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ABSTRACT: During the COVID-19 lockdown period (from January 23 to
February 29, 2020), ambient PM2.5 concentrations in the Yangtze River Delta
(YRD) region were observed to be much lower, while the maximum daily 8 h
average (MDA8) O3 concentrations became much higher compared to those
before the lockdown (from January 1 to 22, 2020). Here, we show that
emission reduction is the major driving force for the PM2.5 change,
contributing to a PM2.5 decrease by 37% to 55% in the four YRD major
cities (i.e., Shanghai, Hangzhou, Nanjing, and Hefei), but the MDA8 O3
increase is driven by both emission reduction (29%−52%) and variation in
meteorological conditions (17%− 49%). Among all pollutants, reduction in
emissions mainly of primary PM contributes to a PM2.5 decrease by 28% to
46%, and NOx emission reduction contributes 7% to 10%. Although NOx
emission reduction dominates the MDA8 O3 increase (38%−59%), volatile
organic compounds (VOCs) emission reduction lead to a 5% to 9% MDA8
O3 decrease. Increased O3 promotes secondary aerosol formation and partially offsets the decrease of PM2.5 caused by the primary
PM emission reductions. The results demonstrate that more coordinated air pollution control strategies are needed in YRD.

■ INTRODUCTION

The 2019 novel coronavirus (COVID-19) broke out first in
Wuhan, China, in late December of 2019.1−3 To prevent the
spread of COVID-19, China had quickly taken a series of
countermeasures. On January 23, 2020, the national public
health response was raised to the highest state of emergency,
and at the same time, travel between cities was strictly
prohibited (lockdown). During the lockdown period, except
for the regular operation of supermarkets, clinics, and
pharmacies that provide livelihood supplies, traveling was
largely restricted, public transportation was banned across the
country, large shopping centers and entertainment venues
closed, many business and industries stopped, and schools also
postponed starting.4,5 The lockdown played a very positive role
in preventing the spread of the virus.6 As an unexpected
benefit, air pollutant emissions from transportation and some
industries were dramatically reduced under the strict controls,
which provides a unique opportunity to investigate the effects
of significant reductions in anthropogenic emissions on air
quality. A few studies have investigated the air quality changes
during the COVID-19 outbreak in China and India.7−10 These
studies have offered evidence of the decrease of PM2.5 and the
increase of O3 during the lockdown. The changes in PM2.5 and
O3 are affected not only by emissions but also by
meteorological conditions.11−14 A recent study suggested that

PM2.5 in China is sensitive to a few key meteorological
parameters, such as wind speed, planetary boundary layer
height (PBLH), temperature, and relative humidity (RH),
while O3 is mainly sensitive to temperature.15 Therefore,
variations in meteorological conditions before and during the
lockdown could contribute to the changes in PM2.5 and O3
concentrations. However, it remains unclear about the
respective impacts of emission reduction and meteorological
conditions on air quality during the lockdown.
This study aims to quantitatively examine the specific effects

of both anthropogenic emission reduction due to COVID-19
lockdown and the variation of meteorological conditions on air
quality in the Yangtze River Delta region (YRD), a more
developed urban agglomeration in eastern China, which has
been suffering both PM2.5 and O3 pollution in recent
decades.16 Different scenarios were developed with specifically
designed emissions and meteorological inputs, and then, the air
quality in different scenarios was simulated to evaluate the
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effects of emission reductions and meteorological variation on
average daily PM2.5 and daily maximum 8 h average (MDA8)
O3 concentrations.

■ MATERIALS AND METHODS
Air quality in the YRD region was simulated using the
Community Multiscale Air Quality (CMAQ) model, version
5.2,17,18 with the photochemical mechanism of SAPRC-07.19

The meteorology fields were simulated using the Weather
Research Forecasting (WRF) model, version 4.0. Horizontal
grid resolution is 4 km × 4 km. Model configurations of WRF
and CMAQ followed the study by Hu et al.20 The modeling
period is from December 29, 2019, to February 29, 2020. The
first three days were spin-up, and therefore, only January 1 to
February 29 were included in the analyses, whereas January 1
to 22 is before the COVID-19 lockdown, January 23 to
February 29 is during the lockdown. The baseline anthro-
pogenic air pollutant emissions of 2017 in YRD were estimated
by the Shanghai Academy of Environmental Sciences
(SAES).21 The emission reductions of NOx, SO2, and PM
during the lockdown period were estimated using the online
continuous stack emission monitoring data in Shanghai and
Hangzhou obtained from the National Pollution Source
Monitoring Information Management and Sharing Platform
(https://123.127.175.61/). The emission scaling factors for
NOx, SO2, and PM were calculated by comparing the
emissions and traffic amounts during the lockdown to those
before the lockdown. There was no emission monitoring on
VOCs, CO, and NH3; therefore, the emission scaling factors
for NOx, SO2, and PM were averaged for each source and used
as the scaling factors for these species. Reduction in the
transportation sector was estimated based on the real time
traffic flow data obtained by SAES. The emission adjustment
ratios are listed in Table 1, and for all other anthropogenic
sources not included in the table, no changes were adjusted.
Other emissions (i.e., biogenic emissions, open burning,
windblown and sea salt emissions) followed the study by Hu
et al.20

To investigate the effects of emission reduction and
meteorological conditions on air quality, seven scenarios
were developed (Table 2). The base case scenario S0 used
the adjusted emissions for the period during the lockdown.
The business as usual scenario S1 used the original
anthropogenic emission inventory of YRD for the entire
simulation period. 2020 Meteorology was used in S0−S4,
while 2019 meteorology (simulated by the WRF model with
the same model configurations as the 2020 episode) was used
in S5 and S6. Compared to S0, the S2−S4 scenarios used the
same emissions except for NOx, VOCs, and other pollutants
(pollutants other than NOx and VOCs, including SO2, CO,
NH3, primary PM). The emissions of S5 and S6 were the same
as S0 and S1, respectively.

Four major cities, i.e., Shanghai, Nanjing, Hangzhou, and
Hefei, were chosen for detailed analyses in this study. The
observed concentrations of air pollutants were obtained from
the publishing website of the China National Environmental
Monitoring Center (http://106.37.208.233:20035/), including
PM2.5, O3, NO2, SO2, and CO. The PM2.5 composition and
VOCs measurements were made at the SAES site, and the
measurement methods have been described in previous studies
and references therein.22−25

■ RESULTS AND DISCUSSION
Impacts of COVID-19 Lockdown on Air Quality in

YRD. Figure 1a shows the predicted and observed daily PM2.5
and MDA8 O3 in S0 and S1 in the four major cities of YRD.
Predictions of S0 and S1 are the same for the period before the
lockdown. Predictions of PM2.5 and O3 in S0 agree well with
observations. The statistical results of the model performance
of PM2.5 and O3 are summarized in Table S1 in the Supporting
Information. The results indicate that PM2.5 and O3 in
Nanjing, Hangzhou, and Hefei are both well predicted in S0
with most of the normalized mean bias (NMB) and
normalized mean error (NME) meeting the model perform-
ance criteria proposed by Emery et al. (NMB within ±30% and
NME ≤ 50% for PM2.5, NMB within ±15% and NME ≤ 25%
for MDA8 O3).

26 PM2.5 and O3 in Shanghai are both
underpredicted, which is likely due to the uncertainties in
the emission inventory or in the scaling factors we used.
Figure 1b compares the observed and predicted relative

changes of PM2.5, MDA8 O3, NO2, SO2, and CO in the four
cities before and during the lockdown (S0). Significant
decreases are observed in PM2.5 (−53% to −31%), NO2
(−76% to −45%), and CO (−46% to −14%). Changes in
SO2 are relatively small, about a 20% decrease in Shanghai,
with no significant decrease in Nanjing and Hangzhou, and
even a small increase (∼5%) in Hefei (likely due to the
unfavorable meteorological conditions offsetting the small
decrease in SO2 emissions). MDA8 O3 shows significant
increases (31% to 88%). The model well captures the observed
relative changes of PM2.5 and NO2 in the four cities. MDA8 O3
changes are also well predicted except in Shanghai, where

Table 1. Emission Scaling Factors Based on Online Continuous Stack Emission Monitoring Data in Shanghai and Hangzhou
Obtained by SAES

Power Iron and Steel Petro Chemical Chemical Industry Industrial Stoves Cement Textile Industry Other Industries Transportation

NOx 0.60 1.04 0.73 0.80 0.49 0.28 0.97 0.05 0.10
SO2 0.87 0.98 0.74 0.45 0.38 0.38 1.42 0.06 0.10
PM 0.76 0.91 0.96 0.50 0.39 0.37 0.74 0.02 0.10
VOCsa 0.74 0.98 0.81 0.58 0.42 0.34 1.04 0.04 0.10

aThere is no emission monitoring on VOCs, CO, and NH3, so the emission scaling factors for these species are the averages of those of NOx, SO2,
and PM.

Table 2. Configuration of Simulation Scenariosa

Case ID NOx VOCs Others Meteorology

S0 C C C 2020
S1 B B B 2020
S2 B C C 2020
S3 C B C 2020
S4 C C B 2020
S5 C C C 2019
S6 B B B 2019

aB: business as usual. C: COVID-19.
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predicted change is substantially higher than observed change
due to underprediction of MDA8 O3 before the shutdown
(especially on days of January 20−22). The predicted VOCs
concentrations and changes also agree well with observed
values, as shown in Figure S1. Therefore, the emission
reduction adjustment used in our study is reasonable, which
builds confidence in further analyses.
Figure 2a illustrates the average changes of PM2.5 and MDA8

O3 in January and February 2020 due to emission reductions
between S0 and S1 in the four cities (Figure S2 in the
Supporting Information shows the spatial distributions of the
changes). Emission reductions lead to significant PM2.5
decreases, with the least decrease of 23.02 μg/m3 (in
Hangzhou) and the largest decrease of 34.24 μg/m3 (in

Hefei) in February. In contrast, emission reductions cause
MDA8 O3 to increase by 13.52, 9.65, 9.54, and 6.97 ppb in
Shanghai, Hangzhou, Nanjing, and Hefei, respectively, in
February. The substantial reductions of emissions during the
lockdown period result in 13 more days of good air quality
(defined by AQI less than 100) in February in Nanjing and
Hefei, while only 1 and 3 more good air quality days in
Hangzhou and Shanghai, respectively.
The difference between S0 and S1 during January 23 to

February 29 is considered as the effects of the emission
reductions due to the COVID-19 lockdown since the
meteorology is the same. The difference in pollutant
concentration before and during the lockdown in S1 can be
considered to be caused by meteorology variation since the

Figure 1. (a) Predicted daily PM2.5 and MDA8 O3 in S0 and S1 compared to observations. (b) Relative changes in observed and simulated air
pollutants concentration in January 23 to February 29, 2020, compared to January 1− 22.
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emissions were not changed by COVID-19 (note that in S1,
though there were no adjustments in emissions during January
23 to February 29, day-to-day variations in emissions still
exist). As shown in Figure 2b, emission reductions contribute
to PM2.5 decrease by 37% to 55%, while the variation of
meteorological conditions leads to 25% increase of PM2.5 in
Shanghai but contribute to PM2.5 decrease only by 6%, 8%, and
14% in Nanjing, Hangzhou, and Hefei, respectively. Emission
reductions contribute to MDA8 O3 increase by 29% to 52%,
and variation of meteorological conditions also contributes to
MDA8 O3 increase, with the range from 17% to 49%.
Therefore, the emission reductions dominate the PM2.5
decrease, and the effects of meteorological condition change
on the PM2.5 decrease are relatively small. However, both
emission reductions and meteorological conditions contribute
importantly to the O3 increases during January 23 to February
29. The changes of meteorological conditions in Shanghai
before and during the lockdown are shown in Figure S3, and
their impacts on PM2.5 and O3 are discussed in the Supporting
Information.
Impacts of Emission Reductions. Figure 3a shows the

predicted daily PM2.5 and MDA8 O3 changes due to emission
reduction in NOx (S0−S2), VOCs (S0−S3), others (S0−S4)
and the overall impact of emissions reductions (S0−S1). On all

days, the decrease of PM2.5 concentration is mainly caused by
the reduction of others, followed by NOx, while the impact of
VOCs reduction is small. As stated earlier, others includes SO2,
CO, NH3, and primary PM. NH3 and SO2 emissions were not
significantly reduced by the lockdown, and CO has no effects
on PM2.5. Therefore, it is the emission reduction of primary
PM that mainly drives the decrease of PM2.5. Different from
PM2.5, the reduction of NOx emissions contributes to a
significant increase in MDA8 O3, which offsets the relatively
small negative impact of VOCs reduction and causes the net
increase of O3. The reduction of other pollutants (i.e., SO2,
CO, NH3, and primary PM) has almost no effects on MDA8
O3.
Figure 3b displays the relative changes in PM2.5 and MDA8

O3 concentrations due to the reduction of NOx, VOCs, and
others, and the overall impact of emission reduction. The
overall emission reductions lead to a PM2.5 decrease by 37%
(in Nanjing) to 55% (in Shanghai). Others’ reduction causes a
PM2.5 decrease by 28% (in Nanjing) to 46% (in Shanghai).
The reduction of NOx causes a 7% (in Hefei) to 10% (in
Hangzhou) decrease, and VOCs emission reduction contrib-
utes to less than 1% in all the four cities. The reduction of NOx
emissions has a tremendous positive impact on the MDA8 O3
concentration in YRD, causing MDA8 O3 to increase by 59%,
49%, 55%, and 38% in Shanghai, Nanjing, Hangzhou, and
Hefei, respectively. On the contrary, VOCs emission reduction
causes 8%, 7%, 9%, and 5% decreases in MDA8 O3 in the four
cities, respectively, and emission reduction of other pollutants
has little effect on MDA8 O3. The relationships of O3 to VOCs
and NOx during the winter episode are illustrated in Figure S4
and discussed in the Supporting Information.
O3 increase could lead to unintentional change in the

secondary PM2.5 as O3 is a major atmospheric oxidant and
chemically involved in the formation of sulfate (SO4

2−), nitrate
(NO3

−), and secondary organic aerosols (SOA). Figure 3c
shows the changes of the major PM2.5 components in S0. Most
of the components decreased significantly during the lock-
down, especially the primary components (such as elemental
carbon (EC), primary organic aerosols (POA), and other
primary components). A large amount of NOx emission
reductions also lead to significant NO3

− and ammonium
(NH4

+) decreases, but the declining trend of NO3
− (−60% to

−10%) is smaller than that of NO2 (−76% to −45%). This is
due to the increased atmospheric oxidizing capacity which
promotes NO3

− formation and also due to increased NH3
availability as SO4

2− concentrations decrease. More interest-
ingly, SOA concentrations show increasing trends in YRD
during the lockdown despite the emissions of VOCs being
reduced, especially in Shanghai and Hangzhou. Further
analysis shows that increased O3 (and also increased hydroxyl
radical, hydroperoxy radical, organic peroxy radicals) promotes
SOA formations, which offset partially the decrease of PM2.5
caused by the primary PM emission reductions. The enhanced
secondary PM2.5 formation is more distinct during the
pollution events after the lockdown in Shanghai, which is
illustrated in Figure S5. A recent observation-based study
investigated the haze pollution events in Shanghai and revealed
remarkable enhancement of formation efficiency of NO3

−

during the COVID-19 lockdown,27 consistent to our modeling
findings. This phenomenon was also observed in another
study.9

Significant but opposite changes have been observed in
PM2.5 (decrease) and O3 (increase) in YRD during the

Figure 2. (a) Average changes (S0−S1) of PM2.5 and MDA8 O3 and
days of good air quality (AQI < 100) due to COVID 19 in January
and February. (b) Impacts of meteorology vs emission on the changes
of PM2.5 and MDA8 O3 from January 23 to February 29 compared
to January 1 to January 22 in the four YRD cities, respectively. The
graphic textures represent the cities, and the yellow color represents
the impacts of meteorology, while the purple color represents the
impacts of emission reductions.
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lockdown. Our analyses show that the PM2.5 decrease is mainly
caused by the emission reductions due to reduced anthro-
pogenic activities, but the MDA8 O3 increase is driven by both
emission reductions (+29% to +52%) and variation in

meteorological conditions (+17% to +49%) in YRD. Emission
reductions of others (mainly primary PM emissions)
contribute to most of the PM2.5 decrease, while NOx emission
reduction dominates the MDA8 O3 increase. Even though the

Figure 3. (a) Averaged predicted daily PM2.5 and MDA8 O3 in S0−S1, S0−S2, S0−S3, and S0−S4 from January 23 to February 29. (b) Relative
changes of daily PM2.5 and MDA8 O3 in S0−S1, S0−S2, S0−S3, and S0−S4 from January 23 to February 29. (c) Concentration changes in PM2.5
major compositions in S0 before and after the lockdown.
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meteorological conditions during the lockdown helped reduce
PM2.5 in most YRD regions, the meteorological conditions
were generally worse compared to those in February 2019
(Figure S7). The quantitative contributions of the emissions
and meteorological changes may change due to uncertainties in
the emission estimates and uncertainties in the meteorological
predictions, however, the general conclusions about the
importance of the two factors should still hold.
Although O3 has significantly increased during the lockdown

period, it should be noted that O3 concentration levels in YRD
did not exceed the ambient air quality standards. In other
words, the health risk of increased O3 is relatively low.
Therefore, health benefits can be expected from the largely
decreased PM2.5 concentration levels. Meanwhile, as indicated
in our results and also found in another study,9 increased O3
promotes secondary aerosol formation and offsets the decrease
of PM2.5 caused by the primary PM emission reductions, which
partially reduce the health benefits of improved PM2.5 during
the lockdown. Currently, the YRD region faces both PM2.5 and
O3 pollution and is seeking emissions control strategies to
reduce the two pollutants simultaneously. Our results highlight
that more carefully designed multipollutants (including NOx,
VOCs, and primary PM) coordinated emissions control
strategies are needed to achieve this goal in YRD.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.estlett.0c00511.

Table S1: Model performance of PM2.5 and MDA8 O3 in
S0 and S1. Figure S1: Comparison of observed and
predicted total VOCs concentrations and observed and
predicted relative changes in different VOC species due
to the COVID-19 lockdown in Shanghai. Figure S2:
Spatial distributions of predicted PM2.5 and MDA8 O3
and changes between S0 and S1 during the lockdown
period. Figure S3: Comparison of key meteorological
parameters (temperature, RH, PBLH, and wind) before
and after the lockdown in Shanghai. Figure S4:
Responses of MDA8 O3 in Shanghai to NOx and
VOC reductions during the study period. Figure S5:
Average concentration of PM2.5 composition on polluted
days and clean days before and after the lockdown.
Figure S6: Spatial distributions of predicted PM2.5 and
MDA8 O3 and changes between S0 and S5 during the
lockdown period. Figure S7: Predicted PM2.5 and
MDA8 O3 in S5 and S6 with 2019 meteorological
conditions. (PDF)

■ AUTHOR INFORMATION
Corresponding Authors
Jianlin Hu − Jiangsu Key Laboratory of Atmospheric
Environment Monitoring and Pollution Control, Collaborative
Innovation Center of Atmospheric Environment and Equipment
Technology, Nanjing University of Information Science &
Technology, Nanjing 210044, China; orcid.org/0000-
0001-7709-439X; Email: jianlinhu@nuist.edu.cn

Hongli Wang − State Environmental Protection Key Laboratory
of Formation and Prevention of Urban Air Pollution Complex,
Shanghai Academy of Environmental Sciences, Shanghai
200233, China; orcid.org/0000-0003-0655-3389;
Email: wanghl@saes.sh.cn

Authors

Ting Liu − Jiangsu Key Laboratory of Atmospheric Environment
Monitoring and Pollution Control, Collaborative Innovation
Center of Atmospheric Environment and Equipment
Technology, Nanjing University of Information Science &
Technology, Nanjing 210044, China

Xueying Wang − Jiangsu Key Laboratory of Atmospheric
Environment Monitoring and Pollution Control, Collaborative
Innovation Center of Atmospheric Environment and Equipment
Technology, Nanjing University of Information Science &
Technology, Nanjing 210044, China

Qian Wang − State Environmental Protection Key Laboratory of
Formation and Prevention of Urban Air Pollution Complex,
Shanghai Academy of Environmental Sciences, Shanghai
200233, China

Jingyu An − State Environmental Protection Key Laboratory of
Formation and Prevention of Urban Air Pollution Complex,
Shanghai Academy of Environmental Sciences, Shanghai
200233, China

Kangjia Gong − Jiangsu Key Laboratory of Atmospheric
Environment Monitoring and Pollution Control, Collaborative
Innovation Center of Atmospheric Environment and Equipment
Technology, Nanjing University of Information Science &
Technology, Nanjing 210044, China

Jinjin Sun − Jiangsu Key Laboratory of Atmospheric
Environment Monitoring and Pollution Control, Collaborative
Innovation Center of Atmospheric Environment and Equipment
Technology, Nanjing University of Information Science &
Technology, Nanjing 210044, China

Lin Li − Jiangsu Key Laboratory of Atmospheric Environment
Monitoring and Pollution Control, Collaborative Innovation
Center of Atmospheric Environment and Equipment
Technology, Nanjing University of Information Science &
Technology, Nanjing 210044, China

Momei Qin − Jiangsu Key Laboratory of Atmospheric
Environment Monitoring and Pollution Control, Collaborative
Innovation Center of Atmospheric Environment and Equipment
Technology, Nanjing University of Information Science &
Technology, Nanjing 210044, China

Jingyi Li − Jiangsu Key Laboratory of Atmospheric Environment
Monitoring and Pollution Control, Collaborative Innovation
Center of Atmospheric Environment and Equipment
Technology, Nanjing University of Information Science &
Technology, Nanjing 210044, China; orcid.org/0000-
0001-9763-500X

Junjie Tian − State Environmental Protection Key Laboratory of
Formation and Prevention of Urban Air Pollution Complex,
Shanghai Academy of Environmental Sciences, Shanghai
200233, China

Yiwei Huang − State Environmental Protection Key Laboratory
of Formation and Prevention of Urban Air Pollution Complex,
Shanghai Academy of Environmental Sciences, Shanghai
200233, China

Hong Liao − Jiangsu Key Laboratory of Atmospheric
Environment Monitoring and Pollution Control, Collaborative
Innovation Center of Atmospheric Environment and Equipment
Technology, Nanjing University of Information Science &
Technology, Nanjing 210044, China

Min Zhou − State Environmental Protection Key Laboratory of
Formation and Prevention of Urban Air Pollution Complex,
Shanghai Academy of Environmental Sciences, Shanghai
200233, China

Environmental Science & Technology Letters pubs.acs.org/journal/estlcu Letter

https://dx.doi.org/10.1021/acs.estlett.0c00511
Environ. Sci. Technol. Lett. XXXX, XXX, XXX−XXX

F

http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.0c00511/suppl_file/ez0c00511_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.estlett.0c00511?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.0c00511/suppl_file/ez0c00511_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jianlin+Hu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-7709-439X
http://orcid.org/0000-0001-7709-439X
mailto:jianlinhu@nuist.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hongli+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-0655-3389
mailto:wanghl@saes.sh.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ting+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xueying+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qian+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jingyu+An"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kangjia+Gong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jinjin+Sun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lin+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Momei+Qin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jingyi+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-9763-500X
http://orcid.org/0000-0001-9763-500X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Junjie+Tian"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yiwei+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hong+Liao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Min+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qingyao+Hu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/journal/estlcu?ref=pdf
https://dx.doi.org/10.1021/acs.estlett.0c00511?ref=pdf


Qingyao Hu − State Environmental Protection Key Laboratory
of Formation and Prevention of Urban Air Pollution Complex,
Shanghai Academy of Environmental Sciences, Shanghai
200233, China

Rusha Yan − State Environmental Protection Key Laboratory of
Formation and Prevention of Urban Air Pollution Complex,
Shanghai Academy of Environmental Sciences, Shanghai
200233, China

Cheng Huang − State Environmental Protection Key Laboratory
of Formation and Prevention of Urban Air Pollution Complex,
Shanghai Academy of Environmental Sciences, Shanghai
200233, China; orcid.org/0000-0001-9518-3628

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.estlett.0c00511

Author Contributions
§Ting Liu and Xueying Wang contributed equally to this work

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

This work was supported by the National Key R&D Program
of China (2018YFC0213800), the National Natural Science
Foundation of China (41975162, 41675125, 21777101, and
41705102), and Jiangsu Environmental Protection Research
Project (2016015).

■ REFERENCES
(1) Harapan, H.; Itoh, N.; Yufika, A.; Winardi, W.; Keam, S.; Te, H.;
Megawati, D.; Hayati, Z.; Wagner, A. L.; Mudatsir, M. Coronavirus
disease 2019 (COVID-19): A literature review. J. Infect Public Health
2020, 13, 667.
(2) Lu, R.; Zhao, X.; Li, J.; Niu, P.; Yang, B.; Wu, H.; Wang, W.;
Song, H.; Huang, B.; Zhu, N.; Bi, Y.; Ma, X.; Zhan, F.; Wang, L.; Hu,
T.; Zhou, H.; Hu, Z.; Zhou, W.; Zhao, L.; Chen, J.; Meng, Y.; Wang,
J.; Lin, Y.; Yuan, J.; Xie, Z.; Ma, J.; Liu, W. J.; Wang, D.; Xu, W.;
Holmes, E. C.; Gao, G. F.; Wu, G.; Chen, W.; Shi, W.; Tan, W.
Genomic characterisation and epidemiology of 2019 novel
coronavirus: implications for virus origins and receptor binding.
Lancet 2020, 395 (10224), 565−574.
(3) Lupia, T.; Scabini, S.; Mornese Pinna, S.; Di Perri, G.; De Rosa,
F. G.; Corcione, S. 2019 novel coronavirus (2019-nCoV) outbreak: A
new challenge. J. Glob Antimicrob Resist 2020, 21, 22−27.
(4) Lu, D. Inside Wuhan’s lockdown. New Sci. 2020, 245 (3268), 31.
(5) Hamzelou, J. World in lockdown. New Sci. 2020, 245 (3275), 7.
(6) Tian, H.; Liu, Y.; Li, Y.; Wu, C.-H.; Chen, B.; Kraemer, M. U.
G.; Li, B.; Cai, J.; Xu, B.; Yang, Q.; Wang, B.; Yang, P.; Cui, Y.; Song,
Y.; Zheng, P.; Wang, Q.; Bjornstad, O. N.; Yang, R.; Grenfell, B. T.;
Pybus, O. G.; Dye, C. An investigation of transmission control
measures during the first 50 days of the COVID-19 epidemic in
China. Science 2020, 368, 638.
(7) Wang, P.; Chen, K.; Zhu, S.; Wang, P.; Zhang, H. Severe air
pollution events not avoided by reduced anthropogenic activities
during COVID-19 outbreak. Resour Conserv Recycl 2020, 158, 104814.
(8) Sharma, S.; Zhang, M.; Anshika; Gao, J.; Zhang, H.; Kota, S. H.
Effect of restricted emissions during COVID-19 on air quality in
India. Sci. Total Environ. 2020, 728, 138878.
(9) Huang, X.; Ding, A.; Gao, J.; Zheng, B.; Zhou, D.; Qi, X.; Tang,
R.; Wang, J.; Ren, C.; Nie, W.; Chi, X.; Xu, Z.; Chen, L.; Li, Y.; Che,
F.; Pang, N.; Wang, H.; Tong, D.; Qin, W.; Cheng, W.; Liu, W.; Fu,
Q.; Liu, B.; Chai, F.; Davis, S. J.; Zhang, Q.; He, K. Enhanced
secondary pollution offset reduction of primary emissions during
COVID-19 lockdown in China. Natl. Sci. Rev. 2020, na.

(10) Bao, R.; Zhang, A. Does lockdown reduce air pollution?
Evidence from 44 cities in northern China. Sci. Total Environ. 2020,
731, 139052.
(11) Guo, J.; Miao, Y.; Zhang, Y.; Liu, H.; Li, Z.; Zhang, W.; He, J.;
Lou, M.; Yan, Y.; Bian, L.; Zhai, P. The climatology of planetary
boundary layer height in China derived from\nradiosonde and
reanalysis data. Atmos. Chem. Phys. 2016, 16 (20), 13309−13319.
(12) Yang, J.; Ji, Z.; Kang, S.; Zhang, Q.; Chen, X.; Lee, S. Y.
Spatiotemporal variations of air pollutants in western China and their
relationship to meteorological factors and emission sources. Environ.
Pollut. 2019, 254 (A), 112952.
(13) Zhang, Y. L.; Cao, F. Fine particulate matter (PM2.5) in China
at a city level. Sci. Rep. 2015, 5, 14884.
(14) Zhong, J.; Zhang, X.; Dong, Y.; Wang, Y.; Liu, C.; Wang, J.;
Zhang, Y. Feedback effects of boundary-layer meteorological factors
on cumulative explosive growth of PM2.5 during winter heavy
pollution episodes in Beijing from 2013 to 2016. Atmos. Chem. Phys.
2018, 18, 247−258.
(15) Shi, Z.; Huang, L.; Li, J.; Ying, Q.; Zhang, H.; Hu, J. Sensitivity
Analysis of the Surface Ozone and Fine Particulate Matter to
Meteorological Parameters in China. Atmos. Chem. Phys. Discuss.
2020, 2020, 1−29.
(16) Shen, X. J.; Sun, J. Y.; Zhang, X. Y.; Zhang, Y. M.; Zhang, L.;
Che, H. C.; Ma, Q. L.; Yu, X. M.; Yue, Y.; Zhang, Y. W.
Characterization of submicron aerosols and effect on visibility during
a severe haze-fog episode in Yangtze River Delta, China. Atmos.
Environ. 2015, 120, 307−316.
(17) Wyat Appel, K.; Napelenok, S.; Hogrefe, C.; Pouliot, G.; Foley,
K. M.; Roselle, S. J.; Pleim, J. E.; Bash, J.; Pye, H. O. T.; Heath, N.;
Murphy, B.; Mathur, R. Overview and Evaluation of the Community
Multiscale Air Quality (CMAQ) Modeling System, Version 5.2. In Air
Pollution Modeling and Its Application XXV; Springer, 2018; pp 69−73.
(18) CMAQ, Version 5.2.; U.S. Environmental Protection Agnecy,
2017. DOI: 10.5281/zenodo.1167892 .
(19) Carter, W. P. L. Development of the SAPRC-07 chemical
mechanism. Atmos. Environ. 2010, 44 (40), 5324−5335.
(20) Hu, J.; Chen, J.; Ying, Q.; Zhang, H. One-year simulation of
ozone and particulate matter in China using WRF/CMAQ modeling
system. Atmos. Chem. Phys. 2016, 16 (16), 10333−10350.
(21) Huang, C.; Chen, C. H.; Li, L.; Cheng, Z.; Wang, H. L.; Huang,
H. Y.; Streets, D. G.; Wang, Y. J.; Zhang, G. F.; Chen, Y. R. Emission
inventory of anthropogenic air pollutants and VOC species in the
Yangtze River Delta region, China. Atmos. Chem. Phys. 2011, 11 (9),
4105−4120.
(22) Wang, H. L.; Qiao, L. P.; Lou, S. R.; Zhou, M.; Chen, J. M.;
Wang, Q.; Tao, S. K.; Chen, C. H.; Huang, H. Y.; Li, L.; Huang, C.
PM2.5 pollution episode and its contributors from 2011 to 2013 in
urban Shanghai, China. Atmos. Environ. 2015, 123, 298−305.
(23) Wang, H. L.; Qiao, L. P.; Lou, S. R.; Zhou, M.; Ding, A. J.;
Huang, H. Y.; Chen, J. M.; Wang, Q.; Tao, S.; Chen, C. H.; Li, L.;
Huang, C. Chemical composition of PM2.5 and meteorological
impact among three years in urban Shanghai, China. J. Cleaner Prod.
2016, 112, 1302−1311.
(24) Wang, H. L.; Wang, Q.; Gao, Y. Q.; Zhou, M.; Jing, S. G.; Qiao,
L. P.; Yuan, B.; Huang, D. D.; Huang, C.; Lou, S. R.; Yan, R. S.; de
Gouw, J. A.; Zhang, X.; Chen, J. M.; Chen, C. H.; Tao, S. K.; An, J. Y.;
Li, Y. J. Estimation of Secondary Organic Aerosol Formation During a
Photochemical Smog Episode in Shanghai, China. J. Geophys. Res.:
Atmos. 2020, 125 (7), na DOI: 10.1029/2019JD032033.
(25) Wang, H. L.; Yan, R. S.; Xu, T. T.; Wang, Y. H.; Wang, Q.;
Zhang, T. Q.; An, J. Y.; Huang, C.; Gao, Y. Q.; Gao, Y.; Li, X.; Yu, C.;
Jing, S. G.; Qiao, L. P.; Lou, S. R.; Tao, S. K.; Li, Y. J. Observation
Constrained Aromatic Emissions in Shanghai, China. J. Geophys. Res.:
Atmos. 2020, 125 (6), na DOI: 10.1029/2019JD031815.
(26) Emery, C.; Liu, Z.; Russell, A. G.; Odman, M. T.; Yarwood, G.;
Kumar, N. Recommendations on statistics and benchmarks to assess
photochemical model performance. J. Air Waste Manage. Assoc. 2017,
67 (5), 582−598.

Environmental Science & Technology Letters pubs.acs.org/journal/estlcu Letter

https://dx.doi.org/10.1021/acs.estlett.0c00511
Environ. Sci. Technol. Lett. XXXX, XXX, XXX−XXX

G

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rusha+Yan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cheng+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-9518-3628
https://pubs.acs.org/doi/10.1021/acs.estlett.0c00511?ref=pdf
https://dx.doi.org/10.1016/j.jiph.2020.03.019
https://dx.doi.org/10.1016/j.jiph.2020.03.019
https://dx.doi.org/10.1016/S0140-6736(20)30251-8
https://dx.doi.org/10.1016/S0140-6736(20)30251-8
https://dx.doi.org/10.1016/j.jgar.2020.02.021
https://dx.doi.org/10.1016/j.jgar.2020.02.021
https://dx.doi.org/10.1016/S0262-4079(20)30688-6
https://dx.doi.org/10.1016/S0262-4079(20)30611-4
https://dx.doi.org/10.1126/science.abb6105
https://dx.doi.org/10.1126/science.abb6105
https://dx.doi.org/10.1126/science.abb6105
https://dx.doi.org/10.1016/j.resconrec.2020.104814
https://dx.doi.org/10.1016/j.resconrec.2020.104814
https://dx.doi.org/10.1016/j.resconrec.2020.104814
https://dx.doi.org/10.1016/j.scitotenv.2020.138878
https://dx.doi.org/10.1016/j.scitotenv.2020.138878
https://dx.doi.org/10.1093/nsr/nwaa137
https://dx.doi.org/10.1093/nsr/nwaa137
https://dx.doi.org/10.1093/nsr/nwaa137
https://dx.doi.org/10.1016/j.scitotenv.2020.139052
https://dx.doi.org/10.1016/j.scitotenv.2020.139052
https://dx.doi.org/10.5194/acp-16-13309-2016
https://dx.doi.org/10.5194/acp-16-13309-2016
https://dx.doi.org/10.5194/acp-16-13309-2016
https://dx.doi.org/10.1016/j.envpol.2019.07.120
https://dx.doi.org/10.1016/j.envpol.2019.07.120
https://dx.doi.org/10.1038/srep14884
https://dx.doi.org/10.1038/srep14884
https://dx.doi.org/10.5194/acp-18-247-2018
https://dx.doi.org/10.5194/acp-18-247-2018
https://dx.doi.org/10.5194/acp-18-247-2018
https://dx.doi.org/10.5194/acp-2020-173
https://dx.doi.org/10.5194/acp-2020-173
https://dx.doi.org/10.5194/acp-2020-173
https://dx.doi.org/10.1016/j.atmosenv.2015.09.011
https://dx.doi.org/10.1016/j.atmosenv.2015.09.011
https://dx.doi.org/10.5281/zenodo.1167892?ref=pdf
https://dx.doi.org/10.1016/j.atmosenv.2010.01.026
https://dx.doi.org/10.1016/j.atmosenv.2010.01.026
https://dx.doi.org/10.5194/acp-16-10333-2016
https://dx.doi.org/10.5194/acp-16-10333-2016
https://dx.doi.org/10.5194/acp-16-10333-2016
https://dx.doi.org/10.5194/acp-11-4105-2011
https://dx.doi.org/10.5194/acp-11-4105-2011
https://dx.doi.org/10.5194/acp-11-4105-2011
https://dx.doi.org/10.1016/j.atmosenv.2015.08.018
https://dx.doi.org/10.1016/j.atmosenv.2015.08.018
https://dx.doi.org/10.1016/j.jclepro.2015.04.099
https://dx.doi.org/10.1016/j.jclepro.2015.04.099
https://dx.doi.org/10.1029/2019JD032033
https://dx.doi.org/10.1029/2019JD032033
https://dx.doi.org/10.1029/2019JD032033?ref=pdf
https://dx.doi.org/10.1029/2019JD031815
https://dx.doi.org/10.1029/2019JD031815
https://dx.doi.org/10.1029/2019JD031815?ref=pdf
https://dx.doi.org/10.1080/10962247.2016.1265027
https://dx.doi.org/10.1080/10962247.2016.1265027
pubs.acs.org/journal/estlcu?ref=pdf
https://dx.doi.org/10.1021/acs.estlett.0c00511?ref=pdf


(27) Chang, Y. H.; Huang, R.; Ge, X.; Huang, X.; Hu, J.; Duan, Y.;
Zou, Z.; Liu, X.; Lehmann, M. Puzzling haze events in China during
the coronavirus (COVID-19) shutdown. Geophys. Res. Lett. 2020,
DOI: 10.1029/2020GL088533.

Environmental Science & Technology Letters pubs.acs.org/journal/estlcu Letter

https://dx.doi.org/10.1021/acs.estlett.0c00511
Environ. Sci. Technol. Lett. XXXX, XXX, XXX−XXX

H

https://dx.doi.org/10.1029/2020GL088533
https://dx.doi.org/10.1029/2020GL088533
https://dx.doi.org/10.1029/2020GL088533?ref=pdf
pubs.acs.org/journal/estlcu?ref=pdf
https://dx.doi.org/10.1021/acs.estlett.0c00511?ref=pdf

