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Abstract The reduced human activities and associated decreases in aerosol emissions during the
COVID‐19 pandemic are expected to affect climate. Assuming emission changes during lockdown,
back‐to‐work and post‐lockdown stages of COVID‐19, climate model simulations show a surface warming
over continental regions of the Northern Hemisphere. In January–March, there was an anomalous
warming of 0.05–0.15 K in eastern China, and the surface temperature increase was 0.04–0.07 K in Europe,
eastern United States, and South Asia in March–May. The longer the emission reductions undergo, the
warmer the climate would become. The emission reductions explain the observed temperature increases of
10–40% over eastern China relative to 2019. A southward shift of the ITCZ is also seen in the
simulations. This study provides an insight into the impact of COVID‐19 pandemic on global and regional
climate and implications for immediate actions to mitigate fast global warming.

1. Introduction

The abrupt outbreak of the coronavirus disease 2019 (COVID‐19) emerged in Wuhan of China in December
2019 and has been spreading worldwide, which has caused hundreds of thousands of deaths (Dong et
al., 2020; Lu et al., 2020). In order to control the rapid spread of the disease, many countries have taken dra-
matic measures. As the early epicenter of the pandemics, China implemented a nationwide lockdown in late
January 2020 (Tian et al., 2020), which greatly reduced human activities and hence primary air pollutant
emissions, especially those from motor vehicle traffic. For example, nitrogen dioxide over China was cut
in half after the outbreak of COVID‐19, compared to that before the 2020 Lunar New year (Liu et al., 2020).

As a possible side effect of this unprecedented COVID‐19 outbreak, many studies have examined the impact
of the dramatic emission reductions on regional air quality (e.g., Huang et al., 2020; Le et al., 2020; Li et
al., 2020; Sharma et al., 2020). Sharma et al. (2020) reported that the PM2.5 (particulate matter less than
2.5 μm in diameter) concentration decreased by 43% in India during the COVID‐19 lockdown period com-
pared to the past 4 years. Based on satellite‐ and ground‐based observations and regional model simulations,
Le et al. (2020) and Huang et al. (2020) found that the unexpected heavy haze occurred in northern China
during the COVID‐19 period was mainly due to the high humidity and enhanced atmospheric oxidizing
capacity that promoted the heterogeneous chemical reactions of aerosols, in conjunction with stagnant air
conditions.

Besides its environmental impact, aerosol has been recognized as a major factor in affecting global and regio-
nal climate as it influences the radiation budget of the earth directly by scattering and absorbing solar radia-
tion and indirectly by altering cloud properties (Boucher et al., 2013; Yang et al., 2019). Through interactions
with radiation and cloud, aerosols can change the spatial structure of the atmospheric temperature, affect
convection and monsoon circulation, and thus modify the hydrological cycle (Li et al., 2016; Rosenfeld et
al., 2008). For instance, sulfate, as an important light scattering aerosol, can cause surface cooling over local
and remote regions (Navarro et al., 2016; Yang, Wang, Smith, Easter, et al., 2017; Yang,Wang, Smith, Easter,
& Rasch, 2018). Black carbon (BC) heats the atmosphere through absorbing solar radiation (Bond et
al., 2013; Yang, Wang, Smith, Ma, & Rasch, 2017) and influences the East Asian monsoon and frequency
of the extreme ENSO events through thermodynamic and dynamic feedbacks (Lou, Yang, Wang, Lu, et
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al., 2019; Lou, Yang, Wang, Smith, et al., 2019). BC can enhance the Arctic amplification when depositing on
ice or snow surfaces (Qian et al., 2014; Sand et al., 2016).

Previous studies about the reduced human activities during the COVID‐19 mostly focused on its impact on
air quality. Very few studies have explored possible global climate responses to the aerosol emissions reduc-
tions under the COVID‐19 condition. In this work, an analysis of the impacts of restricted emissions during
COVID‐19 on global and regional climate is conducted based on a global aerosol‐climate model. We evaluate
changes in aerosol concentrations and radiative forcing and their impacts on the surface air temperature and
precipitation due to fast climate responses under multiple COVID‐19 emission control scenarios in 2020.
Hence, we provide the first‐of‐its‐kind global insight into the impact of COVID‐19 lockdown on climate,
which can be used to assess potential changes in air quality and climate in response to the reduction of
air pollutant emissions.

2. Methods

To investigate the fast response of the global climate to aerosol emission reductions during the COVID‐19
period, we performed simulations using the CAM5 (Community Atmosphere Model version 5) model.
The fast response refers to the rapid climate adjustments, which occur on a time scale much fast than
response of ocean (Boucher et al., 2013). Major aerosol species, including sulfate, BC, primary organic matter
(POM), secondary organic aerosol (SOA), mineral dust, and sea salt, are treated in the three lognormal
modes (i.e., Aitken, accumulation, and coarsemodes) in this study (Liu et al., 2012). Aerosol radiative effects,
as well as the aerosol microphysical impacts on stratiform clouds, are explicitly represented in the model.
Based on the default CAM5, a few aerosol‐related schemes are modified to improve the model performance,
including aerosol convective transport and wet deposition (Wang et al., 2013).

The CAM5 simulations are performed for year 2020 with 1.9° latitude by 2.5° longitude horizontal grids and
30 vertical layers. Baseline anthropogenic and open biomass burning emissions of aerosols and precursors
are from the CMIP6 (the Coupled Model Intercomparison Project Phase 6) SSP (Shared Socioeconomic
Pathways) 2–4.5 scenario. Considering the possible biases of CMIP6 emissions in China (Ren, Yang,
Wang, Wang, & Liao, 2020), which do not fully take into account the emission reduction from recent
China clean air policies, we replace CMIP6 anthropogenic emissions in China with the Multi‐resolution
Emission Inventory of China (MEIC) inventory (Zheng et al., 2018). The baseline global aerosol emissions
are taken from year 2017. Since the temporary emission reductions due to COVID‐19 is unlikely to last for
several years to substantially change the ocean heat content, monthly sea surface temperature (SST) and
sea ice concentrations (SIC) are prescribed for every model year to the present‐day climatology (averaged
over 1982–2001) to avoid slow climate responses. Solar radiation and greenhouse gas concentrations are
fixed at present‐day conditions as well. In order to better match the observational large‐scale circulation pat-
terns, wind fields from the sixth model layer above the surface (~887 hPa) to the top of themodel atmosphere
(~3.6 hPa) are nudged to the MERRA‐2 (Modern‐Era Retrospective Analysis for Research and Applications
Version 2) reanalysis (Rienecker et al., 2011) with a relaxation timescale of 6 hr from 1 April 2019 to 31
March 2020 repeatedly for every model year.

To characterize the temporal variation of aerosol emissions during the COVID‐19 pandemic, we split the
whole period into three stages:

1. COVID‐Lock, during which the public is required to stay at home, traffic emissions are significantly
reduced, and industrial enterprises shut down;

2. Back to Work, when some industrial enterprises are allowed to resume production and the road traffic
gradually increases;

3. Post‐Lock, when most activities return to normal levels.

Since the COVID‐19 pandemic is still going on, three different scenarios are designed to represent the pos-
sible emission pathways in year 2020 (supporting information Table S1). Because the disease prevalence and
requirements of the lockdown varied greatly across countries, we deal with emissions separately for East
Asia and the rest of the world. East Asia, especially China, took actions first to contain the disease spread
in January 2020 and started the back‐to‐work stage in April. In the three emission reduction scenarios
(FAST, MID, and SLOW), we set months of January–March, April–June, and July–December as the
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periods of COVID‐Lock, Back to Work, and Post‐Lock, respectively. For the rest of the world, three emission
reduction scenarios are designed with fast (COVID‐Lock: March–May and Back to Work: June–July),
medium (COVID‐Lock: March–July and Back to Work: August–November), and slow (COVID‐Lock starts
in March and lasts for a whole year) prevention and control, assuming different situation of epidemic con-
trol, and are used in FAST, MID, and SLOW simulations, respectively. In addition to the three emission
reduction simulations, a CTRL simulation with baseline emissions is also performed as the reference case.

Regional anthropogenic emission reduction ratios in China during the COVID‐Lock period are calculated
based on the provincial emission reduction ratio in Huang et al. (2020) and shown in Table S2. The emis-
sion reduction ratios for the rest of East Asia and the rest of the world follow the averaged values of China.
Monthly variations in SO2 emission are shown in Figure S1 as an example. Within the total amount of
emissions reductions, the transport sector is reduced by 70% during the COVID‐Lock period with the
remaining emission reduction attributed to all other sectors. All simulations are integrated for 6 years with
the first year treated as model spin‐up. Due to the prescribed SST/SIC and wind nudging, the model
reaches an equilibrium state in a very short time and shows a weak interannual variability compared to
the coupled atmosphere‐ocean simulations (Yang et al., 2019), given that the standard deviation of annual
mean global surface temperature is less than 0.002 K (0.006 K over land) during the last 5 years in all
simulations.

The CAM5 model performance in reproducing aerosol concentrations was evaluated in many previous
studies (e.g., Fan et al., 2018; Yang et al., 2018a, 2018b; Yang et al., 2020; Yang, Wang, Smith, Easter,
et al., 2017; Yang, Wang, Smith, Ma, & Rasch, 2017). Generally, the model can well simulate aerosols in
North America and Europe but significantly underestimates aerosol concentrations in East Asia and remote
regions. As documented in a companion study of this work, the observed changes in aerosol concentrations
in different regions of the world between the COVID‐19 period in 2020 and the same time period in 2019, as
well as the weekly variations of aerosol concentrations in early months of 2020, can be explained by both
emission reductions and changes in meteorological parameters, which is well simulated by the model.

3. Results
3.1. Changes in Aerosols and Radiative Forcings

During the COVID‐19 pandemic in 2020, the emission reductions due to the less traffic on road and other
human activities lead to less aerosol loading all over the world (Figure S2), with the magnitude of decreases
depending on the emission reduction scenarios. The annual mean column burden of total sulfate and carbo-
naceous aerosols decreases mostly over Asia with maximum reductions of 2–5 mg/m2 due to the relatively
high baseline aerosol concentration over this region. Europe and North America have aerosol loadings
lowered by 0.2–1.0 mg/m2 considering emission reductions during COVID‐19, compared to those in
CTRL simulation. With a longer duration of the suspension of civic and commercial activities, more
reductions in aerosols would occur, along with the less anthropogenic pollutants emitted into the
atmosphere.

The less aerosol loadings in the emission reduction simulations result in lower aerosol optical depth (AOD)
(Figure S3), which further change the radiative balance of the earth. The radiative forcing due to aerosol‐
radiation interactions (RFari) at the top of the atmosphere (TOA) shows positive anomalies (i.e., more
clear‐sky radiation absorbed by the earth system) over most land areas including the polluted regions
(e.g., East Asia and South Asia), as well as the developed regions (e.g., Europe and North America).
Negative anomalies (less radiation) of RFari are found in North Africa and the Middle East because over
these dust dominant regions scattering (absorbing) aerosols have a reduced (enhanced) radiative impact
on the bright surface with a high albedo (Myhre et al., 2013). Over these regions, RFari and its anomaly
are both positive. In the cases of weaker aerosol light extinction (i.e., COVID‐19 emission scenarios com-
pared to CTRL), more solar radiation reaches the land surface and less is trapped by the absorbing aerosols
(e.g., BC) in the atmosphere between 20°S and 60°N, with the maximum radiative flux changes of 1–4W/m2.
Globally, the changes in annual mean RFari at the TOA, surface, and in the atmosphere are respectively in a
range of 0.02–0.06 W/m2, 0.11–0.23 W/m2, and −0.08 to −0.18 W/m2 in the emission reduction simulations
relative to CTRL, with an increasing magnitude in the order of FAST, MID, and SLOW.
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Through aerosol‐cloud interactions, aerosol emission reductions during COVID‐19 in 2020 produce anoma-
lies of annual globalmean radiative forcing (RFaci) of 0.06–0.16W/m2 at the TOAwith statistically significant
positive values mainly over land and downwind oceanic regions (Figure S5). Changes in RFaci between emis-
sion reduction simulations and CTRL allow more energy reaching the surface and less energy absorbed by
the atmosphere between 60°S and 60°N. Over the Arctic (60°–90°N), more (less) radiative energy is absorbed
in the atmosphere (at the surface) in the COVID‐19 emission reductions simulations, with regional mean
RFaci anomalies of −0.09 to −0.28 W/m2 at the surface, which is due to a significant decrease in low‐level
cloud fraction and the associated impact on longwave radiation over the Arctic (Figure S6). The decreases
in low‐level cloud and downwelling longwave radiation can lead to a cooler Arctic surface than normal in
boreal winter (Figure S7). When sunlight comes to the Arctic in boreal summer, the reduced low‐level cloud
reflects less shortwave radiation to space, and therefore, the increased shortwave radiative flux reaching the

Figure 1. Spatial distribution (left) and zonal mean (right) of changes in annual mean surface air temperature (K) for
FAST, MID, and SLOW (from top to bottom) compared to CTRL. The stippled areas in left panels indicate statistical
significance with changes larger than 1σ. Thin and thick black solid line in each right panel are zonal mean (with ±1σ
denoted by the shaded area) and their 10° moving average.
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surface offsets the decrease in longwave radiative flux, leading to the negligible net change in the Arctic
surface temperature during this season. A possible reason for the low‐level cloud decrease is associated
with the atmospheric warming below 700 hPa (Figure S8), which reduces cloud formation in the lower
atmosphere. The decrease in sulfate aerosol serving as cloud condensation nuclei may also contribute to
the decrease in low‐level clouds. The cooling at the Arctic surface due to the decreased low‐level clouds
can stabilize the lower boundary layer and further reduce the low‐level cloud amount. The lower‐
tropospheric warming in the Arctic is likely attributed to the decrease in SO2 emissions in the midlatitude
regions, which increases the temperature gradient between midlatitude and the Arctic and enhances
poleward heat transport (Ren, Yang, Wang, Zhang, et al., 2020).

3.2. Fast Climate Responses to COVID‐19 Emission Reductions

Figure 1 shows the spatial distribution and zonal mean of changes in annual mean surface air temperature
due to the COVID‐19 emission reductions. In spite of the weak global average increase of 0.01–0.02 K over
land, surface temperature responses are relatively strong at regional scale. With the consideration of fast
responses to emission reductions in the climate system, statistically significant warming appears primarily
over continents of the Northern Hemisphere, especially eastern China, South Asia, Europe, and eastern
United States. The maximum warming locates over 30–50°N, with zonal mean surface air temperature
changes of 0.02–0.04 K (0.04–0.07 K over land). In the Arctic, due to the decrease in low‐level clouds,
near‐surface air temperature decreases substantially, while a strong elevated warming arises in the lower
atmosphere (below 700 hPa) as mentioned and explained above. Although large uncertainties exist in the
Arctic due to the strong internal variability, the three scenarios give statistically significant results that are
consistent with the varying magnitude of emission reductions.

Recall that regional emissions are reduced according to the possible duration and prevalence of COVID‐19
pandemic in different regions. Figure 2 summarizes the monthly surface temperature changes in emission
reduction simulations compared to CTRL over regions (Figure S9) where the warming signals are mostly sig-
nificant. The seasonal variations of surface temperature anomalies basically follow the emission reductions
during COVID‐19 applied to the model simulations. From January to March, due to the regional lockdown
and sharply reduced human activities caused by the COVID‐19 outbreak, eastern China is warmer than
usual by 0.05–0.15 K. During April–June, when businesses were reopened in eastern China and outdoor
activities were gradually resumed, the anomalous warming becomes progressively weaker but are still larger
than 0.05 K. After July, temperature comes back to normal in the FAST simulation, in which scenario the

Figure 2. Changes in monthly mean surface air temperature (K) for FAST, MID, and SLOW compared to CTRL averaged
over North America (eastern United States in dashed lines), Europe, East Asia (eastern China in dashed lines), and
South Asia. Regions are shown in Figure S9. Shaded areas represent ±1σ.
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world is assumed to quickly recover from COVID‐19. However, the temperature is still slightly higher than
normal in eastern China when the emission reductions remain for the rest of the world in the SLOW simu-
lation. Due to the insignificant aerosol radiative impact over high latitudes of East Asia, the temperature
anomaly averaged over the whole East Asia does not show a downward trend during 2020 as in eastern
China, although it still shows an anomalous warming throughout the year.

When the COVID‐19 pandemic occurred all over the world in March–May, the air starts to warm up due to
the fast climate responses to the emission reductions. Simulated surface air temperature is higher than nor-
mal by 0.04–0.06 K in Europe and eastern United States, while South Asia is warmed by about 0.07 K during
this time period. After June, different scenarios lead to different pathways of temperature responses. In gen-
eral, longer duration of emission reductions would produce a warmer climate in the second half of year 2020.

Figure 3. Spatial distribution (left) and zonal mean (right) of changes in annual mean precipitation rate (mm/day) for
FAST, MID, and SLOW (from top to bottom) compared to CTRL. The stippled areas in left panels indicate statistical
significance with changes larger than 1σ. Thin and thick black solid lines in each right panel are zonal mean (with ±1σ
denoted by the shaded area) and their 10° moving average.
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Unlike the temperature response, precipitation changes locate mostly
over the tropics between 20°S and 20°N (Figure 3). Comparing to CTRL,
all emission reduction simulations exhibit an obvious southward shift of
the intertropical convergence zone (ITCZ), with convective precipitation
reduced over north‐of‐the‐equator and enhanced over the south, which
is mostly attributed to changes in thermodynamic conditions for convec-
tive precipitation induced by the aerosol change (Figure S10). It results
from the hemispheric asymmetry in BC‐induced instantaneous atmo-
spheric heating that changes the cross‐equatorial heat transport and, con-
sequently, causes a fast precipitation response (Yang et al., 2019). Zhao
and Suzuki (2019) found that an increase in BC caused a northward shift
of ITCZ shown as a fast precipitation response, which is consistent with
our finding that a decrease in BC during COVID‐19 leads to the south-
ward shift of ITCZ. They also reported that increases in sulfate could
change the tropical precipitation mainly through slow responses. This
explains the weak impact of scattering aerosols on the tropical precipita-
tion during the COVID‐19 period with slow climate responses excluded
from our simulations.

An important implication of the fast climate responses to the COVID‐19 emission reductions is the impact
on temperature in the real world. The year 2019 is reported as the second hottest year in terms of global
and annual mean in the 140‐year climate record (Lindsey, 2020). Based on data from National Oceanic
and Atmospheric Administration/National Centers for Environmental Information (NOAA/NCEI), global
mean surface temperature in the first 3 months of 2019 is 0.6 K higher than the 1971–2000 climatology
(Figure S11). In January–March of 2020, the observed global mean surface temperature is even higher than
2019 by 0.19 K. Over central and eastern China where aerosol emissions were substantially reduced due to
the COVID‐19 lockdown, observed temperature also increased. According to our simulations, in the first
3 months of 2020, COVID‐19 related aerosol emission reductions can explain the temperature increases in
2020, compared to 2019, by 20–40% over the North China Plain, 10–20% over the Yangtze River Delta,
40–60% over the Pearl River Delta, and 10–40% over the Sichuan Basin (Figure 4), which have been the
top four most polluted regions in China.

4. Conclusions and Discussions

This study examines the fast climate responses to reduced aerosol emissions during the COVID‐19 pandemic
in 2020 based on a variety of aerosol‐climate model simulations together with observations. By assuming
emission reductions during three stages of the COVID‐19 (i.e., COVID‐Lock, Back to Work, and Post‐
Lock) separately for East Asia and other regions of the world, three emission reduction scenarios are
constructed in consideration of fast, medium, and slow prevention and control of the disease. The three sce-
narios show similar spatial patterns of global climate responses, but with different magnitudes, comparing to
the baseline simulation without emission reductions. Surface warming appears primarily over land of the
NorthernHemisphere with a zonal mean temperature increase of 0.04–0.07 K between 30°N and 50°N, while
the Arctic shows a near‐surface cooling and lower tropospheric warming due to decreases in low‐level cloud
amount. During the COVID‐Lock in January–March, eastern China is warmer than usual by 0.05–0.15 K.
Surface air temperature is higher than normal by 0.04–0.07 K in Europe, eastern United States, and South
Asia in March–May. In the second half of year 2020, a longer duration of global emission reductions would
produce a warmer climate. In the first 3 months of 2020, COVID‐19 related aerosol emission reductions can
explain the observed temperature increases in 2020 (relative to 2019) by 20–40% over the North China Plain,
10–20% over the Yangtze River Delta, 40–60% over the Pearl River Delta, and 10–40% over the Sichuan Basin.
We also found a southward shift of the ITCZ, demonstrated by the BC‐induced fast precipitation response in
the tropics. This study implies that immediate actions for controlling the COVID‐19 spread are the urgent
need to not only save lives and economy but also mitigate the fast global warming.

There are many uncertainties in this study. For example, the emission reduction ratios applied in the simu-
lations are mostly based on assumptions since the COVID‐19 pandemic is still occurring over many

Figure 4. Ratio (%) of changes in January–March mean surface air
temperature over China mainland due to the emissions reduction in the
SLOW experiment relative to CTRL to the observed temperature difference
between 2020 and 2019 from NOAA/NCEI, calculated as
(SLOW–CTRL)/(Obs_2020–Obs_2019) × 100%.
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countries of the world at this moment. The emission reduction ratios for the rest of East Asia and the rest of
the world followed the averaged values of China, which could also lead to the uncertainty in the results. The
emissions from air traffic and international shipping did not substantially reduced in the simulations as the
transport sector with a reduction ratio of 70%. The impacts from these emission reductions need further
study. Because simulated aerosol concentrations in China are underestimated in CAM5 and the nitrate
and ammonium aerosols are not treated in the model configuration of this study, the climate responses to
aerosols in China could be underestimated. Greenhouse gas emissions were also reduced during the
COVID‐19 confinement (le Quéré et al., 2020), but the effects of reductions in greenhouse gases were not
considered in this study. Only fast climate responses were examined, and the COVID‐19 emission reductions
may also influence climate through slow oceanic processes and air‐sea interactions if the emission reduc-
tions would last for several years. In this study, wind fields above the planetary boundary layer were nudged
to the MERRA‐2 reanalysis, which could inhibit the potential impact of aerosol‐induced circulation change
on regional temperature distributions, although the significance of such an impact is questionable. While
only one model is used in this study, the potential model dependence of climate responses to aerosol reduc-
tions warrants a further investigation using multimodel ensemble simulations. The Arctic shows very differ-
ent climate response from that over midlatitude regions, which requires more in‐depth study with a
consideration of the complex dynamic and thermodynamic processes and feedbacks as well as the availabil-
ity of observations for the entire year 2020. Nevertheless, this study provides the first‐of‐its‐kind insight into
the impact of COVID‐19 pandemic on global and regional climate, which can contribute to an assessment of
the potential climate change in response to future reductions of air pollutant emissions.

Data Availability Statement

Model results are available online (https://zenodo.org/record/4023357).
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