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Efforts to stem the transmission of coronavirus disease 2019 (COVID-19) led to rapid, global ancillary reductions in air

pollutant emissions. Here, we quantify the impact on tropospheric ozone using a multiconstituent chemical data assimilation

system. Anthropogenic NOx emissions dropped by at least 15% globally and 18 to 25% regionally in April and May 2020,

which decreased free tropospheric ozone by up to 5 parts per billion, consistent with independent satellite observations. The

global total tropospheric ozone burden declined by 6TgOs (~2%) in May and June 2020, largely due to emission reductions in

Asia and the Americas that were amplified by regionally high ozone production efficiencies (up to 4 TgO3/TgN). Our results

show that COVID-19 mitigation left a global atmospheric imprint that altered atmospheric oxidative capacity and climate

radiative forcing, providing a test of the efficacy of NOx emissions controls for co-benefiting air quality and climate.

Keywords : atmospheric chemistry, data assimilation, global warming, lockdown, emission

1. Introduction

To slow the transmission of coronavirus disease 2019
(COVID-19), numerous countries worldwide have imposed
lockdown measures that severely limit personal mobility,
leading to reductions in overall economic activity. These
restrictions on human activity were designed to alleviate the
strain on the health care system from COVID-19 but also had
the ancillary impact of rapid air pollutant emission reductions.
Changes in greenhouse gas and pollutant emissions have been
estimated using activity data such as mobility metrics, with
global NO, emissions estimated to have declined as much as
30% in April. However, these estimates are highly uncertain, as
activity data are incomplete, and substantial 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. 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 pm
(PM2.5), and marginally notable increases of 4% in ozone
between the beginning of the lockdowns and May 15. These
estimates highlight the different responses of surface
concentrations for different species and the strong regional
dependence of the response, but because of the sparseness of the
in situ network, they do not provide a truly global picture of the
pandemic’s impact on atmospheric composition.

This study quantifies the response of global tropospheric
ozone to the unprecedented NO, emission reductions associated

with COVID-19. This analysis is made possible by a state-of-
the-art multiconstituent satellite data assimilation system [1] 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.

2. Results

Anthropogenic  NOy 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
reanalysis constrained by multiple satellite measurements [2],
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 mitigation 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
climatological seasonal changes in anthropogenic emissions,
such as use of winter heating, nor does it include interannual
changes from years before 2020 (cf. Figure 1). Biomass burning
and soil NO, emissions, as well as areas that were heavily
affected by clouds and at high latitudes (higher than 55°), were
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Fig. 1 Schematic diagram of the methodorogy used in this study.
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; NO, emissions over oceans were thus
removed as well. Although our analysis covers about 75% of the
global total NO; 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
anomalies were estimated from the interannual variability in the
BAU emissions, model errors, and short-term variability of the
emissions (see Materials and Methods for further information).

The NOin the model simulation using the optimized
emissions exhibits consistent variations with the assimilated
satellite NO, column measurements globally (fig. S1) and
surface NO, measurements over North America, Europe, the
Middle East, and East Asia (table S1). The remaining model
negative NO, bias against the surface measurements is likely a
consequence of the reported negative bias in the assimilated
TROPOMI NO, measurements. Meanwhile, the regional or
country mean tropospheric NO, columns show notably different
seasonal and spatial changes than the total NO, emissions (fig.
S1) due to varying influences of nonlinear 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.
We estimate that global total anthropogenic NO, emissions in

2020 were reduced by 9.0 +1.5% relative to the global total

anthropogenic emissions (12.8 £2.1% relative to the analyzed

-15-

areas total anthropogenic 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. In February, the reduction in
emissions from China made the largest contribution (36%) to the
global NO, anomaly, whereas the contributions from other
regions are larger from March to June, when China relaxed its
restrictions. Regional total anthropogenic emissions dropped by
18 to 25% in April and May across Europe, North America, and
the Middle East and West Asia. Africa and South America also
show clear but moderate reductions in emissions (~5 to 10%) in
April and May, with substantial spatial variations within the
regions. The peak reduction in global total NO, emissions of
about 5 TgN/year is almost the same as the climatological 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.
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3. 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 implemented 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. COVID-19 represents a
well-observed “scenario-of-opportunity” that allows us
to assess how atmospheric composition responds to
reduced human activity and emissions, providing an
important benchmark for identifying effective
environmental policy-making. Here, we have evaluated
global NOx emission reductions and their impacts on
global tropospheric ozone, using a state-of-the-art
multiconstituent data assimilation system.

The COVID-19 restrictions on human activity in numerous
countries led to substantial reductions in global total
anthropogenic NO, emissions of at least 15% in April and May
2020, with 19 to 25% reductions in the United States, Europe,
and the Middle East and West Asia. Using the estimated emission
reductions, we find that the tropospheric ozone response to the
NO, emission reductions exhibited strong spatial and temporal
gradients as a consequence of differences in OPE, with larger
values in the tropics and SH subtropics (1.9 to 2.9 TgOs/TgN,
February to June average) than in the NH mid and high latitudes
(0.2t0 0.4 TgO3/TgN). The OPE in the NH extratropics increased
by a factor of 2 to 3 from February to June. The reduction in
ozone associated with COVID-19 changes in NOy is as large as
10 ppb and is seen both at the surface and in free tropospheric
concentrations. The COVID-related ozone anomaly is
widespread in the NH and is substantial even in the SH,
especially downwind of megacities in South America. Overall,
the pandemic led to a modeled 6-TgOs (~2%) decrease in TOB
in May and June. Decreased concentrations of PAN and OH
suggest highly nonlocal 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 and radiative forcing. Our model
indicates rapid reductions in free tropospheric ozone
concentrations of up to 5 ppb in March to June 2020 over major
polluted areas and is in broad agreement with the CrIS satellite
observations. Our study thus benefits future predictions of the
chemistry-climate system by providing validation of our
understanding of the response of tropospheric ozone to changes
in NO, emissions.

Our results indicate that the designers of environmental
policies to benefit both air quality and climate need to carefully

consider the complex relationships between emissions and
atmospheric composition such as those demonstrated here to
effectively improve air quality and reduce radiative forcing,
especially for countries in the tropics that have a combination of
high population density and large OPE. However, we focused
here on regional and global ozone responses to NO, emission
changes and the potential impacts of VOC emission changes;
urban-scale emission changes and subsequent ozone responses
were not well resolved. Further investigation of NO,/VOC
impacts at finer (e.g., urban) scales is essential to assessing the
implications of the COVID-19 lockdowns on air quality and
human health. Last, 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.
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