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Abstract Intensive observations and WRF-Chem simulations are applied in this study to investigate
the adverse impacts of regional transport on the PM, 5 (fine particulate matter; diameter <2.5 um) changes
in Shanghai during the Coronavirus Disease 2019 lockdown. As the local atmospheric oxidation capacity
was observed to be generally weakened, strong regional transport carried by the frequent westerly winds is
suggested to be the main driver of the unexpected pollution episodes, increasing the input of both primary
and secondary aerosols. Contributing 40%-80% to the PM, s, the transport contributed aerosols are
simulated to exhibit less decreases (13.2%-21.8%) than the local particles (37.1%-64.8%) in urban Shanghai
due to the lockdown, which largely results from the less decreased industrial and residential emissions in
surrounding provinces. To reduce the influence of the transport, synergetic emission control, especially
synergetic ammonia control, measures are proved to be effective strategies, which need to be considered in
future regulations.

Plain Language Summary The anthropogenic emissions were sharply reduced in China
due to the lockdown measures during the Coronavirus Disease 2019 pandemic. However, the reduced
emissions did not lead to expected decreases in fine particulate matter in Shanghai. To understand why
haze pollution still occurred during the lockdown, intensive observations and a variety of simulations
using the regional chemical transport model were conducted in this study. Contributing 40—80% to the
fine particles in Shanghai, the strong transport of air pollutants carried by the frequent westerly winds
is found to be the main driver of the observed pollution episodes, which brings substantial primary

and secondary aerosols to the city. Compared to those originated from the local sources, the transport
contributed aerosols are simulated to be less affected by the intervention measures, which can be largely
attributed to the less decreased industrial and residential emissions in Jiangsu, Zhejiang, and Anhui
and enhanced aerosol formation during the transport. Synergetic emission control measures, including
reductions in both the traditional regulated emissions and agricultural emissions, in the Yangtze River
Delta region are proved to be effective in mitigating the adverse impacts of the transport, which provide
practical implications for future pollution control strategies in cities like Shanghai.

1. Introduction

By the end of November 2020, the outbreak of Coronavirus Disease 2019 (COVID-19) has infected over 59
million people, causing over 1 million deaths in over 200 countries (Dong et al., 2020; WHO, 2020). China
enacted population-level physical distancing measures and movement restrictions to prevent the spread of
the pandemic (Tian et al., 2020), simultaneously leading to negative impacts on social and economic life.
Up-to-date studies suggested drastic decreases in anthropogenic emissions, especially those from traffic
sectors, in China during the COVID lockdown (Bauwens, et al., 2020; Zhang et al., 2020a). The emissions of
nitrogen oxide (NO, = NO + NO,) were reported to decrease by 50%-70% in eastern China compared to the
pre-lockdown period (Huang et al., 2020).
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The emission reductions together with corresponding atmospheric chemistry and physics processes resulted
in unexpected changes in air quality in eastern China (Huang et al., 2020; Le et al., 2020; Liu et al., 2020a).
Compared to those during the pre-lock period, observed concentrations of gaseous pollutants declined re-
markably in Beijing-Tianjin-Hebei (BTH) and the Yangtze River Delta (YRD) regions during the COVID
lockdown, with more than 60% decreases in nitrogen dioxide (NO,), and about 20%-30% in sulfur dioxide
(SO,) (Huang et al., 2020; Shi et al., 2020). Yet the PM, s (fine particulate matters with an aerodynamic diam-
eter smaller than 2.5 um) concentrations did not exhibit similar magnitude of decreases. Compared to the
mean level during the same period in the Georgian Calendar from 2015 to 2019, observed PM, s concentra-
tions in Beijing increased by 55.1% during the 2020 lockdown (Le et al., 2020). The PM, s levels in Shanghai
during the period were also reported to be more than 2.5 times higher than those during the Chinese Lunar
New Year (LNY) holiday in 2019 (Chang et al., 2020). Huang et al. (2020) and Le et al. (2020) found that the
emission reductions resulted in increased atmospheric oxidizing capacity and then promoted the secondary
aerosol formation, which was considered to be the main reason for the elevated PM, s levels in BTH during
the COVID-lock period. Comparatively, the observed enhancements in such secondary aerosol production
were much smaller in YRD region (Huang et al., 2020), suggesting other factors affecting the PM, s changes.

In addition to the emission conditions, previous studies suggested that regional transport played important
roles in determining the wintertime haze pollution in YRD region (Li et al., 2019; Yang et al., 2018). During
the COVID lockdown, the unfavorable meteorology was considered to exert adverse impact on the PM, s
changes (Chang et al., 2020; Wang et al., 2020), leading to 25% increase of PM, s in Shanghai compared to
those in 2019 (Liu et al., 2020b). However, more questions remain to be answered at the city level. For ex-
ample, how about the contribution of meteorology relative to that of the local secondary formation? What
is the influence of the COVID interventions on those contributions? How to reduce the negative impacts of
meteorology on PM, s? To answer these questions, a quantitative analysis of PM, s changes is conducted in
Shanghai during the COVID-19 outbreak in this study. The contributions from transport and local sources
are assessed separately using the Weather Research and Forecasting model coupled with Chemistry (WRF-
Chem), aiming to provide implications for the synergetic control of PM, s and ozone (O;) pollution at the
city level.

2. Methods
2.1. The Observational Data

Multi-year measurements of PM, 5, NO,, SO,, and O; from 2017 to 2020 in Shanghai were provided by the
Shanghai Environmental Monitoring Center (SEMC). Intensive observations of PM, s species (sulphate,
nitrate, ammonium, organic carbon, and elemental carbon), NO,, carbon monoxide (CO), SO,, Os, and vol-
atile organic species (VOCs) were also collected by SEMC at an urban site, Pudong (PD, 31.2°N, 121.5°E),
in central Shanghai from January 1 to April 30, 2020. The instruments and their performance and accuracy
were described by Chang et al. (2017, 2018). The meteorological elements (horizontal wind speed and direc-
tion near the surface) during the same period were provided by Baoshan Climate Observatory joining the
international meteorological data exchange, described in Xu et al. (2016).

According to the different phases of the COVID-19 restrictions in Shanghai, the measurements are grouped
into five periods: P1 (January 1 to 23, before the lockdown measures were conducted), P2 (January 24 to
February 29, when intense government interventions were conducted), P3 (March 1 to 31, when the soci-
oeconomic activities gradually recovered), P4 (April 1 to 30, when the social and economic life almost re-
sumed), and P2-intense (January 24 to February 9, when the strictest restrictions were conducted). During
P2-intense, the traffic and commercial activities were brought to a near stop (Shanghai Municipal People’s
Government, 2020a; Shanghai Municipal Health Commission, 2020a), resulting in large decreases in an-
thropogenic emissions, especially for NOy and VOCs (Sun et al., 2021; Zhang et al., 2020b). As the restric-
tions were eased during P3 and P4, the socioeconomic activities gradually resumed, resulting in gradient
increases in anthropogenic emissions compared to those during P2 (Shanghai Municipal People’s Govern-
ment, 2020b; Shanghai Municipal Health Commission, 2020b).
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2.2. The WRF-Chem Simulations

A fully coupled WRF-Chem model (version 3.2, https://www?2.acom.ucar.edu/wrf-chem) improved by Tie
et al. (2009) and Li et al. (2010) is used to simulate gas-phase species and aerosols in this study. The PM, 5 is
assembled by sulphate, nitrate, ammonium, organic carbon (OC), and primary fine particles (e.g., elemental
carbon and road dust). The domain configuration, physical and chemical options, initial and lateral bound-
ary conditions follow Zhou et al. (2017). Included in the air quality forecast ensemble system of the Mar-
coPolo and Partnership with China on Space Data (Panda) project (http://www.marcopolo-panda.eu), the
performance of the applied model has been continuously and comprehensively evaluated, exhibiting good
agreements with gas and aerosol observations in Shanghai and surrounding areas (Brasseur et al., 2019;
Petersen et al., 2019).

To analyze the PM, s changes and corresponding contributions of regional transport and local source during
the COVID-19 pandemic, numerical simulations are performed during P2_intense (January 24 to February
9), when the strictest government interventions were conducted in China. Baseline anthropogenic emis-
sions are taken from the Multi-resolution Emission Inventory for China (MEIC, Li et al., 2014) for year
2010, with local adjustments following Zhou et al. (2017). The provincial emission reduction ratios during
the simulation period are assigned according to Huang et al. (2020) (Table S1). Biogenic emissions are
calculated online using the Model of Emissions of Gases and Aerosols from Nature (MEGAN2, Guenther
et al., 2006). Sensitivity experiments with different emission scenarios are conducted as listed in Table S2.

3. Results
3.1. Air Quality Changes During the COVID-19 Pandemic in Shanghai

Figure 1 displays the observed mean concentrations of PM, 5, maximum 8h average (MDA8h) O;, NO, and
SO, in Shanghai during P1-P4 from 2017 to 2020. As the strictest lockdown period (P2-intense) was similar
to that of the Chinese LNY in 2020, comparisons of pollutant levels during LNY, when the anthropogenic
emission reductions were noted, are also presented in the 4 years, respectively. Consistent with the emis-
sion changes due to the COVID-interventions, NO, exhibited drastic decreases of 46.2% from P1 to P2 and
gradual recoveries during P3 and P4 in 2020. The mean NO, concentration during P2-2020 was 37.9% lower
than the mean level during the three same periods from 2017 to 2019, indicating significant NO, emission
reductions. Though exhibiting similar variations as NO,, observed SO, presented much smaller changes.
The mean SO, concentrations during P2-P4 in 2020 were close to those in 2019, suggesting small impacts
of COVID-interventions on SO, emissions. Different from NO, and SO,, O; exhibited continuous increases
from P1 to P4 in 2020. However, similar increases could also be observed in the other three years. Compared
to those in 2017-2019, observed MDAS8h O; concentrations during the COVID pandemic in 2020 did not
present significant increases. The result was also reported in Chen et al. (2020), suggesting the atmospheric
oxidation capacity was less influenced by the COVID lockdown in Shanghai.

As suggested in recent studies (Chang et al., 2020; Liu et al., 2020b), the observed PM, 5 seemed to not ex-
hibit equivalent changes as the gas precursors during the strict COVID-lock period. Despite the 55.9% and
29.3% decreases in SO, and NO,, the observed mean PM, s concentration during LNY in 2020 exhibited a
comparable value as that in 2017. Even with similar levels of SO, and NO,, the PM, s concentration during
LNY-2020 was still 48.8% higher than that in LNY-2019. The observations also indicated that the high PM, s
concentrations were not always accompanied by increased O; levels, which was different from those report-
ed for the North China (Huang et al., 2020; Le et al., 2020). Compared to those in 2018, observed SO,, NO,,
and Oj; all exhibited lower concentrations in LNY-2020, but corresponding PM, s concentration was still
16.3% higher. Thus, different mechanisms other than the emission and secondary PM formation changes
were suggested to largely contribute to the enhancements of fine particles in Shanghai.

To further examine the air quality changes during the pandemic, Figure 2 presents the daily variations
of gases and major PM, s species observed at PD, an urban site, from P1 to P4 in 2020. In addition to the
drastic decreases (56.3%) in NO, and slight decreases in SO, (6.0%) and CO (17.8%), VOCs at PD exhibit-
ed the second largest decreases (37.5%) during P2 compared to P1, which were consistent with the sharp
declines in traffic activities due to the COVID intervention measures. Most PM, s species exhibited similar
changes as their precursors. For example, consistent with the NO and SO, changes, nitrate exhibited the
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Figure 1. The observed mean concentrations (ug m™?) of PM, 5, maximum 8h average (MDAS8h) O3, NO,, and SO,
in Shanghai during P1 (January 1 to 23), P2 (January 24 to February 29), P3 (March 1 to 31), and P4 (April 1 to 30)
in 2017-2020. Also shown are the corresponding mean concentrations during the Chinese Lunar New Year (LNY,
December 30 to January 16 on the lunar calendar).

largest decreases (43.8%) while sulphate presented much smaller decreases (20.5%) during P2 relative to P1.
Despite the large decreases, nitrate still acted as the dominant aerosol species, accounting for 25.8% of the
PM, 5 in urban Shanghai. The primary elemental carbon (EC) presented the second largest decline (42.6%)
due to the COVID-lockdown, which was also consistent with the great emission changes (Table S1). How-
ever, compared to those during P1, OC at PD only decreased by 9.9% during P2. Considering that the drasti-
cally reduced VOCs concentrations were not conducive to the production of secondary organic aerosols, the
small decreases in OC, which were also reported in Chen et al. (2020), suggested that there should be other
sources contributing to the organic aerosols.

Even though the total PM, s concentrations at PD exhibited mean decreases of 37.8% during P2 compared to
P1, severe pollution episodes were still observed. According to the back trajectory results (Figure S1), the ob-
served peak PM, s concentrations during P2 were usually accompanied by remarkable transport processes
affected by the westerly winds. The westerly winds tended to bring high levels of pollutants from surround-
ing regions, which could contribute 40%-70% to the PM, s in Shanghai (Xu et al., 2016). During P1-P4,
the mean PM, s concentration under westerly winds (51.0 pg m™) was about 50% higher than that under
easterly winds, suggesting strong transport of pollutants from west of Shanghai. The wind rose diagrams
(Figure 3) suggest that the predominant winds turned from westerly flows to easterly flows from P1 to P4.
During P1-P2, the westerly winds accounted for 30%-35% of the total winds, approximately 15% higher
than those during P3 and P4. The high occurrence frequency of the westerly winds further indicated that
the regional transport during the first two periods was much stronger, which was conducive to the increases
of PM, s concentrations in Shanghai.

GU ET AL. 40f 10



/Y ed N |
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2021GL092395

North

Pl | P2 P3 | P4 | Pl -
60 I . . . i . | (cam winds 259 b«
——voC ' ; w/ o
s ! P2-intense H ! Wes' 32 s
40 ] H ! o
20 : : i R
A\ L 1 4 ceg-20% outl
22.08!" (13.40) . : North
O L ll L 1 L 1 L : L 1 1 o0
NO_ ' y P2 24%04
160 o H T (Calm winds:2.148) ‘\3%
' ' ' o/ Y
120 : ; ; wes [l e
80 E E i /
40 57.80, (24.01))\. 2525 32,95 1 44.85 : )
0 - . ‘ . N T . : S south
[eX i E E North
105 : : 568 (535 52! 513! 761| P3 o
; ' 0 . LI, . L . - . . (Calm winds: 1.08%)gy \:/f/“
70 } : Ammonium ! ' o/
35 ] : 20f : ' : west IRt )East
\ i i 4.22 ! ! ! a
41390 (70.13)  68.23 73.23 | 8. sk : . . 7
0 N . ‘ . N . '. : ;
co | : 10 : : : wes” South
1.5 ! : \ " ' North
10 : : > 857 (601) /546! 346 389/ P4 il
i : 0 - — . — L — : . (Calm winds:2.92%) \}8%
0.5 1 ' Nitrate! ! ! é. 60/'2/«-
0731 (0.59)  0.60 0.62 | 0.62] 4ol : ; : wer DS .
00 I 1 L 1 L 1 L 1 L 1 [ 1 : -
E— : 30! : : : 7
120 T : ‘ . :
i : 20 ' : : South
80 i H 0 : | | w-mdepccd\nn‘) ‘ 030
N ' ' 101 ' Y 1 4 050 - 1.00 1.00 - 2.00 -3.
40 i : 15'77: 9:38) 8'86: 6‘90: 828 3.00 - 4.00 M 4.00 - 6.00 Wl >=6.00
10) | (@43)/| 3 W\/W% 6 | 0y ot BT AL Nor
- . ‘ . VY, . Sulfate : : ,
0 i . 20t \ : : L
so, : ! : : ” >
| : | ! : ' .
: : 15 : : : wesf )m
i : 10- | i i ] A‘
i : ! : ; /4
@75 488 5.64 ! 6591 [ 391 (8.43) 67, 83, 4.27)] o
0 L L L L L L L ' 0 L L L Lt L L L L PM, (ugm™)
1/1 1/15 1/29 2/12 2/26 3/11 3/25 4/8 4/22 1/1 1/15 1/29 2/12 2/26 3/11 3/25 4/8 4/22 B 0.50-20.00 I 20,00 -40.00 M 40.00 - 60.00

60.00 - 75.00 [ 75.00 - 90.00 M >=90.00

Figure 2. Variations of observed daily mean concentrations of gases and major PM, s components at Pudong, Shanghai. The marked numbers are the mean
concentrations during P1, P2, P3, and P4, respectively. The numbers in parentheses are the mean concentrations during P2-intense Also shown are the
corresponding wind rose diagrams and period mean PM, s concentrations under different wind conditions. The units are ppbv for VOCs, mg m™* for CO, and pg

m™ for other species.

3.2. Impacts of Regional Transport on the Air Quality Changes

To understand the unfavorable effects of regional transport on the air quality changes in Shanghai dur-
ing the COVID lockdown, 14 strong transport affected days (STAD) and 17 weak transport affected days
(WTAD) during P2 were selected respectively according to the back trajectories and the dominant winds.
Figure 3 displays the diurnal cycles of relative changes in NO,, SO,, VOCs, and PM, 5 at PD during STAD and
WTAD, respectively compared to those during P1. In WTAD, both gases and aerosols exhibited significant
decreases due to the lockdown measures, in which NO,, VOCs, nitrate, and EC presented relatively larger
decreases ranging from 30% to 73%. However, in STAD, gases and aerosols exhibited different changes due
to their sources. NOy and VOCs, most of which came from local sources, were less affected by the regional
transport, exhibiting comparable decreases (20%-60%) as those (30%-64%) in WTAD. In comparison, SO,
and CO present large increases during the transport. Despite the reduced emissions, SO, and CO in STAD
even exhibited enhancements up to 42.3% and 17.0%, respectively compared to those during P1, suggesting
large transport induced contributions. The regional transport also led to large increases in aerosols. Under
similar emission conditions, the observed concentrations of sulphate, nitrate, ammonium (SNA), and EC
were almost doubled in STAD compared to those in WTAD. Corresponding OC concentrations increased
by 35%-68% as well. The results indicated that the strong transport processes during the strict COVID-lock-
down led to additional contributions to both aerosols and precursors, largely offsetting the efforts of emis-
sion reductions in alleviating air pollution in Shanghai.
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Figure 3. Diurnal cycles of relative changes in gases, major PM, s components, and NOj; proxy (NO,*Os) at Pudong,
Shanghai in strong transport affected days (STAD) and weak transport affected days (WTAD) during P2 relative to those
during P1.

To examine the impacts of regional transport on the atmospheric oxidation capacity in Shanghai, Figure 3
displays the diurnal cycles of relative changes in NO,*O3, a proxy of NO; radical, in WTAD and STAD, respec-
tively compared to P1. NO; radical is a vital oxidant for nighttime secondary PM formation and atmospheric
chemistry (Brown et al., 2006; Kroll and Seinfeld, 2008; Seinfeld and Pankow, 2003). Huang et al. (2020) and
Le et al. (2020) suggested that the precipitous COVID-NO, reductions had led to substantial increases in Os
and NO; radicals, greatly promoted the formation of secondary PM, 5 (e.g., sulphate and nitrate) in North
China. However, the NOj; radical at PD exhibited mean decreases of 21.7% and 20.4% in STAD and WTAD,
respectively, compared to P1. Consistent with the observed results averaged over the YRD region (Huang
et al., 2020), enhancements in NO; radical were only observed during 5-9 a.m. in WTAD when the observed
NO titration was strongest (Geng et al., 2008). The generally decreasing changes in NO,*O; implied that the
local atmospheric oxidation capacity during P2, especially in STAD, was not conducive to the increases of
the secondary PM formation in urban Shanghai. Thus, the observed enhancements in SNA, OC, and pri-
mary EC might be largely attributed to the direct transport of aerosols. Meanwhile, the secondary particles
were found to be greatly enhanced during the lasting transport toward Shanghai (Chang et al., 2020). For
this point of view, the regional transport was expected to increase the input of both primary and secondary
PM, 5 to Shanghai during the lockdown, making dominant contributions to the unexpected PM, s changes.

3.3. Contributions of Regional Transport to the PM, ;s Changes

To quantify the contributions of regional transport to the COVID-PM, s changes, the transport and local
source contributed PM, s in Shanghai during P2-intense, when the strictest interventions were conducted,
are calculated separately using the WRF-Chem model. The simulated PM, s concentrations in the control
run (S0) exhibit good agreements with observations (Figure S2), presenting a normalized mean bias of
—13.0% at PD during the simulation period. The correlation coefficients (Rs) between the model results and
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Figure 4. (a) Simulated distribution of the mean transport contributions (%) to PM, 5 concentrations from outside Shanghai during P2-intense. (b) Variations of
PM, 5 concentrations contributed by regional transport and local emissions, respectively, and the composition of the transported PM, s. (c) Similar distribution
as (a) but with contributions from outside the Yangtze Delta River region. (d) Calculated changes in PM, s and its components induced by the lockdown
emission reductions during P2-intense. (¢) Simulated mean concentrations of PM, 5 and SNA (the sum of sulphate, nitrate, and ammonium aerosols) during a
strong transport affected pollution episode (January 28-30) in different emission scenarios. Calculations in (b), (d), and (e) are all averaged over the urban areas
(30.9°-31.3°N, 121.2°-121.6°E) in Shanghai.

observations are 0.72 for PM, 5, and 0.56-0.79 for SNA and OC, suggesting good prediction of PM, s varia-
tions. Figure S3 suggests that the calculated percentages of nitrate (20.5%) and sulphate (16.7%) in PM; s
are also fairly consistent with the observations (21.4% for nitrate and 19.3% for sulphate). Comparatively,
simulated OC exhibited relatively larger discrepancy of 53.7% lower than observations, indicating underes-
timation of its contributions to PM, 5. By comparing the sensitivity results of SO and S2, Figure 4a suggests
that the regional transport contribute to 40%-55% of the mean PM, 5 concentrations in urban Shanghai and
60%-80% of those in rural areas during P2-intense. For the urban region (Figure 4b), the contributions of re-
gional transport exhibit extremely higher values during severe PM, s pollution days, reaching approximately
70%-80% in STAD (e.g., January 28-30). The results indicate that the PM, s concentrations are significantly
enhanced by the strong westerly transport processes, leading to pollution episodes in spite of the drastically
reduced local emissions. Though NOy emissions are almost halved in the YRD region (Table S1), nitrate is
still the dominant input species accounting for 36.1% of the transported PM,s. The proportion is followed
by that (27.3%) of the transported primary fine aerosols. OC and sulphate contribute to 8.3% and 11.3%,
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respectively to the transported PM, 5, while the transported OC might be underestimated due to the under-
estimation of OC concentrations.

Figure 4c further examines the impacts of the lockdown measures on the PM, s changes by comparing the
calculations with (S0-S2) and without (S1-S3) emission reductions. Due to the drastically reduced anthro-
pogenic emissions (Table S1), the total PM, s concentrations in urban Shanghai exhibit a mean decrease
of 32.2% during P2-intense, in which the transport and local source contributed parts decrease by 19.2%
and 40.9%, respectively. The results indicate that the COVID-interventions effectively alleviate the PM, s
pollution. However, compared to those from local sources, the transport contributed primary and second-
ary aerosols are simulated to be less affected by the lockdown measures. The transported SNA, OC and
primary particles exhibit mean decreases of 13.2%-21.8% in urban Shanghai, which greatly mitigate the
large reductions (37.1%-64.8%) in the local source contributed aerosols. To examine the sources of the trans-
ported PM, 5, Figure 4d displays the calculated contribution of pollutants from outside the YRD region to
the PM, 5 concentrations by comparing the sensitivity results of SO and S4. Model results suggest that the
regional transport from outside the YRD region only contribute 10%-15% to the mean PM, 5 concentrations
in Shanghai during P2-intense, indicating that most transported pollutants originate from the YRD region.
Compared to those in Shanghai, the anthropogenic emissions of SO,, OC, and primary fine particles experi-
enced relatively less reductions in other YRD regions (Jiangsu, Zhejiang, and Anhui, JZA, Table S1), most of
which are from industrial and residential sources. As the lockdown was conducted during the same period
as LNY in 2020, the smaller decreases in these emissions might be mainly attributed to the large migration
from Shanghai to surrounding provinces, resulting in less decreases of industrial and residential activities
in JZA (Shen et al., 2021). As Figure 4c shows, the transported sulphate and OC decrease by only 18.3% and
13.2%, respectively during P2-intense, which are in accordance with the relatively small emission changes.
In addition, nitrate formation was reported to be greatly enhanced during the transport (Chang et al., 2020).
As a result, the transported nitrate aerosols also exhibit less decreases (21.8%) compared to the local parts
(64.8%) despite the similar NOy declines in Shanghai and other YRD provinces.

Model results imply that synergetic emission control strategies over the YRD region are needed to mitigate
the adverse impacts of the regional transport on the PM, 5 pollution in Shanghai. To examine the efficiencies
of different emission reduction strategies, Figure 4e presents the simulated mean PM, s concentrations in
urban Shanghai during a strong transport affected covid-pollution episode (January 28-30) under different
emission scenarios (SO, S5-S7). Sensitivity results indicate that the emission reductions in surrounding
provinces (JZA) are effective in decreasing PM, s concentrations in Shanghai. If similar emission reductions
(approximately 50%, S5) in CO, SO,, VOCs, and aerosols were conducted in JZA during the lockdown,
the PM, s concentrations in urban Shanghai would further decrease by 16.6% during the strong transport
affected episode. In addition to the emissions listed in Table S1, ammonia (NH;) emission reductions are
also proved to be important in mitigating the PM, 5 pollution. Recent studies suggested that the technical
mitigation potential of agricultural NH; was about 50% in China at present (Zhang et al., 2020b). According
to the sensitivity results (S7), a further 50% cut in NH; emissions over the YRD region can lead to additional
17.5% decreases in PM, s concentrations in urban Shanghai compared to the lockdown levels (S0), which
are larger than those (16.6%) induced by the 50% synergetic emission reductions (S5). As the main compo-
nents of PM, s, corresponding SNA concentrations further decrease by 29.8% in S7. The decreases in SNA
are not only larger than those in S5, but also exceed those (24.4%) induced by 70% anthropogenic emission
reductions in JZA (S6), suggesting that synergetic NH; control (e.g., agricultural NH; reductions) should be
simultaneously considered so as to more effectively mitigate the adverse impacts of regional transport and
alleviate the PM, 5 pollution in Shanghai.

4. Conclusions

This study examines the adverse impacts of the regional transport on the PM, s changes in Shanghai during
the COVID-19 pandemic based on a variety of WRF-Chem simulations together with intensive observa-
tions. During the strict lockdown period (P2), the PM, s species were not observed to exhibit equivalent
magnitude of decreases as their gas precursors in urban Shanghai, which were found to be closely related
to the strong regional transport carried by the frequent westerly winds. Though the generally decreasing
atmospheric oxidation capacity were not conducive to the secondary PM formation, the regional transport
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led to direct input of primary and secondary aerosols to Shanghai, largely mitigating the effects of emission
reductions. Model results suggest that the regional transport contributes to 40%-55% of the mean PM, s
concentrations in urban Shanghai, and the contributions could reach over 80% in strong transport affected
days. Though PM, 5 pollution is effectively alleviated by the drastically reduced emissions, the transported
contributed parts exhibit less decreases compared to those originated from the local sources, which could
be largely attributed to the less decreased industrial and residential emissions in surrounding provinces.
Synergetic emission control strategies in the YRD region are proved to be effective in decreasing PM, 5 con-
centrations in Shanghai during the strong transport affected episode. In addition to the emissions affected
by the COVID-lockdown, NH; emission reductions are also suggested to be efficient in alleviating PM, s
pollution under current emission conditions, which need to be considered in developing future strategies.

Data Availability Statement
Model result are available at http://doi.org/10.5281/zenodo.4420427.
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