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Abstract: To prevent the spread of coronavirus disease (COVID-19) and mitigate the epidemic risk,
strict lockdown measures were implemented in Beijing during the quarantine period, significantly
reducing human activities. However, severe air pollution episodes occurred frequently in Beijing.
To explore the occurrence of severe air pollution during the quarantine period, the impacts of
emission reductions, meteorological conditions, and regional transport on heavy air pollution were
individually evaluated using the Community Multiscale Air Quality (CMAQ) model. Observations
showed that the more unfavorable meteorological conditions which occurred during the pandemic
as compared to the corresponding 2019 levels, including higher temperature, relative humidity, and
frequency of strong southerly winds, and lower HPBL, led to an increase in PM2.5 concentrations.
The model results also showed that the meteorological conditions in February 2020 favored PM2.5

formation. The PM2.5 concentrations were mainly dominated by regional transport, which became
more significant in the quarantine period than in 2019, suggesting the importance of joint control on
regional sources for reducing heavy air pollution. This study highlights that, although the emissions
in Beijing and surrounding regions were largely reduced during the quarantine period, severe air
pollution in Beijing did not reduce due to the unfavorable meteorological conditions.

Keywords: heavy air pollution; COVID-19; meteorological conditions; regional transport

1. Introduction

In recent years, air pollution in Beijing has become a matter of public concern, due to
high PM2.5 concentration, and frequent and severe heavy haze episodes [1,2]. The Beijing
Municipal Government has implemented numerous air pollution control measures since
2013 [1–3], such as the “coal to gas” project, and the replacement of older vehicles. With the
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implementation of these measures, the air quality in Beijing has continuously improved,
and the concentration of air pollutants has significantly reduced. For example, ambient
PM2.5 concentrations have decreased by 58% from 2013 to 2020 [4].

However, even though the air pollutant emissions have largely been reduced, heavy
air pollution events often occurred during this time period, for example, during the coro-
navirus disease (COVID-19) epidemic which broke out at the end of 2019 and continues
to spread globally [5,6]. Beijing took decisive actions to stop the spread of COVID-19,
including prohibiting social activities [5,7]. As a result, almost all outdoor human activ-
ities stopped, and industrial, transportation, and building activities were substantially
reduced. However, the observed concentrations of fine particulate matter (PM2.5) in Beijing
unexpectedly increased from 53 µg m−3 in February 2019 to 63 µg m−3 in February 2020.
More importantly, severe air pollution episodes occurred during the COVID-19 period
in Beijing, with the highest concentration of PM2.5 reaching 206 µg m−3. In contrast, the
PM2.5 concentrations have reduced in China and Italy, with no significant change in Greece
and most cities in the USA [8–10]. This raises interesting questions as to why pollution is
increasing in Beijing but not others, and what the major cause of this heavy air pollution in
Beijing where the air pollutant emissions experienced a large reduction is. The conclusions
from this study are important, as they provide useful information for cities to implement
air pollution control strategies when air pollutant emissions are rather low in the future.

Many studies have confirmed that air quality is generally affected by air pollutant
emissions and meteorological conditions, such as wind direction (WD), temperature, and
relative humidity (RH) [7,11–13]. However, in Beijing, the PM2.5 concentrations were
significantly affected by the regional transport of air pollutants from the surrounding Hebei
Province and Tianjin [11,14]. The official source apportionment of PM2.5 indicated that the
regional transport of air pollutants in the surrounding regions contributed 28–36% to the
total PM2.5 concentration in Beijing in 2014, and this value increased to 60% in the study by
Dong et al. [7]. Currently, the individual impacts of emission reductions, meteorological
conditions, and regional transport on air quality during the epidemic in Beijing remain
unclear.

In the present study, the links between COVID-19 cases with variations in air pollution
was investigated. Subsequently, in order to explore the causes of heavy air pollution during
the COVID-19 lockdown, the impacts of emission reductions, meteorological conditions,
and regional transport on heavy air pollution were separately evaluated. Firstly, the
emission reduction during the epidemic was assessed, based on the emission inventory
of February 2019 and 2020. Secondly, the impact of meteorological condition on PM2.5 air
pollutants was conducted, based on the observations and the sensitivity simulations using
the Community Multiscale Air Quality (CMAQ) model. Finally, sensitivity simulations
were conducted to assess the impact of regional transport during the COVID-19 epidemic
in Beijing.

2. Methods and Data
2.1. Emission Inventory

The air pollutant emission inventories in Beijing and surrounding regions (Tianjin and
Hebei) were established individually for 2019 and 2020. The chemical species included
SO2, NOx, VOCs, PM10, PM2.5, and NH3, and the sectors included power and heating,
industrial, residential, fugitive dust, transportation, cooking, waste disposal, fireworks,
biogenic, and agriculture. Emissions for each sector were estimated using Equation (1).

Ei,j = Ai × ∑
m
(Xi,m × EFi,j,m × ∑

n
(Ci,m,n × (1 − ηj,n))) (1)

where i represents the emission source, j represents air pollutants, m represents manufac-
turing technologies, n represents air pollution control technologies, A represents activity
levels, X is the fraction of a specific manufacturing technology, EF is the unabated emission
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factor, C is the percentage of a specific pollution control technology, and η is the removal
efficiency.

The emissions inventory was separately established for 2019 and 2020 in order to
evaluate the emission reductions due to the COVID-19 lockdown. The detailed source
of sectoral emissions and their activity data were shown in Supplementary Materials
(Tables S1 and S2). According to the National Bureau of Statistics of China (NBS) and
the Beijing Municipal Bureau Statistics (BMBS), gross domestic product (GDP) decreased
by 6.6% annually, based on comparable prices in Q1-2020. The value added by primary
industry was 1.27 billion Yuan, down by 22.9% year on year. According to the data
published by AutoNavi Holdings Limited (available at report.amap.com (accessed on 20
March 2020) and BMBS, the passenger and freight traffic on highways was reduced by 52%
and 32% in February 2020 as compared to that in 2019, respectively.

2.2. Air Quality and Meteorological Condition

In order to study the air quality in Beijing, hourly mass concentrations of air pol-
lutants including SO2, NO2, PM10, and PM2.5 in February 2019 and 2020 were obtained
from a publicly available website (http://beijingair.sinaapp.com/ (accessed on 20 March
2020). This website contains real-time air quality information, collected from 12 national
observation stations at the Beijing Municipal Environmental Monitoring Center (BMEMC,
http://www.bjmemc.com.cn/ (accessed on 20 March 2020).

The ground meteorological data, including temperature, RH, and WD, observed at
the Beijing Capital International Airport (40.08◦ N, 116.58◦ E), were obtained from the
China Meteorological Administration (http://www.cma.gov.cn/ (accessed on 20 March
2020). Historical height of planetary boundary layer (HPBL) data were obtained from
the National Centers for Environmental Prediction (NCEP), the Final (FNL) Reanalysis
Project implemented by the Earth System Research Laboratory Physical Sciences Division
of the National Oceanic and Atmospheric Administration (NOAA), and the University
of Colorado Cooperative Institute for Research in Environmental Sciences. The bilinear
interpolation method was used to interpolate the HPBL values from the four closest grids.
As the horizontal resolution of the HPBL data is 1 × 1◦, the mean HPBL for Beijing was
calculated using the data from the four closest grid points.

2.3. Model Configuration and Experiment Design
2.3.1. WRF-CMAQ

The WRF-CMAQ (Weather Research and Forecasting and the Community Multiscale
Air Quality) model system was used to simulate different air pollutant concentrations,
and to evaluate the impact of emission reductions and meteorological conditions on PM2.5
and its major components. The model configurations in this study are the same as in our
previous studies [14,15]. The two-nested model domain was established with a spatial
resolution of 36 × 36 km for the first domain (90 rows × 90 columns), and 12 × 12 km
for the second domain (111 rows × 126 columns), as shown in Figure 1a. A total of
24 vertical layers from the surface pressure to 5000 Pa were used for this study. The initial
and boundary meteorological conditions were derived from the NCEP FNL Operational
Global Analysis data (available at http://rda.ucar.edu/datasets/ds083.2 (accessed on 20
March 2020)), with a horizontal resolution of 1 × 1◦ at intervals of 6 h. The main physical
schemes of WRF included the Kain–Fritsch cumulus cloud parameterization, the RRTMG
radiation mechanism, the asymmetric convective model for the planetary boundary layer,
and the Pleim–Xiu land-surface model. The Meteorology Chemistry Interface Processor
(MCIP) was used to process the meteorological data in a format required by the CMAQ
model. Carbon Bond 6 and AERO7 were selected as the gas-phase and aerosol chemical
mechanisms, respectively, in the CMAQ model.

http://beijingair.sinaapp.com/
http://www.bjmemc.com.cn/
http://www.bjmemc.com.cn/
http://www.cma.gov.cn/
http://rda.ucar.edu/datasets/ds083.2
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Figure 1. (a) The two-nested CMAQ domain, (b) the observation sites in Beijing.

The integrated source apportionment model (ISAM) module, coupled with the CMAQ
model, was applied to distinguish the influences of local sources and regional transport.
CMAQ-ISAM is an attached part of the CMAQ model, and uses the trace method to tag the
emissions of different regions or sectors, as selected by the user. With the formation of PM2.5,
the tag would flow into the final products, and was regarded as the contribution of different
sources. The validation results (as shown in Supplementary Materials Table S3) suggest
that the PM2.5 concentration is well reproduced and can be used for further analysis.

A scenario analysis was conducted to distinguish the impacts of meteorological con-
ditions, emission reductions, and regional transport. The change in PM2.5 concentrations
was attributed to four factors: local contributions due to emission variations (∆Localemis),
regional transport due to emission variations (∆Regionalemis), local contribution due to
variations in meteorology (∆Localmet), and regional transport due to variations in meteo-
rology (∆Regionalmet). The E19M19 (both emissions and meteorology based on 2019 data)
and E20M20 (both emissions and meteorology based on 2020 data) represent the baseline
scenarios of 2019 and 2020, respectively. The differences in the contribution from local
sources and regional transport between E20M20 and E19M20 (emissions based on 2019
data, but meteorology based on 2020 data) were considered as the change due to emission
reductions, namely ∆Localemis and ∆Regionalemis, respectively. Similarly, changes due to
meteorological conditions were compared with those of E19M20 and E19M19.

2.3.2. HYSPLIT

The air-mass backward trajectories were calculated and clustered to track the transport
pathways of the airflow arriving in Beijing (39.914◦ N, 116.405◦ E) using the HYSPLIT
model. The 5-day backward trajectories started every hour each day, and were calculated
at 50 m above ground level (AGL) using meteorological data (Global Data Assimilation
System, ftp://arlftp.arlhq.noaa.gov/pub/archives/gdas1/ (accessed on 20 March 2020))
during the air pollution episodes. Therefore, a total of 24 trajectories were obtained per
day, and trajectory cluster analysis was used to divide the trajectories into distinct clusters,
using the TrajStat model.

2.4. Statistical Analysis

For exploratory analysis, we fitted generalized linear models to our data using COVID-
19 cases as the outcomes, and the air pollutant concentrations and emissions as the param-
eters of interest, adding the corresponding population density values and mean annual
earnings as confounding variables. The cumulative number of COVID-19 cases was re-
trieved from the Beijing Municipal Health Commission (BMHC). The number of deaths
in Beijing (9) was too small to be statistically significant. The regional air pollutant con-
centrations were obtained from the Beijing Municipal Ecology and Environment Bureau.

ftp://arlftp.arlhq.noaa.gov/pub/archives/gdas1/
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Population density (persons/km2) and mean annual earnings were obtained from the
BMBS. We modeled the number of cases using Poisson distribution.

Methods for assessing the fit of the model included residual analyses, diagnostic
tests, and information criterion statistics. The models were built using the MASS package
(www.stats.ox.ac.uk/pub/MASS4/, (accessed on 20 March 2020)) in the R software. The
comparison tables were generated using the Stargazer package (Hlavac, 2018). Statistical
significance was defined as p ≤ 0.05.

3. Results and Discussion
3.1. Links between COVID-19 with Air Pollutants

The associations between the cumulative number of COVID-19 cases and the con-
centrations of the four major air pollutants recorded in 2019, when no COVID-19 cases
were reported, were analyzed. The total levels of SO2, NO2, and PM2.5 concentration
were significant predictors of COVID-19 cases (p < 0.05), together with population density
and annual earnings. This study provides the first evidence that COVID-19 cases were
associated with regional variations in air pollution across Beijing.

We calculated the estimated regression coefficients of each variable and their re-
spective infectivity rate ratios relative to the different air pollutants. Higher NO2 levels
corresponded to an increase in COVID-19 cases. The NO2 levels had an infectivity rate ratio
of 0.086, indicating that a 1 µg/m3 increase in NO2 concentration in 2019 was associated
with 8.86% more cases in Beijing. Similar to NO2, the levels of PM2.5 showed an infectivity
rate ratio of approximately 0.166. The incidence rate ratios of cases for total emissions and
SO2 levels were less than 0, indicating that higher total emissions and SO2 levels led to
lower number of COVID-19 cases. The number of cases was negatively associated with
PM10 levels, which was not a significant predictor of the number of COVID-19 cases based
on the 2019 air pollution data.

3.2. Emission Reductions of Air Pollutants during Quarantine Period

As shown in Figure 2, the emissions of air pollutants in February 2020 were estimated
to be 405 t for SO2, 3951 t for NOx, 5718 t for PM10, 1530 t for PM2.5, 7805 t for volatile
organic compounds (VOCs), and 1789 t for NH3. SO2 emissions from the residential, and
power and heating sectors contributed an average of 60% and 33% of the total emissions,
respectively. The transportation, power and heating, and residential sectors were the major
sources of NOx emissions, accounting for an average of 49%, 36%, and 11%, respectively.
The residential, biogenic, and transportation sectors had notable contributions to VOC
emissions, accounting for an average of 46%, 22%, and 17%, respectively. NH3, which is
mainly emitted from the agriculture and waste disposal sectors, accounted for an average
of 49% and 47%, respectively. Fugitive dust was the major emitter of PM10 and PM2.5, with
average proportions of 89% and 73%, respectively.

Air pollutant emissions in Beijing have significantly decreased during the COVID-19
lockdown. The emissions of SO2, NOx, VOCs, NH3, PM10, and PM2.5 during the quarantine
period decreased by 12%, 39%, 23%, 7%, 36%, and 35%, as compared to the emissions
in 2019, respectively. Over 94% of the PM10 and 81% of the PM2.5 reductions came from
reductions in fugitive sources, including construction dust and road dust. According to
a published news report (BMCHUD, 2021; DEBB, 2020), the emissions from construction
dust decreased by 30% due to the suspension of construction during the epidemic. The
PM10 and PM2.5 emissions from road dust decreased by 52% in the quarantine period,
which was attributed to lower numbers of vehicles on roads.

www.stats.ox.ac.uk/pub/MASS4/
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Figure 2. Changes in emissions of SO2, NOx, PM10, PM2.5, VOCs, and NH3 in Beijing during the
quarantine period, and the same time period in 2019.

The industrial, residential, and power and heating sectors showed the most notable
effects on SO2 emission reductions, accounting for 24%, 24%, and 21% of the emission
reductions, respectively. During the epidemic, as people no longer needed to go to work
or to school, heating in office and school buildings was entirely shut, which reduced SO2
and NOx emissions by 5%. The reduction of NOx emissions from transportation played an
important role during the quarantine period, and contributed 95% to the total reduction.
According to the data published by AutoNavi Holdings Limited and BMBS, passenger and
freight traffic on highways decreased by 52% and 32%, respectively, during the epidemic.
As a result, the NOx emissions from vehicles were reduced by 60% of the transportation
reduction. Approximately 24% of the NOx emission reductions were attributed to lower air
and train traffic during the quarantine period. Transportation, industrial, and residential
sectors were the greatest contributors to VOC emission reductions, accounting for 61%,
20%, and 13% of the total reduction, respectively. The VOC emission reductions in the
residential sector were mainly attributed to the fall in demand for paint, due to the decrease
in new constructions. The VOC emission reductions in the industrial sector were attributed
to the decrease in the use of solvents for paints, coatings, and the chemical industry during
the quarantine period. The details on the industrial emission reductions are shown in the
Supporting Information. The reduction in transportation activities contributed to 63% of
the total reduction in NH3 emissions (see Supplementary Materials Figure S1).

3.3. Impact of Meteorological Condition on PM2.5 Air Pollution

The rate of change in concentrations of SO2, NO2, PM10, and PM2.5, and in emissions of
SO2, NOx, PM10, PM2.5, VOCs, and NH3 between the quarantine period and the 2019 levels
are shown in Figure 3. The concentrations of PM2.5 increased during the quarantine period,
compared to the 2019 levels, although both the primary PM2.5 and its precursor emissions
decreased. This is because air pollutant concentrations are affected not only by emissions,
but also by meteorological factors, regional transport, and chemical reactions [16].
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Figure 3. Relative changes in concentrations of pollutants and in emissions of primary pollutants
during the quarantine period compared with the 2019 levels.

Assessing the impact of emission reductions on PM2.5 concentrations can be com-
plicated by the variability of meteorological conditions. The daily PM2.5 concentrations,
temperature, RH, and WD are shown in Figure 4. It was observed that the PM2.5 con-
centrations slowly accumulated during the epidemic, followed by a rapid decrease, as
determined by the episodic incursion of cold mid-latitude air (cold surges). Following Liu
et al. [17], the occurrence of a cold surge was defined as a rapid decrease in surface RH
and temperature, with an increase in surface pressure. One cold surge was identified in
February 2020, whereas three were observed in 2019. This led to notable differences in the
meteorological variables. Higher RH and temperature in February 2020 (58% and 0.5 ◦C
for 2020 vs. 40% and −1.6 ◦C for 2019, respectively) facilitated the formation of secondary
aerosols, thereby also contributing to the formation of PM2.5 [18,19]. Additionally, strong
northerly winds are always associated with the arrival of cold surges [20]. Meteorological
conditions in February 2020 were generally more favorable for PM2.5 formation than those
in 2019, when there was a high frequency of strong southerly winds (12 days for 2020 vs.
6 days for 2019), which led to the regional transport of pollutants. This can be explained by
the HYSPLIT 5-day back trajectory analysis of mass air movements in the haze episode
shown in Figure 5. On heavy haze days, more than half of the air trajectories (63%) arriving
at the site came from the south, a region with many high-emission cities. Approximately
36% of the trajectories were from the northwest. During this period, air movements caused
transboundary transportation of pollutants such as NH3, SO2, NO2 precursors, and primary
PM from southern regions to Beijing, elevating pollutant concentrations.
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Finally, PM2.5 concentrations were negatively correlated with HPBL. The HPBL has
a diurnal cycle, with high values in the morning and low values in the afternoon. The
HPBL of haze episodes that appeared from February 8 to 14, 2020, was lower than the
2019 levels, as shown in Figure 5, which prevented particles from crossing the PBL to the
troposphere [13,21,22].

The model performance also indicated that the meteorological conditions in February
2020 benefitted the formation of PM2.5, resulting from a positive change in meteorology
by approximately 15.6 µg/m3 on average, as shown in Figure 6. On excluding the meteo-
rological effect, the non-meteorological effects (namely reduced activities) decreased the
PM2.5 concentration by 3.4 µg/m3. These results indicated that the strict restrictions on
human activities significantly decreased PM2.5 concentrations. However, the unfavorable
meteorological conditions substantially increased PM2.5, which offset the effect of emission
reductions, and caused PM2.5 pollution. The unfavorable meteorological conditions domi-
nated the changes in PM2.5, accounting for 82% of the model variation, and the emission
reductions due to lockdown had limited effects (18%). Moreover, the impact of variations
in meteorological conditions on SNA (sulfate, nitrate, and ammonium) was higher than
that of primary particles, which indicates that the meteorological conditions during the
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epidemic favored the formation of secondary PM2.5. These results are consistent with the
data on meteorological variation, and unfavorable meteorological conditions during the
epidemic relative to the corresponding 2019 levels were favorable for the formation of
secondary PM2.5. The increase in nitrate mass concentrations was more rapid than that of
the other components, indicating that nitrate is more sensitive to meteorological variation.
As shown in Figure S2 (in Supplementary Materials), nitrate increased by 4.8 µg/m3, which
is higher than the increases in primary PM2.5 (4.2 µg/m3), SO4

2− (3.9 µg/m3), and NH4
+

(2.6 µg/m3).
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Figure 6. Contributions of different factors to the PM2.5 concentrations and its components during
2019–2020.

3.4. Impact of Regional Transport on PM2.5 Air Pollution

In order to evaluate the regional contributions of specific emission sources, regional
transport for different PM2.5 components, including primary PM2.5 and SNA, were calcu-
lated (Figure 6). PM2.5 and its components were mainly dominated by regional transport,
with less local emissions. The regional transport of PM2.5 and its components became more
significant in the quarantine period than in 2019, suggesting the importance of joint control
on regional sources for reducing heavy air pollution. The contribution of local sources
during the epidemic increased relative to the 2019 levels, which was attributed to the
increase of 70% and 71% in sulfate and ammonium concentrations, respectively. This offset
the reduction of primary PM2.5 and nitrate concentrations by 13% and 15%, respectively.

Changes in local sources and regional transport were associated with both emission
reductions, and meteorological variations, as shown in Figure 7. The emission reductions
not only mitigated the impacts from local sources, but also from regional transport, which
reduced PM2.5 by 1.4 µg/m3 and 1.9 µg/m3, respectively. The ∆Localemis of the PM2.5
components was negative, suggesting that the local emission reduction benefit for PM2.5
concentrations had decreased. The ∆Regionalemis of primary PM2.5 and sulfate was nega-
tive, but positive for nitrate and ammonium. The decrease in regional transport in primary
PM2.5 and sulfate concentrations was attributed to emission reductions in the surrounding
areas. The main reason for the reduced response of nitrate to NOx emission reductions
was the increase in photochemical oxidants, resulting in increased conversion efficiency of
NOx to HNO3. As Beijing is in the VOC-limited ozone formation zone, the higher NOx
emission reductions than VOCs during the epidemic increased O3 and OH concentrations,
and subsequently increased the levels of photochemical oxidants. NH3 is the dominant
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alkaline gas that neutralizes atmospheric HNO3, leading to the formation of NH4NO3.
Thus, the increase in nitrate concentration from regional transport may favor the formation
of ammonium, offsetting the decreasing concentration due to NH3 emission reduction.
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Figure 7. The contribution of local and regional transport to PM2.5 components (a,b) concentrations,
and their relative change (c).

The ∆Localmet of PM2.5 and its components was positive, implying that meteorological
variation might inhibit the transport of pollutants out of Beijing, thus enhancing local
concentrations. In addition, the regional meteorological conditions favored secondary
particle formation and the transport of pollutants from surrounding areas into Beijing, thus
enhancing their concentrations. In addition, compared to local sources, regional transport
is more sensitive to meteorological variation, as demonstrated by the ∆Regionalmet being
greater than the ∆Localmet (Figure 6). Furthermore, the contribution of regional transport
due to meteorological variation (∆Regionalmet) accounted for 84% of the increase in PM2.5
concentrations resulting from meteorological variation, with a similar ratio to that of the
primary PM2.5 and sulfate. However, the ∆Regionalmet/∆Localmet for nitrate was 99%,
which was much higher than the total PM2.5, and that for ammonium (61%) was much
lower than the total PM2.5. This phenomenon was associated with the contribution of
regional transport, in which primary PM2.5 and sulfate concentrations were similar to those
of total PM2.5. The contribution of regional transport to nitrate was the highest among the
PM2.5 components, while that of ammonium was the lowest.

4. Conclusions

To prevent the spread of COVID-19 and to mitigate the pandemic risk, strict lockdown
measures were implemented in Beijing during the quarantine period, and thus human
activities were significantly reduced. However, severe air pollution episodes occurred
frequently in Beijing. To explore the occurrence of severe air pollution during the quaran-
tine period, the impacts of emission reductions, meteorological conditions, and regional
transport on heavy air pollution were separately evaluated.
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This study provides the first evidence that COVID-19 cases were associated with
regional variations in air pollution across Beijing. The results indicated that the emissions
of SO2, NOx, VOCs, NH3, PM10, and PM2.5 during the quarantine period were reduced
by 12%, 39%, 23%, 7%, 36%, and 35%, respectively, as compared to those during the
same period in 2019. The PM2.5 concentrations increased during the quarantine period, as
compared to the 2019 levels, although both the primary PM2.5 and precursor emissions
decreased, due to unfavorable meteorological conditions and more significant regional
transport. Higher temperature, RH, frequency of strong southerly winds, and lower HPBL
occurred during the epidemic period, as compared to those in 2019, due to of the less
active cold surge, which was conducive to the accumulation of PM2.5. The model results
also showed that the meteorological conditions in February 2020 favored PM2.5 formation.
The PM2.5 was mainly dominated by regional transport, which was more significant in
the quarantine period than in 2019, suggesting the importance of joint control on regional
sources for reducing heavy air pollution.

This study highlights that, although the emissions in Beijing and surrounding regions
were reduced largely during the quarantine period, they did not help to avoid severe
air pollution in Beijing, due to the unfavorable meteorological conditions and increased
regional transport. More efforts should be made to avoid severe air pollution in Beijing.
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.3390/su132112312/s1, Figure S1: changes in emissions of SO2, NOx, PM10, PM2.5, VOCs and NH3
in Tianjing and Beijing during quarantine period and the same time in 2019, Figure S2: Contributions
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of simulated 1-h PM2.5 concentrations with observations (Obs: observation, Sim: simulation).
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