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from COVID-19 mitigation, which altered the atmospheric oxidative capacity, climate radiative forcing, and human health.
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Efforts to slow the transmission of COVID-19 led to rapid, global ancillary re-
ductions in air pollutant emissions. Here, we quantify the resulting decreases
in global NOx emissions and their consequent impact on the production of
global tropospheric ozone using a multi-constituent data assimilation system.
Total anthropogenic NOx emissions were reduced by at least 15% globally and
18-25 % for Europe, North America, and the Middle East in April and May
2020. The efficacy of these reductions in altering ozone concentrations varied
substantially in both space and time, with differences driven by local mete-
orology and chemical production efficiency. Globally, the total tropospheric
ozone burden dropped by about 6 TgO; (~2 %) in May-June 2020, largely

due to emission reductions in Asia and the Americas. Our results show a clear



and global atmospheric imprint from COVID-19 mitigation, which altered the

atmospheric oxidative capacity, climate radiative forcing, and human health.

Introduction

In order to slow the transmission of COVID-19, numerous countries worldwide have imposed
lockdown measures that severely limit personal mobility, leading to reductions in overall eco-
nomic activity (/). These measures were first enacted in Wuhan, China on January 23th, 2020,
followed by Italy and then much of the rest of the world in March 2020. These restrictions on
human activity were designed to alleviate the strain on the health care system from COVID-
19 (2), but also had the ancillary impact of rapid air pollutant emission reductions. Changes in
greenhouse gas (GHGs) and pollutant emissions have been estimated using activity data such
as mobility metrics (3-5), with global NOx emissions estimated to have declined as much as
30% in April (4). However, these estimates are highly uncertain, as activity data is incomplete
and significant assumptions are needed to relate these data to the partitioning and magnitude of
emissions.

Substantial impacts on regional and global air quality during the COVID-19 period have
also been demonstrated using various in-situ and satellite measurements (6—70). A study using
the spatially-limited set of global surface in-situ air quality measurement networks estimated
declines in population-weighted concentration of 60% for surface nitrogen dioxide (NO,) and
31% for particulate matter smaller than 2.5 um (PMZ2.5), and marginally significant increases
of 4% in ozone between the beginning of the lockdowns and 15 May (/7). These estimates
highlight the different responses of surface concentrations for different species and the strong
regional dependence of the response, but due to the sparseness of the in situ network they do
not provide a truly global picture of the pandemic’s impact on atmospheric composition.

Satellite measurements such as those from the TROPOspheric Monitoring Instrument (TROPOMI)



have captured the rapid reductions in tropospheric NOy columns, as well as in other species,
associated with global COVID-19 lockdown measures (7, 12). However, the inference of emis-
sions from the observed concentrations must account for variations in atmospheric transport,
chemical environment, and meteorology (/3, /4). Furthermore, because PM2.5 and ozone are
the primary causes of premature mortality and other health effects of air pollution (15), their
response to reduced NOx emissions is of particular interest. Tropospheric ozone is produced
from its precursors, primarily NO, and Volatile Organic Compounds (VOCs), through non-
linear chemical processes. It is not only important to human health, but also plays a crucial role
in tropospheric chemistry and chemistry-climate interactions as the third most important anthro-
pogenic greenhouse gas in the atmosphere (6, /7). Due to the dependency of ozone production
on photochemical environment, its response to emission reductions is expected to vary substan-
tially based on timing and location. However, the current in-situ observing network is too sparse
to capture this variable response. Furthermore, the tendency toward sampling highly populated
areas could lead to biased estimations when extrapolating from regional to global scales due
to local titration effects. Although satellite measurements provide much denser sampling than
surface networks, the lack of consistent long-term records of ozone from satellites (/8).

In the decade prior to the COVID-19 pandemic, many countries implemented environmen-
tal policies to reduce human health risks associated with poor air quality. These policies largely
focused on regulating air pollutant emissions through changes in human activity and through in-
creased efficiency (i.e., technology). However, the actual air pollutant response to these policies
cannot be directly measured because factors other than changes in emissions, such as meteo-
rology and the background chemical state, affect air pollutant levels and can exhibit long-term
variations that confound detection of emissions-driven changes (13, 19). COVID-19 represents
a “scenario-of-opportunity” that informs our understanding of how air pollution levels respond

to rapid and large reductions in human activity and concomitant air pollutant emissions. Anal-



ysis of the air pollution response to COVID-19 lockdown measures thus provides important
information on effective environmental policy-making aimed at improving air quality. In ad-
dition, because tropospheric ozone and aerosols affect radiative forcing when lofted into the
free troposphere, their response to changing emissions also sheds light on air quality-climate
co-benefits (/6).

This study quantifies the response of global tropospheric ozone to the unprecedented NOx
emission reductions associated with COVID-19. This analysis is made possible by a new multi-
constituent satellite data assimilation system (20) that ingests multiple satellite observations to
simultaneously optimize concentrations and emissions of various trace gas species, while taking
their complex chemical interactions into account. This framework was already used to quantify

the surface air quality response to Chinese COVID-19 lockdown measures (27).

Results

Global NOx emission reductions Anthropogenic NOx emission reductions linked to the
COVID-19 pandemic were estimated as the difference between baseline “business as usual”
(BAU) emissions, obtained by aggregating 2010-2019 emissions from our decadal chemical re-
analysis constrained by multiple satellite measurements (20), and 2020 emissions derived from
the same system, using 2020 TROPOMI NO,, observations. The BAU emissions were adjusted
to 2020 values using the difference between the 2010-2019 baseline and 2020 emissions on
February 1, when economic activity was not yet substantially affected by COVID-19 mitiga-
tion for most countries. For China, however, where the first government-imposed lockdown
occurred earlier than in the rest of the world, the difference in emissions on January 10 is used
to obtain the BAU emissions. Therefore, the 2020 COVID-19 emission anomaly, estimated as
difference between the BAU and COVID-19 emissions, does not include the influence of clima-

tological seasonal changes in anthropogenic emissions (see Materials and Methods for further
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information). Biomass burning and soil NOx emissions, as well as areas that were heavily af-
fected by clouds and at high latitudes (higher than 55°) were removed from the data assimilation
analysis. The a priori emissions used in the data assimilation system have limited representation
of actual ship tracks, which hinders evaluation of ship emission changes; NOx emissions over
oceans were thus removed as well. Although our analysis covers about 75% of the global total
NOx emissions, actual emission changes at country or global scales are likely larger than our
estimates because of the unrepresented areas. Uncertainties on the COVID-19 emission anoma-
lies were estimated from the interannual variability in the BAU emissions (see Materials and
Methods for further information).

The NO- in the model simulation using the optimized emissions exhibits consistent vari-
ations with observed NO;, columns (Figure S1). Meanwhile, the regional or country mean
tropospheric NO, columns show strikingly different seasonal and spatial changes than the NOx
emissions due to varying influences of non-linear chemical and meteorological conditions. For
example, tropospheric NO, concentrations naturally decrease from winter through summer as a
result of photochemical processes, even without any reduction in emissions.

Global total anthropogenic NOx emissions in 2020 were reduced by 9.01+1.5% relative
to the global total emissions (12.8+£2.1 % relative to the analyzed areas total emissions) in
February, 12.7£1.5% (17.8£2.1 %) in March, 14.8+2.3% (21.2+3.3 %) in April, 15.0£1.8%
(21.8+£2.6 %) in May, and 13.9£1.8% (20.8+2.6 %) in June relative to the BAU emissions (Ta-
ble 1 and Figs. 1 and 2). In February, the reduction in emissions from China made the largest
contribution (36 %) to the global NOx anomaly, whereas the contributions from other regions
defined in Fig. S2 are larger from March to June, when China relaxed its restrictions. Regional
total emissions dropped by 18-25 % in April-May across Europe, North America, and the Mid-
dle East. Africa and South America also show clear but moderate reductions in emissions (~

5-10%) in April-May, with substantial spatial variations within the regions. The peak reduction



in global total NOx emissions of about 5 TgN per year is almost the same as the climatologi-
cal annual anthropogenic emissions from Europe in our estimates. In many regions, the early
emission reductions in February and March suggest that activity likely started decreasing even
before actual implementation of lockdown measures, as further discussed below.

At the country scale, the estimated temporal evolution of emission reductions is strongly
correlated with the COVID-19 Government Response Stringency Index (22), an indicator of the
severity of government lockdown measures to slow transmission of COVID-19 (Fig. 3). The
overall agreement between the NOx emission reductions and the Stringency Index suggests that
our emission analysis is able to capture the rapid changes in emissions linked to government
actions globally (Fig. S3). Chinese NOx emissions rapidly declined from late January through
late February, corresponding to China’s first lockdown, followed by a rapid recovery to their
normal levels for March and April. In May, the emissions again started to decrease, with a
maximum reduction of 8 % corresponding to a second lockdown in some parts of the country,
such as Beijing, that was imposed to stop the second wave of COVID-19 cases. In Italy, the
early implementation of lockdown led to large emission reductions, from late February to early
May, of up to 25 %. For other European countries such as France and Spain, both large emission
reductions and high values of the Stringency Index are found from March through May. The
majority of states in the United States announced emergency stay-at-home orders in late March.
The estimated emissions show declines beginning in late February and early March, prior to
the implementation of restrictive measures, with maximum reductions of about 25 % in April
and May, followed by a moderate recovery in June. These changes are broadly consistent
with statistical data such as Google mobility data (23) and the Stringency Index (Fig. 3) and
suggest that there was reduced traffic even before the stay-at-home-order. However, there were
cloudy conditions in February and March over some US cities such as Los Angeles, which

could have produced unstable emission corrections; this possibility will be explored further in



a follow-up study. In Mexico, a nationwide lockdown was imposed in late March, and the NOx
emissions show a quick drop, with a maximum reduction of about 14 % in April. Several Middle
Eastern counties, such as Saudi Arabia and Iran, also show emissions reductions of up to 25%
from March through June, with a slight recovery in June. Limitations on human activity also
affected emissions in South America. For instance, emissions from Brazil and Argentina were
reduced by up to 10 and 15 %, respectively, from March through June. The larger reductions
in Argentina correspond to the stronger government response than in Brazil. A large emission
reduction was also found over Lima, Peru (up to 30 %) in April-May.

One of the confounding factors in attributing concentration changes to COVID-19 related
emissions in tropical regions in Asia and central Africa is biomass burning, which is often
related to agricultural regions near more populated areas. In order to migrate these impacts,
we utilize MODIS burned area data as well as outliner filtering (for model grids with rapid
emission increases) to exclude biomass burning emissions. Nevertheless, downwind regions
may also be affected by enhanced NO, concentrations linked to fires. In addition, possible
errors in the model transport could lead to artificial adjustments to anthropogenic emissions in
top-down estimates. The anthropogenic emissions around fire areas could be better estimated by
combining our top-down emissions estimates with in-situ surface measurements and bottom-up
inventories. Such an analysis, however, is left to future work.

The estimated emission changes we show here are broadly consistent with those based on
bottom-up emission estimates for the COVID-19 period (3-5). Nevertheless, the NOx emission
estimates based on activity data (4) reveal larger global total emission reductions (about 30
% in April) than our estimates (14.8+2.3 % relative to the globe total emissions and 21+3.3
% for the analyzed area), with larger contributions from China (about 2.5 % of the global total
emissions reduction, in contrast to 1.0 % in our estimate) and smaller contributions from Europe

(about 2%, in contrast to 4%). Although the temporal changes in NOx are generally consistent



for major polluted countries, the bottom-up estimates indicate larger reductions in NOx, for
instance, up to 40 % for the US (in contrast to 24 % relative to the global total emissions and
34% relative to the analyzed area total emissions for our top-down estimates), 57 % for Italy
(25% and 32%), 64 % for Spain (32% and 34%), 54 % for Saudi Arabia (20% and 34%), 49 %
for Mexico (14% and 32%), 52 % for Argentina (17% and 45%), and 43 % for Brazil (17% and
32%). These discrepancies could reflect large uncertainties in the activity data, which is limited
to selected sectors, used in bottom-up estimates. In contrast, our top-down approach infers
total emission changes, although the influence of model errors needs to be considered. Detailed
comparisons of spatial and temporal emission patterns between the top-down and bottom-up

estimates will play an essential role in the further exploration of the COVID emission anomaly.

Tropospheric ozone response Using the BAU emissions and 2020 emissions with the same
meteorological conditions allows us to evaluate tropospheric ozone concentration changes di-
rectly linked to COVID-19 emissions declines while accounting for the “observed” meteorol-
ogy (as filtered through a reanalysis system, see Materials and Methods). This approach is in
contrast to studies that evaluate atmospheric composition anomalies in 2020 directly from com-
parisons between 2020 conditions and previous years (7, 11). In such studies, the confounding
factors of meteorological variations and spatiotemporal differences in the relationship between
atmospheric concentrations and emissions adds substantial, but poorly constrained, uncertainty
in their inferences of COVID-19 effects on atmospheric composition.

Our sensitivity simulations show a strong response of ozone to the COVID-19 NOx re-
ductions that extends from the surface to the upper troposphere (Fig. 4). The results using
our 2020 emissions show better agreement with observed concentrations from in-situ mea-
surements, ozonesondes, and ozone retrievals from the Cross-Track Infrared Sounder (CrIS)

satellite instrument (24) than those using BAU emissions for the globe (Fig. S4-S6 and Table



S1). At the local scale, and especially near the surface, the estimated ozone response varies
greatly with location and time as a consequence of differences in photochemical regime, which
depends on a number of factors other than NOx. These factors include the amount and reac-
tivity of VOCs (climatological VOC emissions were used in all simulations, see Materials and
Methods), background oxidant levels, and meteorological conditions. Over highly polluted ur-
ban areas with high NOx concentrations, additional NOx can suppress ozone production due to
NOx titration; this response is mainly due to enhanced atmospheric oxidation capacity (AOC)
in these locations, which is reflected in the levels of major oxidants (e.g. the hydroxyl radical
(OH) and nitrate radical (NOs3)) (25). Therefore, NOx emission reductions can increase ozone
locally over urban areas due to high levels of OH and reactions with VOCs. Increased sur-
face ozone was seen in our estimates over parts of northern Europe, China, and south Africa,
as has already been reported for northern China during the lockdown (70, 27). Nevertheless,
the obtained ozone production efficiency (OPE, mass of ozone produced per unit mass of NOx
emitted) for the monthly mean tropospheric ozone burden (TOB, in TgOj unit, integrated from
the surface to the tropopause globally) based on the regional emission changes was mostly pos-
itive throughout the analysis period (i.e., NOx emission declines reduced TOB), as seen in other
modelling studies (26).

While the globally-averaged tropospheric lifetime of ozone is relatively short (23 days) (27),
it can be significantly longer in the free troposphere. Therefore, the influence of NOx emissions
reductions on TOB can be accumulated during the course of the COVID pandemic. Thus,
we evaluated cumulative total tropospheric ozone changes from model simulations starting in
February 2020. As summarized in Fig. 5, the estimated ozone response shows substantial
seasonal variations as a consequence of varying meteorological and chemical conditions in
addition to emissions changes. In total, the global TOB decreased by 0.6 TgOs in February

and by 6.5 TgOs in June, reflecting an order of magnitude intensification in the decline in just



over 5 months. The reduced ozone associated with the COVID-19 emissions accounted for
about 2 % of TOB (~300 TgOs3) in May and June. Because areas that account for about 25 %
of the global total anthropogenic NOx emissions were removed from our estimates, including
tropical biomass areas with strong OPE, the actual ozone changes may be even larger. Assuming
that the removed areas had similar relative emission reductions as the surrounding areas, we
obtain a reduction of up to 9 TgOs, about 3 % of TOB. By comparison, the most aggressive
representative concentration pathway (RCP) defined for the Climate Model Intercomparison
Project-5 (RCP 2.6) projects a reduction of TOB of about 4% by 2030 (27). Applying the
average satellite-derived TOB trend over the past two decades (+0.71 TgOs/yr, from -2.15 to +
2.85 TgOs/yr for different satellite sensors) (28), the COVID-19 TOB reductions of 6-9 TgOs
are equivalent to going back in time to TOB values for 2007-2011.

In order to identify regional and seasonal changes in the ozone response, we conducted
sensitivity calculations in which we compared the BAU and 2020 emissions for each region
separately. The contributions of emissions from each region to TOB varied substantially with
time. In February, the large emission reductions in China had little impact on ozone. In March,
Asia (including China) and South America account for about 60 % of the total ozone reduction
(2.5 TgO3). In April, the total reduction of 4.7 TgOj3 is mainly attributed to emission reductions
in Asia, China, North America, and South America (0.7-0.8 TgO3 for each region). In May and
June, when the reduction in TOB reached its maximum value, the Asian emissions (excluding
China, whose emissions had largely recovered by that time) have the largest contribution to
the total ozone reduction (1.2-1.5 TgO3 out of 6.0-6.5 TgOs), followed by North America (1.2
TgO3) and South America (0.8 TgOs3). The NOx emissions from the Middle East, Europe,
Africa, and Australia provided minor contributions to the global ozone budget from February
though June.

The ozone reductions corresponding to the emission decreases in each region exhibit distinct
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spatial patterns, including both local and remote impacts (Fig. 4 and S7). For instance, free tro-
pospheric ozone over Eastern and Central Eurasia is reduced due to North American emission
reductions, whereas the South American emission reductions result in a long tail of decreased
ozone along the mid-latitude westerlies in the SH. In all, the COVID-19 NOx reductions led
to up to 10 ppb reductions in monthly mean ozone at the surface and 3 ppb reductions at 500
hPa (Figs. 4a and 4b). In terms of vertical propagation, the European and Australian emission
influences on ozone are mostly limited to the region below 300 hPa and poleward of 30°. These
patterns are likely dominated by quasi-isentropic transport linked to mid-latitude synoptic-scale
disturbances. The ozone anomalies from the Middle Eastern, South American, and North Amer-
ican emissions extend up to 200 hPa in the subtropics through deep convection, with up to 1
ppb reductions in the monthly and zonal mean concentration in the upper troposphere (Figs. 4c
and S8). Asian emissions show a distinct pattern, with maximum values of the ozone anomaly
in the upper troposphere and the anomaly extending throughout the tropics to the mid latitudes
of both hemispheres. This pattern reflects not only convection over the maritime continent, but
also transport through the Asian monsoon, suggesting substantial impacts of Asian human ac-
tivity on the global environment. The latitudinal and vertical propagation of ozone anomalies
seen in Figs 4, S7, and S8, with 2-5 % reductions in the zonal mean concentration in the tropics
and Northern Hemisphere (NH) subtropics and 1-2 % reductions in the Southern Hemisphere
(SH) and NH extratropics, signifies important implications for ozone radiative forcing, as ozone
has the largest impact on the top-of-atmosphere flux in the middle and upper troposphere (29).
The NOx reductions could also affect radiative forcing through decreases in nitrate aerosol; the
impacts on secondary aerosol formation need to be further addressed in a future study.
Reduced NOx emissions during the COVID period also led to decreases in free tropospheric
peroxyacetyl nitrate (PAN) concentrations over both polluted regions (by up to about 35 ppt)

and remote areas such as northern and southern Atlantic and Pacific oceans (by up to about 10
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ppt; Fig. S9a). PAN is a long-lived reservoir species for NOx and can be transported long dis-
tances from source regions before decomposing; these results highlight the non-local impacts
of the emission reductions on global ozone through long-range transport of precursors. Mean-
while, substantial reductions in tropospheric mean OH of up to 30 % locally (Fig. S9b) suggest
substantial impacts of the worldwide lockdowns on the entire tropospheric chemistry system,
including on the chemical lifetimes of many species such as methane. The maximum reduction
of the tropospheric global mean OH concentration, which occurs in May, is 4.0 %.

The OPE was estimated using the TOB response corresponding to reduced NOx emissions
for each month separately. The OPE increased by a factor of 2-5 from February to July in the NH
mid and high latitudes (Table 2 and Fig. 5), largely due to the increasing availability of sunlight
from the winter to the summer season. When averaged over the February to June time period,
tropical and SH low and mid latitudes regions, such as Africa, South America, and Australia
show much larger OPE values (1.9-2.9 TgO3/TgN) than those in the NH extratropics (0.2-0.4
TgO3/TgN). The OPE variations help to explain the different ozone response patterns described
above. The impact of the large extratropical NH NOx emission reductions on tropospheric
ozone is relatively small due to the weak OPE, especially in the winter and spring seasons. In
contrast, ozone reductions are much larger for tropical regions such as South America, despite
smaller NOx changes, because of the larger OPE. These results suggest that considering where
and when government actions to slow the spread of COVID-19 occurred is extremely important
in understanding the impacts of COVID lockdowns on atmospheric composition.

The response of ozone to changes in NOx emissions can differ significantly between chem-
ical transport models. In our previous work using a multi-model chemical data assimilation
system (30), we obtained up to a factor of 2 difference in surface ozone response among differ-
ent models due to fundamental differences in the representation of fast chemical and dynamical

processes. At the same time, multi-model inter-comparison studies have demonstrated that the
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ozone response to varying NOx emissions in the MIROC-CHASER model (37) used here fits
well within the multi-model estimates (32-34).

Our modeled ozone responses to COVID-19 NOx emissions are broadly consistent with
observed ozone changes. Recently developed tropospheric ozone profile retrievals from the
CrIS satellite instrument (24) provide an opportunity to evaluate the simulated ozone responses.
The modeled ozone in the free troposphere shows closer agreement with the CrlS observations
for many regions when using the 2020 emissions than when using BAU emissions (Fig. 6a). The
discrepancy between CrlS and the BAU emissions scenario increases from April through June.
The RMSE reduction associated with the COVID emissions reaches 20% in May and June,
while the mean bias against the CrIS data in June is reduced by using the COVID emissions
from 3.2 to 2.0 ppb in the SH and from 2.0 to 1.1 ppb in the NH. Furthermore, the RMSE
between the model and surface measurements is reduced by 20-40 % for Europe, the United
States, and China when considering the COVID-19 emission reductions (Figs. 6b, S5-S6, Table
S1). Additional model evaluation results are provided in the Supplementary Materials (S1-S4).

In this paper, we have shown for the first time the impacts of COVID-related NOx emissions
reductions on global tropospheric ozone, but there are additional considerations that should be
investigated further to fully understand the implications of COVID-19 emission changes for
ozone. For example, inconsistencies in TROPOMI sampling, mainly due to clouds, may have
affected the estimated short-term variations in NOx emissions. Furthermore, although the model
used has a relatively high spatial resolution for the globe (0.56 °), the simulation of surface con-
centrations is sensitive to model resolution, owing to the fine-scale distribution of emissions and
transport as well as resolution-dependent non-linear effects in the NOs loss rate (35). Aerosol
levels were also greatly affected by COVID-19 (36), which may have had an additional impact
on ozone chemistry. Simultaneous reductions in primary aerosol and NOx emissions could have

the effect of increasing ozone (/9). The absence of changes in primary aerosol in our COVID
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emissions estimates might explain some of the remaining model ozone bias, especially at the
surface. In addition, while the NOx reductions were large enough that ozone sensitivity regimes
in highly polluted areas may have shifted from VOC-limited to NOx-limited during the COVID
lockdowns, the contribution of changes in VOCs needs to be addressed in future work, along

with a means to validate the results.

Discussion

The worldwide actions taken to slow the transmission of COVID-19 had the effect of rapid
emission reductions globally, which drove substantial changes in air pollutants and tropospheric
chemistry. The pandemic took place against a backdrop in which many countries have imple-
mented environmental policies to reduce human health risk from air pollution by controlling
emissions, but the quantitative impacts of these policies have not always been clear (37-39).
COVID-19 represents a well-observed “scenario-of-opportunity” that allows us to assess how
air pollution levels respond to reduced human activity and emissions, providing an important
benchmark for identifying effective environmental policy making. In this paper, we have eval-
uated global NOx emission reductions and their impacts on global tropospheric ozone, using a
state-of-the-art multi-constituent data assimilation system.

The COVID-19 restrictions on human activity in numerous countries led to substantial re-
ductions in global total anthropogenic NOx emissions of at least 15 % in April and May 2020,
with 19-25% reductions in the US, Europe, and the Middle East. Using the estimated emission
reductions, we find that the tropospheric ozone response to the NOx emission reductions exhib-
ited strong spatial and temporal gradients as a consequence of differences in OPE, with larger
values in the tropics and SH subtropics (1.9-2.9 TgO3/TgN, February-June average) than in the
NH mid- and high-latitudes (0.2-0.4 TgO3/TgN). The OPE in the NH extratropics increased

by a factor of 2-3 from February to June. The reduction in ozone associated with COVID-19
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changes in NOx is as large as 10 ppb and is seen both at the surface and in free tropospheric con-
centrations. The COVID-related ozone anomaly is widespread in the NH and is substantial even
in the SH, especially downwind of mega-cities in South America. Overall, the pandemic led to
a6 TgO3 (~2%) decrease in TOB in May and June. Decreased concentrations of PAN and OH
suggest highly non-local impacts of the lockdowns and substantial changes in the tropospheric
chemistry system.

The results described here demonstrate the strong impacts of the worldwide restrictions
on human activity on global tropospheric chemistry, human health, and radiative forcing, and
will benefit future predictions of the chemistry-climate system by providing validation of our
understanding of the response of tropospheric chemistry to changes in emissions. In addition,
the designers of environmental policies to improve air quality need to consider the complex
relationships between emissions and atmospheric composition demonstrated here carefully in
order to effectively improve air quality and reduce its impacts on human health, especially for
countries in the tropics that have a combination of high population density and large OPE.
Finally, our ozone response estimates for the COVID-19 pandemic provide insights into where
and when the atmospheric composition effects of the pandemic may be measurable directly

from observations.

MATERIALS AND METHODS

Experimental Design The surface NOx emission reductions associated with the COVID-19
lockdowns were estimated using a top-down approach within a state-of-the data assimilation
system (20). The obtained emission reductions were used to evaluate the tropospheric ozone

response and OPE for each region of the world using the MIROC-CHASER global CTM.
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Top-down surface NOx emission estimates An updated version of the Tropospheric Chem-
istry Reanalysis version 2 (TCR-2) (20) is used to evaluate NOx emission changes and their
influence on ozone concentrations. The TCR-2 dataset is available at: https://doi.org/
10.25966/9ggv—-fe81. The reanalysis is produced via the assimilation of multiple satel-
lite measurements of ozone, CO, NO,, HNOg, and SO,. The tropospheric NO; column re-
trievals from the QA4ECYV version 1.1 level 2 product for OMI (40) and TM5-MP-DOMINO
version 1.2 for TROPOMI (417) were used to constrain NOx emissions. We employed a super-
observation approach (42) to generate representative data with a horizontal resolution of the
forecast model. The OMI SO, data used were the planetary boundary layer vertical column
SO, L2 product obtained with the principal component analysis algorithm (43). The MOPITT
total column CO data used were the version 7 L2 TIR/NIR product (44). Version 4.2 ozone
and HNOj3 L2 products from MLS (45) were used to constrain the chemical concentrations in
the upper troposphere and lower stratosphere. The model and data assimilation calculations for
2020 in this study were conducted at 0.56° horizontal resolution using the Model for Interdis-
ciplinary Research on Climate (MIROC)-chemical atmospheric general circulation model for
study of atmospheric environment and radiative forcing (CHASER) and an ensemble Kalman
filter technique that optimizes both chemical concentrations of various species and emissions of
NOx, CO, and SO,.

The emissions estimation is based on a state augmentation technique, which has been em-
ployed in our previous studies (30, 42, 46—49). This approach allows us to reflect temporal
and geographical variations in transport and chemical reactions in the emission estimates. The
emissions in the state vector are represented by scaling factors for each surface grid cell. The
quality of the reanalysis fields for 2005-2018 has been evaluated based on comparisons against
ozonesondes as well as independent aircraft and satellite observations for various chemical

species on regional and global scales, as well as for seasonal, yearly, and decadal scales, from
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the surface to the lower stratosphere (20). The emissions for 2020 constrained by TROPOMI
NO, at 0.56° horizontal resolution have already been used to evaluate the air quality response
to the Chinese COVID-19 lockdown (21).

To evaluate emission anomalies due to the COVID-19 restrictions, the influence of climato-
logical temporal emission variations was removed by comparing the 2020 optimized emissions
with the baseline ’business as usual” (BAU) emissions constructed based on our decadal chem-
ical reanalysis, which is constrained by OMI NO, (20). The following steps were taken to
obtain the BAU emissions for 2020 at each grid point. (1) The 2010-2019 emissions obtained
from the reanalysis were used to evaluate relative temporal emission changes from February
1 (January 10 for China only) through July 31 each year. (2) The calculated relative tempo-
ral emission changes were averaged over the ten years (2010-2019) to obtain climatological
relative emission variations. (3) The climatological relative emission variations were applied
to the 2020 emission values on February 1, 2020 (January 10, 2020 for China) through July
31, 2020 to obtain the BAU emissions for 2020. Because the emissions changed only gradu-
ally during the non-COVID periods in the reanalysis, the choice of the base date did not affect
the estimated COVID emission anomaly substantially. While the emission estimates based on
long-term OMI records enabled us to evaluate climatological emission variations, assimilation
of TROPOMI NO; for 2020 provided strong constraints on the detailed spatiotemporal varia-
tions in the 2020 COVID-19 emissions (Fig. S1). The influences of systematic biases between
TROPOMI and OMI measurements, along with the influences of interannual changes in emis-
sions, were excluded by aggregating the normalized temporal variability for each year.

Based on the comparisons between the 2020 and BAU emissions, we estimated the COVID
emission anomaly, which eliminates the impacts of the climatological seasonal changes in emis-
sions, such as the use of wintertime heating and enhanced soil emissions in summer, as well as

interannual variations. In addition, in top-down estimates, systematic model errors, for instance
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in the seasonally-varying chemical lifetime of NOx, can cause artificial seasonal changes in
emissions, which are also removed by comparing the BAU and 2020 emissions constructed us-
ing the same system. Biomass burning signals in emissions were removed using MODIS burned
area information (50), while surrounding grid points that were likely affected by fires (based on
rapid emission increases) were also removed. Because of the relatively large uncertainty and
limited coverage of the assimilated measurements, grid points poleward of 55° in both hemi-
spheres and countries including those grid points (Canada, Russia, and northern Europe, except
for the United Kingdom), as well as ocean grid points (i.e., ship emissions), were also excluded
from the analysis. Areas that were heavily affected by clouds, as measured from variability
of emission increments during the analysis period, were also removed from data assimilation
analysis. In total, areas with about 25% of the global total NOx emissions were excluded from
our analysis. For China, the impact of the Chinese New Year holiday was removed from the
2020 emissions to separately evaluate the COVID-19 anomaly using the baseline emission vari-
ations relative to the Chinese New Year date each year, following the method in our previous

study (21).

Chemical transport model, MIROC-CHASER The forecast model used in the chemical
data assimilation and sensitivity model calculations is MIROC-Chem (317,51) at 0.56° horizontal
resolution. The model simulates spatial and temporal variations in chemical species in the tro-
posphere and stratosphere by calculating tracer transport (advection, cumulus convection, and
vertical diffusion), emissions, dry and wet deposition, and chemical processes (92 species, 262
reactions) including the ozone-HOx-NOx-CH,-CO system with non-methane volatile organic
compound oxidation. It also includes stratospheric chemistry such as halogen chemistry. The
meteorological fields were calculated using the MIROC-AGCM atmospheric general circula-

tion model (37). The simulated meteorological fields were nudged to the 6-hourly ERA-Interim
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reanalysis data (52). For data assimilation calculations, the a priori anthropogenic emissions
of NOx, CO, and SO, were obtained from the HTAP version 2 for 2010 (53), which were
produced using the Regional Emission Inventory in Asia (REAS) for China. Emissions from
biomass burning were based on the monthly Global Fire Emissions Database (GFED) version
4 (54) for NOx and CO. Emissions from soils were based on monthly means of the Global
Emissions Inventory Activity (GEIA) (55) emissions for NOx. For other compounds, including

VOC:s, emissions were taken from the HTAP version 2 and GFED version 4 emissions.

Ozone production efficiency (OPE) estimates The COVID-19 ozone response and OPE
were estimated from model simulations using the BAU and 2020 emissions. To estimate the
TOB anomaly related to COVID-19, we conducted a model simulation from February 1, 2020
through July 31, 2020, which provides the accumulated influences of NOx emissions changes
during the course of the COVID pandemic. To evaluate the relative importance of NOx emis-
sion reductions for each region, additional sensitivity calculations were conducted by replacing
the BAU emissions with the 2020 emissions for each region (Fig. S1) separately. For estimating
OPE (in TgO3/TgN), model simulations were conducted from the beginning to the end of each
month for February to June, 2020, using the same initial conditions, and the simulated tropo-
spheric ozone burden averaged over the last 5 days of each month was compared between the
simulations using the BAU and 2020 emissions. This method provides monthly changes in the

ozone response to reduced NOx emissions for each region separately.

Statistical Analysis The multi-year standard deviation of the BAU emissions was used as an
estimate of the uncertainty of the COVID NOx emission anomaly. For OPE, the standard devi-
ation of estimated TOB during the analysis period was used to provide an uncertainty estimate.
The validation of the model results against assimilated and independent observations is given

in the Supplementary Materials (S1-S4).
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Fig. 1. Spatial distributions of the monthly mean NOx emission reductions due to the
COVID-19 lockdowns. The COVID NOx emission anomaly in February-June 2020 was es-
timated from differences between the 2020 and BAU emissions. Results are shown for the
absolute changes in country total emissions (in TgN per year, upper panels), relative changes in
country total emissions (in %, center panels), and absolute changes in grid-scale emissions (in

10~ 2kgNm—2s~1, lower panels),
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Fig. 2. Reductions in anthropogenic NOx emissions and tropospheric ozone burden.

Monthly mean global and regional total changes in (a) NOx emissions (in TgN per year) due to

the COVID-19 lockdowns and in (b) tropospheric ozone burden (in TgO3) are shown for Africa,

Europe, Australia, the Middle East, Asia (except for China), South America, North America,

China, and other regions.
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Fig. 3. Time series of relative changes in country-total NOx emissions (in %, black line)
due to the COVID-19 lockdowns. The COVID-19 government response stringency index is
shown by the dashed red line. The x-axis represents days from January 1, 2020. The shaded
area represents the 1-sigma uncertainty as measured from the standard deviation of the BAU

emissions.
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(a) Surface ozone anomaly [ppb]

(c) Zonal mean ozone anomaly [ppb]
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Fig. 4. Monthly ozone changes due to the COVID NOx emission reductions in May 2020.

Spatial distribution of the ozone anomaly (in ppb) at (a) the surface, (b) 500 hPa, and (c) zonal

mean values in latitude-pressure coordinates.
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Fig. 5. Global map of the ozone production efficiency (OPE). OPE is estimated from the
change in the global tropospheric ozone burden (TOB) corresponding to the COVID NOx emis-
sion anomaly for each region of the world. The diameter of each circle represents the averaged
OPE value during February-July 2020, while each sector of the circle represents the relative

OPE magnitude for each month. The background map shows population density.
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Fig. 6. Comparisons to ozone measurements from the CrIS satellite and surface networks.
Time series of differences in monthly RMSEs (in ppb) of ozone against (a) the CrIS satellite
retrievals at 700 hPa for the NH (20°N-90°N) and SH (90°S-20°S) and (b) the surface observa-
tions from the OpenAQ platform for Europe (light blue), the United States (blue), the Middle
East (yellow), and China (red). The RMSE differences were estimated from two model simula-
tions using the BAU and 2020 emissions, where the negative values show improved agreement

against the observations using the 2020 emissions.
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Table. 1. Monthly mean values of global and regional total surface NOx emission changes
(in %) due to the COVID-19 restrictions. The 1-sigma uncertainties, estimated from the

standard deviation of the multi-year BAU emissions, are also shown.

Region Feb Mar Apr May Jun

Globe -9.0£1.5 | -12.7£1.5 | -14.8+£2.3 | -15.0£1.8 | -13.9+1.8

Africa -1.8£3.7 | -2.1+4.2 | -99+44 | -10.3£4.0 | -6.7+4.1
Europe -10.3£4.1 | -16.5+4.6 | -19.3£5.8 | -18.7+5.6 | -13.8£3.6
Australia -10.2+£4.0 | -12.8+5.3 | -14.6£5.7 | -15.7+£6.2 | -15.9+74
Middle East -8.3+4.8 | -14.8+6.8 | -24.14+9.7 | -24.8+£9.6 | -21.7+10.6
Asia (excl. China) | -4.0£1.3 | -7.4£1.6 | -9.44£2.6 | -10.6£2.1 | -14.4£2.1
S America -3.3£1.5 | -7.0£1.8 | -10.2£2.5 | -10.2+2.4 | -10.3£2.9

N America -9.6£2.6 | -16.1£4.3 | -20.7£6.2 | -20.1£5.5 | -17.5+4.6

China -18.3£3.8 | -16.4+3.1 | -6.2+2.2 | -6.3+£24 | -6.9£25

Table. 2. Monthly values of the regional ozone production efficiency (OPE, in TgO3/TgN).
The OPE was estimated for the global tropospheric ozone burden (TOB), using the regional
COVID-19 NOx emission anomalies. The 1-sigma uncertainties, estimated from the standard

deviation (i.e., temporal changes) of the estimated TOB during the analysis period, are also

shown.
Region Feb Mar Apr May Jun
Africa 2.15+0.08 | 2.614+0.23 | 1.51+£0.17 | 1.56+0.08 | 1.53+0.12
Europe 0.09£0.01 | 0.13+£0.01 | 0.20£0.06 | 0.23+0.03 | 0.234+0.03
Australia 2.68+0.10 | 4.01£0.10 | 3.16+0.04 | 2.54+0.05 | 2.4040.08
Middle East 0.254+0.01 | 0.40+0.05 | 0.4540.05 | 0.47+£0.05 | 0.57£0.05
Asia (excl. China) | 1.11+0.04 | 1.354+0.03 | 1.54+0.15 | 1.654+0.07 | 1.44+0.04
S America 3.65+0.11 | 3.55£0.09 | 2.754+0.04 | 2.47+0.04 | 2.214+0.04
N America 0.23+0.01 | 0.3340.04 | 0.45+0.08 | 0.50+0.06 | 0.45+0.06
China 0.08+0.00 | 0.1740.01 | 0.37£0.05 | 0.4440.04 | 0.25+0.02
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