space-time patterns for NH TCO and

Figure 2. (a) Monthly zonal-mean inter-annual anomalies of merged NO, during spring-summer 2020-2021 in Figure 2 generally coincide, but

tropospheric column ozone (TCO) (in DU) for 60°S-60°N and period

not precisely, perhaps due to effects of titration, chemical lifetimes, and mete-
January 2016-August 2021. Inter-annual changes were derived by subtracting

orological effects. Similar to TCO, reductions of NO, columns in year 2021
2016-2019 average seasonal cycles from the data. Red ovals designate X & K . i 2 y 4
months and latitudes where greatest anomalous reductions in extra-tropical in NH mid-latitudes are also smaller than in year 2020 by about 1 x 10™* to

TCO in 2020 and 2021 occurred. (b) Similar to (a) but for Ozone Monitoring 2 x 10" mol. cm™2.

Instrument NO, tropospheric columns in units of 10 mol. cm=2. Red oval 1dfi | heri includine N
highlights anomalous drops in early spring to summer months of both 2020 Wildfires can generate several tropospheric ozone precursors including NO,,

and 2021 in the NH extra-tropics. CH,, VOCs, and CO. We analyzed anomalies in OMPS Aerosol Index (AI)

ZIEMKE ET AL. 40f 8



~1
A\J 1

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2022GL098712

a) Troposphenc (O] Anomaly MAM 2020 b) Troposphenc 03 Anomaly MAM 2021
60 = ~ 3 60 [ s W T g
A P ¥
30 ik 30F 8
® F s ) 7
el = el
2 of 2 0 6
5 e 5 B 5
-30F -30f 4
a o 3
-60 [ S S -60 » 2 2
180 -60 0 60 120 180 180 -120 -60 0 60 120 180 1 5
Longitude Longitude 0§
C) Tropospherlc 03 Anomaly JJA 2020 d) Tropospherlc 03 Anomaly JJA 2021 -1 8
60 TR " 60 [ 7 2 8
30 ; : 7 . M
® o) e
B =) -5
2 0 2
e = 6
— — 7
-30 s 8
-60 L 5 R
180 -60 0 60 120 180 s
Longitude Longitude

Figure 3. Year 2020 tropospheric column ozone (TCO) inter-annual anomalies (see text) for (a) March-April-May (MAM) spring season and (c) June-July-August
(JJA) summer season. (b) and (d) are the same as (a) and (c), respectively, but for year 2021. All TCO (in DU) is derived from merged data with anomalies based on
removing 2016-2019 average seasonal cycles.

(Torres et al., 2018), shown in Figure S11 in Supporting Information S1. Positive anomalies in Al indicate
the presence of absorbing aerosols such as smoke and dust. The NH wildfires in both years 2020 and 2021
caused positive anomalies in Al with the peak extent in August—September, coinciding with the disappearance
of TCO negative anomalies (Figure S11 in Supporting Information S1); this suggests that smoke from wildfires
may have aided the return of tropospheric ozone toward normal late summer/autumn amounts in both 2020 and
2021. Meteorological conditions that control the strength of STE were anomalous in NH in spring 2020 (e.g.,
Lawrence et al., 2020), but 2021 conditions were close to climatological means, suggesting STE is not driving
the anomalies. Therefore, we conclude from Figure 2 that it is plausible that decreases in TCO in the NH in
spring-summer of 2020 and 2021 are attributed largely to decreases in emissions (e.g., NO, in both years) and
reduced photochemical production of ozone in the troposphere, although wildfires may have mitigated the impact
in late summer and autumn.

We did not find any clear connection in the SH between TCO decreases and negative anomalies in either NO,
or smoke aerosols (Figure S11 in Supporting Information S1). The decreases of TCO in the SH in 2020-2021
may have been related to anomalies in STE in the presence of a strong and long-lasting Antarctic polar vortex in
the SH in October-December 2020 that resulted in substantial stratospheric ozone loss (Kramarova, Newman,
etal., 2021; Kramarova, Ziemke, et al., 2021; Stone et al., 2021); however, establishing such a connection requires
modeling and is beyond the scope of our study.

3.2. Global Patterns of Tropospheric Ozone in Spring-Summer 2020 and 2021

Figure 3 shows spatial distributions of inter-annual TCO anomalies averaged separately for NH spring (Figures 3a
and 3b) and NH summer (Figures 3c and 3d) of 2020 and 2021. Decreases in TCO for both spring and summer
2020 (Figures 3a and 3c) occur over the entire NH as was noted earlier for Figure 2a. The NH TCO negative
anomaly patterns are similar in spring 2020 and 2021 with variations of —1 DU to —5 DU (Figures 3a and 3b),
however the TCO decreases in summer 2021 (Figure 3d) are smaller than in summer 2020 (Figure 3c) by ~2
DU throughout the NH mid-high latitudes (Figure S12 in Supporting Information S1), Positive changes in TCO
up to +2 DU (shaded orange) in the SH occurred in summer 2020; these positive TCO anomalies coincide with
increases in NO, over S. America and Africa in this same latitude band (Figure S3c in Supporting Informa-
tion S1), suggesting an increase in production and long-range transport of tropospheric ozone.

In summer 2021, negative TCO anomalies (Figure 3d) are mostly observed over Asia, and TCO changes are posi-
tive over some parts of the Asian continent and over the western-central US (shaded orange). The TCO increases
over the US of ~1-2 DU (Figure 3d) coincide with similar increases in NO, over the US in summer 2021 (Figure
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S3d in Supporting Information S1). The intense wildfires over California in July-September 2021 (Figure S11 in
Supporting Information S1) could have contributed to the positive TCO anomalies over the US in summer 2021.

4. Summary and Discussion

Combined satellite measurements from EPIC, OMPS, OMI, and MLS instruments show that the anomalous
reductions in free tropospheric ozone throughout the NH reported for spring-summer 2020 have occurred
again in spring-summer 2021. Due to limited sensitivity for detecting BL ozone variability (~40%-50%), the
satellite-derived TCO largely represents ozone in the free troposphere. Satellite measurements of OMI NO, and
OMPS aerosol index were also included to evaluate the role of pollution from anthropogenic emissions and wild-
fires on observed changes in TCO.

Reductions in NH TCO during spring 2021 were similar to spring 2020; however, reductions in NH TCO in
summer 2021 were not as large and uniformly spread as in summer 2020. There were in fact regions of posi-
tive TCO anomalies in summer 2021, especially over the US which coincided with regional increases in OMI
NO, and intense wildfires. Most of the decreases in NH TCO in spring-summer 2020 and 2021 occurred over
ocean, downwind of continental pollution sources, indicating effects of long-range transport. Average decreases
in 20°N-60°N TCO in spring-summer 2020 and 2021 were ~3 DU (~7%-8%) relative to 20162019 average
ozone levels, which were larger than the typical 1-1.5 DU inter-annual variabilities seen in the previous years
since 2005 (Figure S9 in Supporting Information S1). Regional reductions in NH TCO measured for 2020 and
2021 varied up to ~3-5 DU (~7%-13%).

Anomalous reductions in TCO of about 2 DU (~7%) were measured in the SH centered around austral summer
(December 2020—February 2021). These decreases did not coincide with similar decreases in OMI tropospheric
NO,. Other factors such as an unusually large and long-lasting Antarctic ozone hole during September—December
2020 and subsequent stratospheric injection of anomalously low ozone air into the troposphere might be responsi-
ble for the low anomalies in SH TCO. A quantitative evaluation of SH TCO anomalies would require a modeling
simulation which is beyond the scope of this study.

We also analyzed a merged 18-year extended record (October 2004—December 2021) of TCO to evaluate the
significance of the reductions in TCO in 2020 and 2021 in relation to previous years (Figures S6 and S7 in
Supporting Information S1). We found that the decreases in TCO in the NH averaged over 20°N-60°N during
spring-summer 2020 and 2021 were greater than for any previous year since 2005 despite the presence of a decadal
positive trend in NH tropospheric ozone averaging ~1.5 DU decade~! (Figure S7 in Supporting Information S1).

There are several important implications for these results. The 2014 Inter-governmental Panel on Climate Change
(IPCC, 2014) report lists tropospheric ozone as the third most influential greenhouse gas following methane and
carbon dioxide, with tropospheric ozone contributing on average to net warming of the atmosphere by about
+0.4 W m~2. The reductions in TCO throughout the NH in spring-summer 2020 and 2021 of ~7%-8% on aver-
age (and up to 7%—13% regionally) have therefore had a proportionately sizable effect in reducing atmospheric
warming and an opposite offsetting effect on the increases in warming due to positive trends in tropospheric
ozone over the last two decades. The amplitude of the seasonal cycle in NH TCO was reduced by about 15% in
2020 and 2021 (i.e., about 3 DU out of 20 DU) relative to previous years. These changes will have an impact on
calculations of long-term seasonal trends in tropospheric ozone. The reduction in TCO in 2020 and 2021 provide
a valuable reference for evaluating model simulations that use reported emission inventories to simulate changes
in tropospheric ozone and other trace gas concentrations.

Data Availability Statement

The data description for MLS v4.2 ozone and links to the data can be obtained from the following websites:
https://mls.jpl.nasa.gov/ (NASA MLS division, 2022) and https://disc.gsfc.nasa.gov/ (NASA MLS science
research group, 2022). The MERRA-2 GMI model description and access are available from https://acd-ext.
gsfc.nasa.gov/Projectss GEOSCCM/MERRA2GMI/ (Code 614 GMI modeling group, 2022). EPIC tropospheric
ozone data are available from the Langley ASDC data portal (https://asdc.larc.nasa.gov/). Tropospheric ozone
data for OMI and OMPS are available from the NASA GSFC Code 614 webpage https://acd-ext.gsfc.nasa.gov/
Data_services/cloud_slice/.
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