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East Asian climate response 
to COVID‑19 lockdown measures 
in China
Sun‑Seon Lee1,2, Jung‑Eun Chu1,2*, Axel Timmermann1,2, Eui‑Seok Chung1,2,3 & June‑Yi Lee1,4

The COVID-19 pandemic caused disruptions of public life and imposed lockdown measures in 2020 
resulted in considerable reductions of anthropogenic aerosol emissions. It still remains unclear 
how the associated short-term changes in atmospheric chemistry influenced weather and climate 
on regional scales. To understand the underlying physical mechanisms, we conduct ensemble 
aerosol perturbation experiments with the Community Earth System Model, version 2. In the 
simulations reduced anthropogenic aerosol emissions in February generate anomalous surface 
warming and warm-moist air advection which promotes low-level cloud formation over China. 
Although the simulated response is weak, it is detectable in some areas, in qualitative agreement 
with the observations. The negative dynamical cloud feedback offsets the effect from reduced cloud 
condensation nuclei. Additional perturbation experiments with strongly amplified air pollution 
over China reveal a nonlinear sensitivity of regional atmospheric conditions to chemical/radiative 
perturbations. COVID-19-related changes in anthropogenic aerosol emissions provide an excellent 
testbed to elucidate the interaction between air pollution and climate.

To contain the spread of the novel coronavirus SARS-CoV-2 (COVID-19), massive public health interventions 
were implemented in China from January 20201. As a result, large parts of the manufacturing sector in China 
halted temporarily, causing a widespread reduction of anthropogenic aerosol emissions after the Chinese New 
Year holidays (also known as the Spring Festival). This is illustrated by the rapid drop in atmospheric NO2 
concentrations in February 2020 relative to previous years, which attained values of 40–70% (Fig. 1a)2–4. The 
overall slowdown of emissions in the transportation, power, and industry sectors also led to a decline of total CO 
concentrations3 and an decrease in Aerosol Optical Depth (AOD) at 550 nm5 (Fig. S1). Consequently, during the 
COVID-19-related lockdown, air quality across China was improved on average6. However, this change appeared 
to be spatially inhomogeneous with some areas reporting anomalously high air pollution7.

Aerosols are known to alter the energy budget through aerosol-radiation and aerosol-cloud interactions8–10. 
An abrupt reduction or increase of anthropogenic aerosol emissions could therefore affect weather and climate. 
To quantify potential effects of the COVID-19 lockdown measures on current and future climate, coordinated 
earth system model experiments have been conducted11–13. The main conclusion from these perturbation simu-
lations is that the aerosol reduction effects on climate are insignificant or very small on global scale. This might 
be because the emission reductions are not enough in magnitude and time to have a strong effect on a global 
climate13. On the other hand, widespread warming over parts of eastern China, South Asia, Europe, and the 
eastern United States occurs in the emission reduction simulations due to the fast climate response to aerosol 
reductions14. The ongoing and controversial discussion in recent studies highlights how difficult it is to deduce the 
magnitude of aerosol effects on climate15–18 from model simulations as well as from short observational datasets, 
in particular, in the presence of strong synoptic weather noise19. Whether the overall reduction of certain types 
of anthropogenic aerosols influenced regional weather and climate conditions still remains unclear, thus analyses 
on regional scales are required to understand the impact of COVID-19-related emission13.

Furthermore, resolving the aerosol effects on weather and climate is necessary for understanding how future 
implementation of air pollution mitigation strategies nationally and/or internationally will impact regional and 
large-scale climate conditions20,21. The unusual aerosol conditions in early 2020 in China and other parts of the 
world subsequently, could serve as a testbed to benchmark the performance of state-of-the-art earth system 
models and their representations of aerosol-radiation and aerosol-cloud interactions. It is therefore paramount 
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Figure 1.   Anomalies of NO2, cloud base height, and low cloud cover. (a) Difference between monthly NO2 
concentration in February 2020 and the February composite over years 2018–2019 from TROPOMI43. (b) 
Difference between monthly cloud base height in February 2020 and the February composite over years 2016–
2019 from ERA544. (c) Same as in (b), but for low cloud cover. (d) Composite mean difference between OMI 
NO2 concentration45 for the week including Chinese New Year’s day and the previous week over years 2011–
2020. (e) Same as in (d), but for cloud base height from ERA5. (f) Same as in (d), but for low cloud cover from 
ERA5. In (d–f), black crosses represent grid points where the composite mean difference is significant above the 
90% confidence level. The figure was generated using NCAR Command Language Version 6.5.0 (http://​dx.​doi.​
org/​10.​5065/​D6WD3​XH5).

http://dx.doi.org/10.5065/D6WD3XH5
http://dx.doi.org/10.5065/D6WD3XH5


3

Vol.:(0123456789)

Scientific Reports |        (2021) 11:16852  | https://doi.org/10.1038/s41598-021-96007-1

www.nature.com/scientificreports/

to determine whether temporary lockdown measures in China from late winter to spring of 2020 impacted air 
quality, weather, and climate patterns across East Asia. Hence, we conduct a suite of idealized aerosol perturba-
tion ensemble sensitivity experiments using the Community Earth System Model (CESM) and compare the main 
results to observations to elucidate whether the COVID-19 lockdown measures impacted East Asian climate.

Methods
Experimental setup.  To determine the influence of a short-term reduction in anthropogenic aerosol emis-
sions on regional climate over East Asia we employ the CESM version 2.1.222 with ~ 1° × 1° atmospheric and oce-
anic horizonal resolutions. There are 32 atmospheric vertical levels and 60 oceanic levels. We conduct a control 
experiment (CTL) and two aerosol perturbation experiments. The aerosol perturbation experiments include 
a weak anthropogenic aerosol emission experiment (W_AER) and a strong anthropogenic aerosol emission 
experiment (S_AER).

To prepare the initial conditions for these sensitivity experiments, we perform a 60-year-long present-
day spin-up simulation with annually repeating anthropogenic aerosol emissions23 and greenhouse gas 
concentrations24 corresponding to the 2010 CE observational estimates. We then identify the January sea sur-
face temperature (SST) state that shows the closest resemblance (in a root mean squared error sense) between 
the spin-up simulation and the observed SST anomaly for January 2020 obtained from HadISST25 and ERSST26 
datasets. The selected year of the spin-up run is then used as an initial condition for three experiments.

In the CTL simulation, we use the Coupled Model Intercomparison Project Phase 6 (CMIP6)‐based emis-
sion values (year 2010) of anthropogenic aerosols originating from energy, industry, residential, transportation, 
agriculture and waste sectors (i.e., Community Emissions Data System emissions)23. In the W_AER, we reduce 
local anthropogenic aerosol emissions over East Asia [20°–50° N, 100°–145° E] in February using the ratio 
between satellite-derived February NO2 concentrations in 2020 and 2018–2019 (Fig. S2a). We change both 
aerosol mass and numbers for all anthropogenic aerosol types, and this modified forcing is interpreted here as 
proxy for the COVID-19-related reduction in anthropogenic aerosol emissions. For March and April, we apply a 
similar procedure to the CESM anthropogenic aerosol emissions worldwide. In the S_AER, instead of reducing 
the aerosol emissions by the observed NO2 ratio, we multiply the NO2 ratio pattern by a factor of five (Fig. S2b). 
This idealized experiment will shed light on the potential nonlinearity of the climate response to air pollution.

Starting from initial conditions on January 1st we conduct a 20-member ensemble of 1-year-long integra-
tions for each experiment, i.e., CTL, W_AER, and S_AER. Slightly different (~ 10–14 K) atmospheric temperature 
initial conditions (micro-perturbations) are applied for the ensemble runs. This approach overcomes potential 
difficulties in identifying aerosol-cloud interactions statistically from limited observational datasets which exhibit 
large unforced variability in cloud properties19; but it relies on the specific parameterizations of aerosol-cloud 
microphysics processes in the CESM.

Conditional composite.  Since synoptic weather conditions may influence the regional climate response to 
aerosol forcings, we pay extra attention to the realism of initial and boundary conditions by applying conditional 
composites. To improve the detectability of the forced atmospheric signals in the sensitivity experiments relative 
to the internal noise, we select a posteriori similar snow depth conditions in the ensemble sensitivity experi-
ments and the CTL and compare the respective differences in meteorological variables between the perturbation 
runs and CTL. The conditional composite is applied only to snow depth in February. The underlying assump-
tion is that the aerosol forcing in February itself does not affect the snow cover in the same month. Without 
this pre-selection, randomly occurring differences in the snow distribution would generate strong shortwave 
flux anomalies and in turn local atmospheric circulation differences among the ensemble members and the 
experiments27. We compare snow depth anomalies over Asia [Eq.–50° N, 60°–140° E] in each ensemble member 
of the perturbation experiment with the CTL simulation and choose only ensemble members that are similar to 
those in the CTL simulation based on pattern correlation coefficients. We only consider these selected ensem-
bles in the composite analysis. In addition, although we apply fractional aerosol forcings from February to April 
(Fig. S2), we focus our analysis on February and the East Asian region.

Results
Observed cloud response to aerosol reduction: COVID‑19 lockdown vs. Chinese New Year holi‑
days.  Regular or occasional reductions of the human and industrial activities can change the concentration 
of anthropogenic air pollutants. For example, similar to the COVID-19 lockdown, the extra measures taken 
during the Beijing Olympic Games in summer 2008 decreased PM2.5 (aerosol particulate matter with diameters 
smaller than 2.5 µm) by 48–56% over northeastern China28. Likewise, the station-based observations show a 
significant reduction of air pollution concentrations around the Chinese New Year holidays29. Thus, to examine 
the potential impact of aerosol emission reductions in China on East Asian climate and particularly on clouds, 
we compare the changes of aerosol concentrations and low-level clouds in February 2020 (the primary COVID-
19 lockdown period in China) with the weekly composite difference between conditions after and before the 
Chinese New Year holiday. The composite is based on the periods from 2011 to 2020. Although China imple-
mented lockdown measures in Wuhan already on January 23, 202030, these were quite localized initially. Thus, 
the inclusion of the year 2020 in the composite of Chinese New Year holidays does not affect our conclusions.

Both for the February 2020 case and the Chinese New Year holiday, we find a substantial reduction of anthro-
pogenic aerosols (as exemplified by the reduced column-integrated NO2 concentrations) over the eastern China 
(Fig. 1a,d)—one of the most populated and rapidly developing regions in the world. In addition, we find during 
the Chinese New Year a statistically significant (> 90%, see Supporting Information, Text S1) drop of the cloud 
base height and a large-scale increase in low-level cloud cover over the most industrialized areas in eastern China 
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(Fig. 1e,f). In the composite difference between the COVID-19 lockdown phase in February 2020 and previous 
years (2016–2019), we find a decrease in cloud base height and an increase in low-level cloud cover over China, 
although the strongest anomalies occured in northeastern China (Fig. 1b,c). Differences in the cloud patterns 
between the COVID-19 case and the Chinese New Year holidays can be partly explained by the fact that the Chi-
nese New Year holiday composite is based on a 10-year average, which reduces noise due to synoptic transients 
more effectively than for the single-realization of COVID-19 lockdown composite.

Whether the climatic anomalies that occurred in February 2020 over parts of East Asia, which included, 
among others, a decrease of the cloud base height by up to 2 km and an increase of low-level cloud cover by 
0.1–0.2 over industrialized northeastern China and parts of the Korean Peninsula can be directly linked to the 
imposed reduction of air pollution remains an open question. In fact, a potential increase in cloud cover in 
response to a reduction of anthropogenic aerosols would seem counter-intuitive to our understanding of the 
hygroscopic properties of aerosols serving as cloud condensation nuclei (CCN).

Reduced anthropogenic aerosols and cloud changes.  To better understand the robustness of the 
observational results (Fig. 1) and identify the underlying mechanism of increased low-level cloud cover during 
times of reduced anthropogenic aerosol concentration, we compare simulated low-level clouds in the W_AER 
with the CTL. As expected from the imposed 40–70% reduction of aerosol loadings in the W_AER we find 
a substantial decrease in AOD over China (Fig. 2a), which bears qualitative resemblance to the observations 
(Fig.  S1b). As a result, the concentration of CCN decreases substantially by ~ 30%, particularly in the lower 
troposphere (Fig. S3a). However, similar to the observations, we find a weak increase in low-level cloud cover 
in northeastern China, which extends across the Korean Peninsula (Fig. 2c). This seemingly counter-intuitive 
result is also reflected in the vertical profile of cloudiness in W_AER (Fig. S3c), even though the response is 
quite weak and not statistically significant. Furthermore, consistent with the observations (Fig. 1c), the model 
also simulates a reduction of low-level clouds over southern China. Again, the amplitude is reduced relative to 
the observations.

Figure 2.   Difference fields in February between W_AER and CTL (left panels) and between S_AER and CTL 
(right panels). (a,b) Aerosol optical depth and (c,d) low-level cloud. Black crosses represent grid points where 
the composite mean difference is significant above the 90% confidence level. The figure was generated using 
NCAR Command Language Version 6.5.0 (http://​dx.​doi.​org/​10.​5065/​D6WD3​XH5).

http://dx.doi.org/10.5065/D6WD3XH5
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To explore the robustness of the cloud response and potential nonlinearity of climate responses to aerosol 
forcings, we further investigate the AOD and cloud response in the S_AER, which applies unrealistically high 
anthropogenic aerosol emissions. As expected, AOD increases substantially over China (Fig. 2b). As the aerosol 
emissions increase, CCN increases linearly by threefold in the lower troposphere (Fig. S3b) compared to CTL 
case. Despite this massive forcing, we only find a very weak and statistically insignificant cloud anomaly over 
China (Fig. S3d), but a more robust downstream response over northern Japan (Fig. 2d).

Circulation changes driven by aerosol direct effect.  To better explain why the drastic changes in 
CCN in W_AER and S_AER do not translate into larger changes in cloud cover, we hypothesize here that the 
radiative effect induced by changes in aerosol concentrations leads to anomalous surface warming or cooling, 
respectively, causing low and high sea level pressure anomalies. This in turn leads to anomalous moisture advec-
tion towards China and subsequent changes in clouds31, potentially offsetting the direct CCN effect.

To test this hypothesis, we examine the possible contribution of aerosol-induced changes in circulation and 
moisture transport to cloud formations. In the W_AER, the reduced AOD leads to an increase in downwelling 
shortwave radiation (Fig. 3a), resulting in anomalous surface warming over China (Fig. 3c)32. This process can 
destabilize the atmosphere and enhance vertical mixing33. Even though we observe the AOD reduction in most 
parts of China, the increased downwelling shortwave radiation is most pronounced in southeastern China. This 
mismatch can be explained by increased low-level cloud cover in northeastern China as shown in Fig. 2c and 
the corresponding cloud radiation properties. Increased shortwave radiation leads to surface warming, lower 
sea level pressure and southeasterly winds (Fig. 3c,e). This anomalous atmospheric circulation transports more 
moisture from the adjacent ocean to central and northeastern China. Consequently, low-level relative humidity 
increases in northeastern China (Fig. 3e), which further promotes the formation of low-level clouds, thereby 
offsetting the effect from reduced CCN concentrations. Furthermore, the anomalous circulation also leads to 
warm air advection, which explains why the maximum surface warming does not coincide spatially with the 
strongest radiative heating. Interestingly, we note that observed composite differences in February 2020 and for 
the Chinese New Year holidays also exhibit a similar relationship between surface temperature, circulation and 
clouds. In both cases, the aerosol direct effect by reduced aerosol concentrations leads to anomalous surface 
warming (Fig. 4a,b), which is accompanied by southerly winds, and increases in relative humidity (Fig. 4c,d). This 
analysis highlights that the aerosol direct effects may trigger atmospheric circulation changes which compensate 
the initial CCN effect in clouds. The net cloud response will eventually be determined by a delicate balance of two 
compensating effects. The efficiency of this compensation mechanism could be further affected by the prevailing 
seasonal circulation and atmospheric stratification.

Despite using an ensemble simulation approach and applying conditional composite, the W_AER results 
are only weakly statistically significant. This may imply that the COVID-19-related aerosol forcing is relatively 
weak to generate a significant climate response13 even on regional scales. Owing to the strongly imposed per-
turbation, the S_AER simulations show a more robust response: enhanced aerosol loadings reduce downwelling 
shortwave radiation, leading to surface cooling, anomalous high-pressure and northerly winds (Fig. 3b,d,f). This 
circulation pattern advects dry and cold air over East Asia, which in turn reduces clouds formation (Fig. 2d), in 
accordance with a previous study34. Also, here we observe the strong compensation between CCN effects and 
circulation on clouds.

In the W_AER experiment, we find a 30% reduction of CCN concentrations over China, whereas for the 
S_AER simulation, there is an intensification of 300% (Fig. S3a,b). From these initial forcings, we would expect 
a widely different magnitude in the responses. However, the regional signal does not scale linearly with the 
forcing. We find a warming of about 0.5–1.0 °C over the central part of eastern China in W_AER and cooling of 
only − 1.0 to −1.5 °C in S_AER (Fig. 3c,d). This saturation of the response might be another supporting evidence 
for a strong CCN/circulation compensation mechanism for cloud formation at work. To better understand these 
processes and the fact that the observed surface temperature response was even stronger (~ 4 °C) (Fig. 4) than 
the simulated one, one needs to further analyze the role of lateral heat advection versus radiative anomalies and 
their relationship to the underlying cloud feedbacks.

Discussions and conclusions
Our study presents an observational and model-based analysis of the East Asian atmospheric conditions that 
occurred in conjunction with the COVID-19-related lockdown measures over China in February of 2020. By 
running a 20-member ensemble of anthropogenic aerosol emission sensitivity experiments, in combination with 
a conditional composite, we were able to distinguish the forced response from the internal atmospheric noise.

In the COVID-19 lockdown sensitivity experiment, W_AER, which mimics the observed reduction in anthro-
pogenic aerosol emissions over China in February, we find a weak increase in low-level cloud cover and this is 
qualitatively consistent with the observations in February 2020 and Chinese New Year holidays (Fig. 1). Our study 
suggests that the aerosol direct radiative effect (reduction of AOD and increased downwelling shortwave radia-
tion) (Figs. 2a, 3a) plays a key role in the initial surface warming, which in turn drives a low-pressure anomaly 
(Fig. 3c). The corresponding anomalous southerly circulation advects warm and moist marine air across parts 
of eastern China (Fig. 3e), leading to an enhancement of surface warming in some areas and an increase of rela-
tive humidity and low-level cloud cover (Fig. 2c). A similar feature, albeit much stronger and extending further 
south, can be found in the observations (Fig. 4).

Differences between the observations and the weaker model-simulated response may stem from a variety 
of factors, including initial conditions, influence of weather noise, limited statistics in the observational cases, 
idealized aerosol forcing in perturbation experiments, which affect all anthropogenic emissions equally, and 
uncertainties in the parameterization of cloud-aerosol interactions in CESM. Our study highlights the importance 
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of a negative cloud feedback which invokes the dynamical atmospheric response to initial direct aerosol forc-
ing (Fig. S4). In essence, reduced CCN concentrations can eventually cause an increase in cloud cover due to 
anomalous moist air advection. The stability of this feedback with respect to changes in seasonality and the 
amount of aerosol forcing needs to be carefully considered in future studies. In addition, in the present study, 
we utilize cloud data from ECMWF’s Fifth generation reanalysis (ERA5). Even though the ERA5 represents the 

Figure 3.   Difference fields in February between W_AER and CTL (left panels) and between S_AER and CTL 
(right panels). (a,b) Downwelling solar flux at surface, (c,d) surface temperature (shading) and sea level pressure 
(contour), and (e,f) relative humidity (shading) and wind (vector) at 850 hPa. Black crosses represent grid points 
where the composite mean difference is significant above the 90% confidence level. The figure was generated 
using NCAR Command Language Version 6.5.0 (http://​dx.​doi.​org/​10.​5065/​D6WD3​XH5).

http://dx.doi.org/10.5065/D6WD3XH5


7

Vol.:(0123456789)

Scientific Reports |        (2021) 11:16852  | https://doi.org/10.1038/s41598-021-96007-1

www.nature.com/scientificreports/

spatiotemporal distribution of cloud cover from satellite-based observations reasonably well35,36, there remain 
important uncertainties which need to be further assessed and studied.

Additional experiments (S_AER), which apply idealized and unrealistically strong air pollution over China, 
show a climate response that is comparable in magnitude (opposite in sign) to that of the much weaker forcing 
simulation (W_AER). This result further underscores the complexity and potential nonlinearity of the negative 
dynamical cloud feedback, which operates in late winter in East Asia. According to the simulations presented 
here, air pollution in boreal winter has the tendency to strengthen the East Asian winter monsoon, in agreement 
with previous studies37. However, in summer the aerosol direct radiative effect would cool the surface, weakening 
the land-sea thermal contrast and resulting pressure gradients. This would translate into a weakening of the East 
Asian summer monsoon, as proposed recently38–41.

In 2020 many other countries imposed similar lockdown measures to battle the spread of the COVID-19 
disease. Moreover, global transportation decreased, which together led to a temporary improvement of global 
air quality in 202042. How regional-scale weather and climate conditions elsewhere responded to the changes 
in anthropogenic aerosol concentrations will be left for future work. What is clear is that the observational data 
collected during the periods of rapid and constrained anthropogenic radiative perturbations in 2020 will become 
an invaluable future resource to test and calibrate climate and atmospheric chemistry models, which in turn will 
help in determining the impacts of future long-term air pollution mitigation strategies on our climate system.

 Data availability
The CESM codes are freely available online at www.​cesm.​ucar.​edu:/​models/​cesm2/. We acknowledge the free 
use of tropospheric NO2 column data from the TROPOMI sensor from www.​temis.​nl. The satellite data used in 
this study consist of carbon monoxide concentration from AIRS/Aqua L3 (https://​disc.​gsfc.​nasa.​gov/​datas​ets/​
AIRS3​STM_​006/​summa​ry?​keywo​rds=​AIRS%​20L3) and AOD at 550 nm using Suomi National Polar-orbiting 
Partnership (SNPP) Visible and Infrared Imaging Radiometer Suite (VIIRS) NASA standard Level-3 monthly 
deep blue aerosol data (https://​ladsw​eb.​modaps.​eosdis.​nasa.​gov/​missi​ons-​and-​measu​remen​ts/​produ​cts/​AERDB_​
M3_​VIIRS_​SNPP/) over years 2016–2020. Daily NO2 concentration is obtained from OMI (https://​daac.​gsfc.​

Figure 4.   Difference fields between February 2020 and the February composite over years 2016–2019 (left 
panels) and composite mean between the week including Chinese New Year’s day and the previous week over 
years 2011–2020 (right panels). (a,b) Surface temperature and (c,d) relative humidity (shading) and wind 
(vector) at 850 hPa. The figure was generated using NCAR Command Language Version 6.5.0 (http://​dx.​doi.​org/​
10.​5065/​D6WD3​XH5).

http://www.cesm.ucar.edu:/models/cesm2/
http://www.temis.nl
https://disc.gsfc.nasa.gov/datasets/AIRS3STM_006/summary?keywords=AIRS%20L3
https://disc.gsfc.nasa.gov/datasets/AIRS3STM_006/summary?keywords=AIRS%20L3
https://ladsweb.modaps.eosdis.nasa.gov/missions-and-measurements/products/AERDB_M3_VIIRS_SNPP/
https://ladsweb.modaps.eosdis.nasa.gov/missions-and-measurements/products/AERDB_M3_VIIRS_SNPP/
https://daac.gsfc.nasa.gov/datasets/OMNO2d_003/summary?keywords=%22Aura%20OMI%22
http://dx.doi.org/10.5065/D6WD3XH5
http://dx.doi.org/10.5065/D6WD3XH5
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nasa.​gov/​datas​ets/​OMNO2d_​003/​summa​ry?​keywo​rds=%​22Aura%​20OMI%​22) during the period 2011–2010. 
Meteorological data including surface temperature, sea level pressure, 850 hPa relative humidity, 850 hPa zonal 
and meridional winds, cloud base height, and low cloud cover are obtained from ERA5 (https://​www.​ecmwf.​
int/​en/​forec​asts/​datas​ets/​reana​lysis-​datas​ets/​era5).

Received: 3 May 2021; Accepted: 28 July 2021

References
	 1.	 Gong, F. et al. China’s local governments are combating COVID-19 with unprecedented responses—from a Wenzhou governance 

perspective. Front. Med. 20, 1–5 (2020).
	 2.	 Liu, F. et al. Abrupt decline in tropospheric nitrogen dioxide over China after the outbreak of COVID-19. Sci. Adv. 6, eabc2992. 

https://​doi.​org/​10.​1126/​sciadv.​abc29​92 (2020).
	 3.	 Filonchyk, M., Hurynovich, V., Yan, H., Gusev, A. & Shpilevskaya, N. Impact assessment of COVID-19 on variations of SO2, NO2, 

CO and AOD over East China. Aerosol Air Qual. Res. 20, 1530–1540 (2020).
	 4.	 Xing, J. et al. Quantifying the emission changes and associated air quality impacts during the COVID-19 pandemic on the North 

China Plain: A response modeling study. Atmos. Chem. Phys. 20, 14347–14359 (2020).
	 5.	 Field, R. D., Hickman, J. E., Geogdzhayev, I. V., Tsigaridis, K. & Bauer, S. E. Changes in satellite retrievals of atmospheric composi-

tion over eastern China during the 2020 COVID-19 lockdowns. Atmos. Chem. Phys. Discuss. 20, 1–31 (2020).
	 6.	 Wang, M., Liu, F. & Zheng, M. Air quality improvement from COVID-19 lockdown: Evidence from China. Air Qual. Atmos. Health 

20, 1–14 (2020).
	 7.	 Le, T. et al. Unexpected air pollution with marked emission reductions during the COVID-19 outbreak in China. Science 369, 

702–706 (2020).
	 8.	 Schulz, M. et al. Radiative forcing by aerosols as derived from the AeroCom present-day and pre-industrial simulations. Atmos. 

Chem. Phys. 6, 5225–5246. https://​doi.​org/​10.​5194/​acp-6-​5225-​2006 (2006).
	 9.	 Shindell, D. T. et al. Radiative forcing in the ACCMIP historical and future climate simulations. Atmos. Chem. Phys. 13, 2939–2974. 

https://​doi.​org/​10.​5194/​acp-​13-​2939-​2013 (2013).
	10.	 Bellouin, N. et al. Bounding global aerosol radiative forcing of climate change. Rev. Geophys. 58, e2019RG000660 (2020).
	11.	 Forster, P. M. et al. Current and future global climate impacts resulting from COVID-19. Nat. Clim. Change 20, 1–7 (2020).
	12.	 Weber, J. et al. Minimal climate impacts from short-lived climate forcers following emission reductions related to the COVID-19 

pandemic. Geophys. Res. Lett. 20, e2020GL090326 (2020).
	13.	 Jones, C. D. et al. The climate response to emissions reductions due to COVID-19: Initial results from CovidMIP. Geophys. Res. 

Lett. 2, 1 (2021).
	14.	 Yang, Y. et al. Fast climate responses to aerosol emission reductions during the COVID-19 pandemic. Geophys. Res. Lett. 47, 

e2020GL089788 (2020).
	15.	 Michibata, T., Suzuki, K., Sato, Y. & Takemura, T. The source of discrepancies in aerosol-cloud-precipitation interactions between 

GCM and A-Train retrievals. Atmos. Chem. Phys. 16, 15413–15424. https://​doi.​org/​10.​5194/​acp-​16-​15413-​2016 (2016).
	16.	 Sato, Y. et al. Aerosol effects on cloud water amounts were successfully simulated by a global cloud-system resolving model. Nat. 

Commun. https://​doi.​org/​10.​1038/​s41467-​018-​03379-6 (2018).
	17.	 Stevens, B. & Feingold, G. Untangling aerosol effects on clouds and precipitation in a buffered system. Nature 461, 607–613. https://​

doi.​org/​10.​1038/​natur​e08281 (2009).
	18.	 Rosenfeld, D., Sherwood, S., Wood, R. & Donner, L. Climate effects of aerosol-cloud interactions. Science 343, 379–380 (2014).
	19.	 Quaas, J. Approaches to observe anthropogenic aerosol-cloud interactions. Curr. Clim. Change Rep. 1, 297–304. https://​doi.​org/​

10.​1007/​s40641-​015-​0028-0 (2015).
	20.	 Zhao, A., Bollasina, M. A., Crippa, M. & Stevenson, D. S. Significant climate impacts of aerosol changes driven by growth in energy 

use and advances in emission control technology. Atmos. Chem. Phys. 19, 14517–14533. https://​doi.​org/​10.​5194/​acp-​19-​14517-​
2019 (2019).

	21.	 Amann, M. et al. Reducing global air pollution: The scope for further policy interventions. Philos. Trans. R. Soc. A 378, 20190331 
(2020).

	22.	 Danabasoglu, G. et al. The community earth system model version 2 (CESM2). J. Adv. Model. Earth Syst. 12, e2019MS001916 
(2020).

	23.	 Hoesly, R. M. et al. Historical (1750–2014) anthropogenic emissions of reactive gases and aerosols from the Community Emission 
Data System (CEDS). Geosci. Model Dev. 11, 369–408 (2018).

	24.	 Meinshausen, M. et al. Historical greenhouse gas concentrations for climate modelling (CMIP6). Geosci. Model Dev. 10, 2057–2116 
(2017).

	25.	 Rayner, N. et al. Global analyses of sea surface temperature, sea ice, and night marine air temperature since the late nineteenth 
century. J. Geophys. Res. Atmos. 108, 20 (2003).

	26.	 Huang, B. et al. Extended reconstructed sea surface temperature, version 5 (ERSSTv5): Upgrades, validations, and intercomparisons. 
J. Clim. 30, 8179–8205 (2017).

	27.	 Lu, M., Kuang, Z., Yang, S., Li, Z. & Fan, H. A bridging role of winter snow over Northern China and Southern Mongolia in linking 
the East Asian Winter and Summer Monsoons. J. Clim. 33, 9849–9862 (2020).

	28.	 Xin, J. et al. Reductions of PM 2.5 in Beijing-Tianjin-Hebei urban agglomerations during the 2008 Olympic Games. Adv. Atmos. 
Sci. 29, 1330–1342 (2012).

	29.	 Gong, D. Y. et al. Observed holiday aerosol reduction and temperature cooling over East Asia. J. Gerontol. Ser. A Biol. Med. Sci. 
119, 6306–6324. https://​doi.​org/​10.​1002/​2014j​d0214​64 (2014).

	30.	 Cao, S. et al. Post-lockdown SARS-CoV-2 nucleic acid screening in nearly ten million residents of Wuhan, China. Nat. Commun. 
11, 1–7 (2020).

	31.	 Dong, B., Wilcox, L. J., Highwood, E. J. & Sutton, R. T. Impacts of recent decadal changes in Asian aerosols on the East Asian 
summer monsoon: Roles of aerosol–radiation and aerosol–cloud interactions. Clim. Dyn. 53, 3235–3256 (2019).

	32.	 von Storch, H., Geyer, B., Yan, L., Matthias, V. & Rockel, B. Chinese lockdown as aerosol reduction experiment. Adv. Clim. Change 
Res. 20, 20 (2021).

	33.	 Petäjä, T. et al. Enhanced air pollution via aerosol-boundary layer feedback in China. Sci. Rep. 6, 18998 (2016).
	34.	 Cai, W., Li, K., Liao, H., Wang, H. & Wu, L. Weather conditions conducive to Beijing severe haze more frequent under climate 

change. Nat. Clim. Change 7, 257–262 (2017).
	35.	 Yao, B. et al. Can atmospheric reanalyses (CRA and ERA5) represent cloud spatiotemporal characteristics?. Atmos. Res. 244, 105091 

(2020).
	36.	 Lei, Y., Letu, H., Shang, H. & Shi, J. Cloud cover over the Tibetan Plateau and eastern China: A comparison of ERA5 and ERA-

Interim with satellite observations. Clim. Dyn. 54, 2941–2957 (2020).

https://daac.gsfc.nasa.gov/datasets/OMNO2d_003/summary?keywords=%22Aura%20OMI%22
https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5
https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5
https://doi.org/10.1126/sciadv.abc2992
https://doi.org/10.5194/acp-6-5225-2006
https://doi.org/10.5194/acp-13-2939-2013
https://doi.org/10.5194/acp-16-15413-2016
https://doi.org/10.1038/s41467-018-03379-6
https://doi.org/10.1038/nature08281
https://doi.org/10.1038/nature08281
https://doi.org/10.1007/s40641-015-0028-0
https://doi.org/10.1007/s40641-015-0028-0
https://doi.org/10.5194/acp-19-14517-2019
https://doi.org/10.5194/acp-19-14517-2019
https://doi.org/10.1002/2014jd021464


9

Vol.:(0123456789)

Scientific Reports |        (2021) 11:16852  | https://doi.org/10.1038/s41598-021-96007-1

www.nature.com/scientificreports/

	37.	 Jiang, Y. et al. Anthropogenic aerosol effects on East Asian winter monsoon: The role of black carbon-induced Tibetan Plateau 
warming. J. Geophys. Res. Atmos. 122, 5883–5902 (2017).

	38.	 Liu, X., Xie, X., Yin, Z.-Y., Liu, C. & Gettelman, A. A modeling study of the effects of aerosols on clouds and precipitation over 
East Asia. Theoret. Appl. Climatol. 106, 343–354 (2011).

	39.	 Xie, X., Liu, X., Wang, H. & Wang, Z. Effects of aerosols on radiative forcing and climate over East Asia with different SO2 emis-
sions. Atmosphere 7, 99 (2016).

	40.	 Jiang, Z., Huo, F., Ma, H., Song, J. & Dai, A. Impact of Chinese urbanization and aerosol emissions on the East Asian summer 
monsoon. J. Clim. 30, 1019–1039 (2017).

	41.	 Liu, Y. et al. Anthropogenic aerosols cause recent pronounced weakening of Asian Summer Monsoon relative to last four centuries. 
Geophys. Res. Lett. 46, 5469–5479 (2019).

	42.	 Venter, Z. S., Aunan, K., Chowdhury, S. & Lelieveld, J. COVID-19 lockdowns cause global air pollution declines. Proc. Natl. Acad. 
Sci. USA 117, 18984–18990 (2020).

	43.	 Van Geffen, J., Boersma, K., Eskes, H., Maasakkers, J. & Veefkind, J. TROPOMI ATBD of the total and tropospheric NO2 data 
products. DLR Doc. 20, 14 (2014).

	44.	 Hersbach, H. et al. The ERA5 global reanalysis. Q. J. R. Meteorol. Soc. 146, 1999–2049 (2020).
	45.	 Krotkov, N. A. et al. The version 3 OMI NO2 standard product. Atmos. Meas. Techn. 20, 3133–3149 (2017).

Acknowledgements
The authors received funding from the Institute for Basic Science (IBS) under IBS-R028-D1. The computer simu-
lations were conducted on the IBS/ICCP supercomputer “Aleph”, 1.43-petaflop high-performance Cray XC50-LC 
Skylake computing system with 18,720 processor cores, 9.59-petabyte storage, and 43-petabyte tape archive space.

Author contributions
S.-S.L. and J.-E.C. developed the forcing files, conducted the CESM2.1.2 simulations and prepared figures. A.T. 
designed the study and conducted data analysis. E.-S.C. analyzed the satellite and ERA5 data. J.-Y.L. provided 
help in the interpretation of the results. All co-authors contributed to writing and reviewing the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​021-​96007-1.

Correspondence and requests for materials should be addressed to J.-E.C.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2021

https://doi.org/10.1038/s41598-021-96007-1
https://doi.org/10.1038/s41598-021-96007-1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	East Asian climate response to COVID-19 lockdown measures in China
	Methods
	Experimental setup. 
	Conditional composite. 

	Results
	Observed cloud response to aerosol reduction: COVID-19 lockdown vs. Chinese New Year holidays. 
	Reduced anthropogenic aerosols and cloud changes. 
	Circulation changes driven by aerosol direct effect. 

	Discussions and conclusions
	References
	Acknowledgements


