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Inverse changes in AOD and AE during
lockdown were found over CEC.
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creased and increased, respectively, in most regions of Central-Eastern China (CEC). The AOD (AE) values de-
creased (increased) by 39.2% (29.4%) and 31.0% (45.3%) in Hubei and Wuhan, respectively, because of the
rigorous restrictions. These inverse changes reflected the reduction of total aerosols in the air and the contribu-
tion of the increase in fine-mode particles during the lockdown. The surface PM, 5 had a distinct spatial distribu-
tion over CEC during the lockdown, with high concentrations in North China and East China. In particular,
relatively high PM, s concentrations were notable in the lower flatlands of Hubei Province in Central China,
where six PM, 5 pollution events were identified during the lockdown. Using the observation data and model
simulations, we found that 50% of the pollution episodes were associated with the long-range transport of air pol-
lutants from upstream CEC source regions, which then converged in the downstream Hubei receptor region.
However, local pollution was dominant for the remaining episodes because of stagnant meteorological condi-
tions. The long-range transport of air pollutants substantially contributed to PM, s pollution in Hubei, reflecting
the exceptional importance of meteorology in regional air quality in China.
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1. Introduction

Urban agglomerations over the North China Plain (NCP), Yangtze
River Middle Reaches, Yangtze River Delta (YRD), and Pearl River
Delta (PRD) have been generated with rapid economic development
and urbanization in China, which has resulted in air pollution problems
during the past few decades (Zhang et al., 2012; Han et al., 2016; Gui
et al., 2019). Haze pollution in the ambient atmosphere induced by
high aerosol concentrations, especially anthropogenic fine particles
with aerodynamic diameters less than or equal to 2.5 um (PMy5) (Li
et al.,, 2017), has been the most prevalent atmospheric pollution phe-
nomenon in China (Guo et al., 2014; An et al., 2019). Considerable atten-
tion has been paid to PM, 5 particles because of their important roles in
air quality and climate change (Tao et al., 2012; Wang et al., 2018;
Zheng et al,, 2015; Rosenfeld et al., 2014).

Generally, heavy haze events occur in four source regions in China:
the NCP in North China, the YRD in East China, the PRD in South
China, and the Sichuan Basin (SB) in Southwest China (Xu et al., 2016;
Zhang et al., 2013). Governed by atmospheric circulation, the regional
transport of PM, s emitted from these source regions can deteriorate
air quality in the downwind receptor regions, leading to regional haze
pollution in a large area across Central-Eastern China (CEC) (Li et al.,
2013; Jiang et al.,, 2015; Bei et al., 2016; Chen et al,, 2019; Wang et al.,
2019). Haze pollution events in the NCP have been observed to mainly
result from air pollutant accumulation under stable weather conditions
in winter (Zhao et al., 2013; Gao et al,, 2015; Zhang et al.,, 2016). The
southward movement of cold fronts during the East Asian winter mon-
soon season, which is usually conducive to the rapid removal of atmo-
spheric pollutants in the NCP (Zhao et al., 2013; Gao et al., 2016), can
induce long-range transport of air pollutants from upwind regions to
downwind regions in China (Hsu et al.,, 2010; Kang et al., 2019). Hubei
Province in Central China, which has a distinct sub-basin terrain, is geo-
graphically located between the four haze pollution regions of the NCP,
YRD, PRD, and SB, as shown in Fig. 1. As such, it may be pivotal for the
regional transport of air pollutants in China driven by East Asian mon-
soonal winds. However, the regional transport of air pollutants across
CEC forced by meteorological drivers remains to be poorly understood.

Recently, Hubei has increasingly suffered from haze pollution
(Wangetal.,2014; Tan et al., 2015; Xu et al.,, 2017; Gao et al., 2019). Sev-
eral studies concerning the air pollution in this region have been con-
ducted (Zhang et al., 2015; Zheng et al., 2019; Bai et al., 2020).
Generally, the changes of air pollutants are highly dependent on their
emissions and meteorological conditions (Tie et al., 2017; Xu et al,,
2016; An et al,, 2019). If the regional amount of emitted air pollutants
is roughly stable in a particular period, meteorological conditions may

40°N

35°N

30°N

25°N

100°E

105°E

110°E 115°E 120°E

Fig. 1. Distribution of terrain heights (m; a.s.l) over Central-Eastern China. The black box
marks the region of Hubei Province, and the red, brown and black star indicate the loca-
tions of three urban sites Wuhan (WH), Xiangyang (XY) and Jingzhou (JZ) in Hubei Prov-

ince, respectively.

be the determining factor for the occurrence of air pollution (Kan
et al., 2012). To control the spread of the 2019 novel coronavirus
(COVID-19), China launched a level-I response to this public health
emergency in 30 provinces, autonomous regions, and municipalities
as early as January 25, and was the first country to shut down commer-
cial activities, restrict travel, and require its people to stay home (Tian
et al., 2020; Wang et al., 2020a, 2020b). From January 24, 2020, Hubei
was the first province in China to implement these restrictions, which
are believed to have caused large reductions in air pollutant emissions
over large regions in China (Huang et al., 2020; Chang et al., 2020; Shi
and Brasseur, 2020). Such anomalies in air pollutants (PM; 5, NO,, and
03) diminished near the end of February 2020, when restrictions related
to COVID-19 began to be eased and people outside of Hubei province
started to return to work (Huang et al,, 2020; Wang et al., 2020a). How-
ever, there were still several air pollution episodes in North China (Le
et al., 2020), East China (Huang et al., 2020), and especially Hubei Prov-
ince of Central China, which had the strictest city lockdown measures.
Thus, using comprehensive measurements of ground-based data, satel-
lite observations, and reanalysis data, as well as model simulations, we
first assess the extent of wintertime aerosol changes over CEC during
the city lockdown for COVID-19 (January 24-February 29, 2020) by
comparing aerosol optical depth (AOD) and Angstrom exponent (AE)
values during the same period over 2000-2020, and further investigate
the importance of meteorology in driving regional transport and accu-
mulation of air pollutants with respect to air quality change in Hubei
under the rare low emissions of anthropogenic pollutants over a large
region in China.

2. Data and methods
2.1. Data

The Moderate Resolution Imaging Spectroradiometer (MODIS) is a
sensor aboard NASA's TERRA satellite with 36 bands from 0.4 to
14.4 um, a relatively fine spatial resolution between 250 and 1000 m,
and a wide range of ~2330 km. This sensor can act as a feasible means
of land aerosol remote-sensing (Chu et al., 2002). This study used
Terra MODIS C6.1 Level 2 aerosol products (MOD04_L2) at 10 km spatial
resolution from 2000 to 2020. All data were downloaded from NASA
Level 1 and the Atmosphere Archive and Distribution System (https://
ladsweb.nascom.nasa.gov/data/search.html). The Dark Target merged
AOD data at 550 nm (hereafter referred to as AOD) were principally
used in this study. The AE provided information about the dominant
particle size in the atmospheric column, which was calculated using
the linear fit of AOD against A on a logarithmic scale; thus, the AE be-
tween 470 and 660 nm (AE470_es0) product was used to study the dom-
inance of fine-mode particles over CEC.

Hourly PM, s concentrations used in this study were derived from
the public data of the Ministry of Ecology and Environment of China
(http://106.37.208.233:20035/), including more than 1600 ambient
air quality monitoring stations across China. The PM,; s concentrations
were measured by the micro-oscillating balance method and the ( ab-
sorption method, following the China Environmental Protection Stan-
dards HJ 93-2013 and HJ 655-2013 (http://www.cnemc.cn/jcgf/dghj/
201711/P020181010540081577412.pdf). Smooth PM, 5 concentration
maps were further obtained by gridding these point data with the
Cressman interpolation method (An et al., 2020; Shen et al., 2020).
The regional averages of PM, s mass concentrations obtained from the
total monitoring sites over Hubei, China, were chosen for the PM, 5 pol-
lution analysis. The chemical components in PM; 5 were determined
using on-line instruments at an environmental monitoring supersite
in Wuhan (114.38°E, 30.52°N).

The reanalysis data for 2000-2019 used to calculate the climatolog-
ical wind field were provided by the National Center for Environmental
Prediction (NCEP, https://www.ncep.noaa.gov/), with a horizontal reso-
lution of 1° x 1°. Horizontal and vertical meteorological data of air
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temperature and wind speed during the pollution episodes were ob-
tained from the MERRA-2 reanalysis dataset with a horizontal resolu-
tion of 0.5° x 0.625° (https://disc.gsfc.nasa.gov/datasets?project=
MERRA-2). Observational data of meteorology including hourly surface
air temperature, relative humidity (RH), precipitation, and near-surface
wind speed and direction in Hubei were obtained from the national
weather monitoring network of the China Meteorological
Administration.

2.2. FLEXPART-WRF model

The WRF model provides the fine meteorological fields driving the
FLEXPART model during pollution events. In this study, the WRF
model was configured with two nested domains, coarse and fine. The
coarse domain covered the entirety of Asia with a 30 x 30 km horizontal
resolution, and the nested fine domain included most of China and its
surrounding regions with a 10 x 10 km horizontal resolution. The phys-
ical parameterizations used in WRF modeling were the Morrison micro-
physics scheme (Morrison et al., 2009), Rapid Radiative Transfer Model
(RRTM) scheme for long- and short-wave radiation (Mlawer et al.,
1997), Yonsei University (YSU) boundary layer scheme (Hong et al.,
2006), Grell 3D cumulus parameterization, and Noah land surface
scheme (Grell et al., 2005). Using the reanalysis meteorological data in
the horizontal resolution of 1° x 1° obtained from the NCEP for initial
and boundary meteorological conditions, the WRF simulation ran for
12 h each time, where the first 6 h of simulations constituted spin-up
time.

A Lagrangian particle dispersion model, FLEXPART-WREF version 3.1
(Brioude et al., 2013; Stohl et al., 2005; Fast and Easter, 2006), was
used to determine the origin and transport pathways of particles arriv-
ing at the receptor site. In this model, the trajectories of a large number
of particles released from a source are simulated, considering the pro-
cesses of tracer transport, turbulent diffusion, and wet and dry deposi-
tion in the atmosphere (Brioude et al., 2013); thus, it simulates the
transport and dispersion of tracers by calculating the backward trajecto-
ries of multitudinous particles, which are termed plume backward tra-
jectories, reflecting the distribution of potential source regions that
may have impacts on a target point or receptor region (Chen et al.,
2017; Seibert and Frank, 2004; Zhai et al., 2016).

To improve the accuracy of the trajectory calculation, we used high-
resolution WRF simulation domain 2 outputs as the input meteorologi-
cal conditions for the FLEXPART model, which has been widely used to
investigate the potential sources of air pollutants in relation to environ-
mental change (Stohl, 2003; Gadhavi et al., 2015; Sauvage et al., 2017;
Zhu et al., 2018). In this study, the FLEXPART-WRF simulation was con-
ducted for a 24-hour backward trajectory with the release of 10,000 air
particles in the first hour from Xiangyang (XY, 32.0°N, 112.1°E), Wuhan
(WH, 30.6°N, 114.3°E), and Jingzhou (JZ, 30.3°N, 112.2°E), respectively,
for six pollution events during the lockdown. The output domain in
FLEXPART-WRF was set up with six vertical levels (10, 100, 500, 1000,
2000, and 4000 m) with a 10-1000 km release height and a horizontal
resolution of 0.1° x 0.1°.

3. Results and discussion
3.1. AOD and AE anomalies over CEC

High AOD values exceeding 0.5 existed over CEC, revealing regional
aerosol pollution during 2000-2020 (Fig. 2a). In particular, higher AOD
values (>0.9) were observed over the lower flatland of Hubei and
Hunan provinces, based on comparisons of Figs. 1 and 2a, which
highlighted an area of aerosol pollution in Central China (Shen et al.,
2020). Comparison of AOD and AE between the averages during the
lockdown and the 21-year climatological mean over the same period
during 2000-2020 presented distinct anomalous changes over CEC
(Fig. 2). A large scale of negative anomalies for AOD during the

lockdown was noted (Fig. 2b), revealing great impacts of the lockdown
policy on the reduction in aerosol loads over CEC. However, several pos-
itive anomalies of AOD were still observed in North China, which were
mostly related to the formation of severe haze caused by unfavorable
meteorological conditions, invigorated heterogeneous chemistry, and
enhanced secondary aerosol formation (Le et al., 2020). As satellite re-
trieval data, the AOD is related to surface particles as well as other fac-
tors, such as moisture content in the air (Shen et al., 2020), which
may result in contrast increase of AOD values in dot areas, such as
Dongting Lake in Hunan Province, Poyang Lake in Jiangxi Province,
and Chaohu Lake in Anhui Province (Fig. 2b, c). Compared with the av-
erages during 2000-2020, AOD values decreased noticeably over CEC,
mostly exceeding 20% (Fig. 2¢); Hubei Province and the urban site of
Wuhan had greater AOD reductions by 39.2% and 31.0%, respectively,
during the lockdown, which confirms the significant reductions in at-
mospheric aerosols.

AE can provide qualitative information on aerosol size; high values
of AE indicate the dominance of fine-mode particles. Combined with
the topographic data in Fig. 1, AE values exceeding 1.2 were identified
in mountain areas over CEC, indicating dominant fine-mode particles
in clean air regions (Shen et al., 2020). AE anomalies during the lock-
down exhibited an opposite distribution compared with AOD anomalies
(Fig. 2e); positive anomalies of AE in most regions of CEC indicated an
enhanced contribution of fine-mode particles in the air. Overall, AE
values increased by more than 15% in CEC during the lockdown com-
pared with the climatological mean (Fig. 2f), and were enhanced by
29.4% and 45.3% in Hubei and Wuhan, respectively. Such inverse change
reflected the reduction of total aerosols in the air and the increase in the
contribution of fine-mode particles during the lockdown.

3.2. PM; 5 distributions over CEC

Although large reductions in aerosols were observed during the
COVID-19 shutdown as mentioned above, surface PM, 5 concentrations
averaged during the city lockdown had a distinct spatial distribution
over CEC (Fig. 3). High concentrations of PM, 5 exceeding 65 pg-m™—>
were found in most regions of Henan in Central China and Hebei,
Shanxi, Shaanxi, Shandong in North China. Northern Anhui and Jiangxu
in East China also showed comparatively high PM; 5 values larger than
45 pg-m~>. In particular, relatively high PM, 5 concentrations were ob-
served in the lower flatlands of Hubei Province in Central China (Figs. 1
and 3), reflecting exceptional air pollution despite large reductions in
primary pollutant emissions. Meanwhile, South China had relatively
clean air quality with PM, 5 concentrations mostly below 35 pg-m—>.

3.2.1. PM; 5 pollution events in Hubei during lockdown

Fig. 4 shows that the PM, 5 concentration in Hubei during the lock-
down ranged from 9.5 to 99.3 ug-m—> with an average of
46.6 ug-m—>, much lower than the average level during same period
in 2019 (74.2 ug-m—>). Although there were significant reductions in
aerosol loads and surface PM, 5 concentrations during the lockdown
(Zheng et al., 2020), several PM, 5 pollution episodes still occurred in
Hubei, as shown in Fig. 4. Six PM; 5 pollution events had hourly concen-
trations larger than 75 pg-m~3, and PM, 5 reached maximum concen-
trations of 94.1, 81.2, 88.1, 89.2, 99.3, and 84.8 ug-m—> at 06:00
January 25, 02:00 February 1, 02:00 February 2, 23:00 February 3,
12:00 February 5, and 22:00 February 25, 2020, respectively, which
were 2.0, 1.7, 1.9, 1.9, 2.1, and 1.8 times higher than the average during
the lockdown.

Based on the synoptic conditions on these six pollution events with
the NCEP reanalysis data of meteorology, similar configurations of at-
mospheric circulation conditions occurred over CEC during the pollu-
tion episodes of P1, P5, and P6, and conditions over CEC, especially
Hubei Province in Central China, were controlled by a high pressure sys-
tem after the passage of a cold front, with relatively large pressure gra-
dients and prevailing strong northerly winds, which could drive the
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Fig. 2. Changes of AOD (upper) and AE (lower) during the city lockdown of COVID-19 over the CEC region. (a,d) distributions of AOD/AE averages over the same period during 2000-2020,
(b,e) anomalies and (c,f) the change rates (%) of anomalies during the city lockdown relative to the averages over the same period during 2000-2020.

regional transport of air pollutants from North China to Hubei Province
(Fig. S1). In contrast, the pollution processes of P2, P3, and P4 generally
occurred when a uniform air pressure field existed over CEC with a
weak surface pressure gradient and low wind speeds (Fig. S1), which
could induce air pollutant accumulation in Hubei Province.

During the lockdown period, the near-surface meteorological factors
varied greatly (Fig. 5). The wind speed had an average value of
2.1 m-s~!, ranging from 0.8 m-s~! to 6.4 m-s~'. The RH and air tem-
perature fluctuated in the ranges of 24.8-98.2% and —0.4 °C-20.7 °C
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Fig. 3. Spatial distribution of surface PM, s concentrations over the CEC region averaged
during the city lockdown.

with averages of 78.1% and 8.0 °C, respectively. In contrast to the pollu-
tion events of P1, P5, and P6, scarce precipitation was observed for P2,
P3, and P4. Notably, the wind speeds showed distinguishing changes
during the six episodes, with higher speeds exceeding 3.4 m-s~! during
P1, P5, and P6 but lower speeds below 2.6 m-s~! for P2, P3, and P4.
Compared with the twenty-year climatology (2000-2019), anomalous
northerly/easterly winds at 10 m prevailed in the lower flatland of
Hubei during P1, P5, and P6 (Fig. S2). Generally, strong winds favor
the purging of air pollutants (Wei et al., 2015; Yang et al., 2015). How-
ever, PM, s pollution persisted over Hubei, highlighting the possibility
of the transport of PM; 5 from upwind regions to Hubei, given the strong
northerly wind. In contrast with episodes P1, P5, and P6, negative
anomalies of wind speeds were noted for P2, P3, and P4, indicating a dis-
tinct pollution pattern for these three events. Therefore, the six pollu-
tion episodes were divided into type I (including P1, P5, and P6) and
type Il (P2, P3, and P4) for the following discussion.

3.3. Reasons for two PM 5 pollution types

Although all the provinces in CEC went into lockdown during the
same time period, the regional meteorological conditions led to accu-
mulation of PM;s air pollution over the northern region of CEC
(Fig. 6). From the observation data, it is apparent that the upwind re-
gions of Hubei were the most polluted areas with high PM, 5 concentra-
tions (>120 ug-m~>) 24 h before the type I pollution occurred (Fig. 6a,
b, c); these pollution parcels moved southward with the northerly
winds (Fig. 6d, e, f) and finally reached Hubei (Fig. 6g, h, i), where the
PM, 5 concentration increased significantly with time. These upstream
regions therefore were likely the main contributor to the regional
PM, 5 pollution over Hubei for type I episodes.
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The FLEXPART-WRF model simulated the explicit particle trajecto-
ries for this pollution type, which were characterized by long-range
transport patterns for XY, WH, and JZ (Fig. 6j, k, 1, Fig. S3). The three re-
ceptor sites were located in northwestern, eastern, and southwestern
Hubei, respectively, which can roughly reflect the transport pattern of
particles in the lower flatland of Hubei, and XY was the most polluted
site. The same potential source regions were found for the three sites.
The regional transport of air pollutants was centered along a northeast-
ern route from Hebei in North China and the YRD in East China during
P1 (Fig. 6j, Figs. S3a, d). The YRD emission sources of air pollutants
exerted a considerable impact on P2 through regional transport of
PM, 5 across Eastern China to Hubei (Fig. 6k, Figs. S3b,e). During P6,
the regional transport pathways of PM, 5 from the NCP regions contrib-
uted to the elevated PM, s concentrations (Fig. 61, Figs. S3¢, f). The trans-
port height was limited to a low level with an average at around 400 m
for P1. In contrast to P1, P6 had higher transport heights, with averages
of 544, 625, and 947 m for XY, WH, and JZ, respectively, accompanied by
notable sinking motions. However, the air particles were transported at
lower heights (~360 m) for XY and greater heights (~730 m) for WH
and JZ during P5. The discrepancy in transport heights for different
sites in Hubei may have resulted from terrain effects, which should be
investigated in future studies. Driven by northerly winds of the East
Asian winter monsoon over CEC, the long-range transport of PM; 5
from the upstream northern region to downwind in Hubei Province
played a key role in the formation of type I air pollution episodes. The
exceptional importance of meteorology was noted in the PM; 5 accumu-
lations over the northern region of CEC and the regional transport of
PM, 5 over CEC.

In contrast with the type I episodes, the type Il episodes were asso-
ciated with weak wind speeds and scarce rainfall when the pollution oc-
curred (Figs. 5, 7a-c), revealing the likely role of local PM;5
accumulation over Hubei. Short plumes of tracer particles and higher
traveling heights (averaging 550-1193 m) compared with type [ were
also shown for type Il by the FLEXPART-WRF model (Fig. 7d-f,
Fig. S4). Given the comparatively low PM, 5 concentrations in southern
Hubei (Figs. 3, 7a—c), the prevailing southerly plumes for this pollution
type revealed the impacts of local PM, 5 pollution over Hubei. Therefore,
the stagnant conditions that caused these episodes had to cover areas in
Hubei and neighboring Hunan Province, where human activities were
likely shut down during the city lockdown for COVID-19 in China. Addi-
tionally, areas within 380 km from the center of XY, WH, and JZ can
cover most of Hubei and Hunan provinces in Central China; therefore,
a threshold of 380 km was set to distinguish local and long-range trans-
port of pollution, based on a previous study (Hu et al., 2018). Particle
plumes associated with type Il were basically smaller than this thresh-
old. Therefore, local air pollutants were dominant for type II, with tracer
particles traveling at comparatively greater heights and descending ob-
viously when the receptor sites were reached.

The increased contribution of fine-mode particles during the lock-
down may have been responsible for local pollution. The major chemi-
cal components of PM; 5 in WH varied significantly during the two
pollution types (Fig. S5). Compared with the averages during the lock-
down, the concentrations of secondary inorganic matter (505, NO3,
and NHJ ) were increased by 85.9-152.4% and 76.1-114.2% during
type I and type II pollution episodes, respectively, and organic carbon
concentrations increased by 0.7-103.4% and 28.0-102.8%, respectively,
which confirmed the enhanced formation of secondary PM; s during
the local pollution events, separate from the regional transport pro-
cesses (Chang et al., 2020). Static weather conditions and scarce rainfall
in Hubei were the main drivers of secondary pollution during type Il ep-
isodes. A related study also found increased amounts of sulfate, organic

carbon, and secondary inorganic aerosols in WH during the lockdown
(Zheng et al., 2020). Huang et al. (2020) revealed that haze events dur-
ing the COVID-19 lockdown in East China were driven by increases in
atmospheric oxidizing capacity, which in turn facilitated secondary
pollution.

It is worth noting that the inversion layer of air temperature did not
exist during clean and type I periods (Fig. 8), whereas the type Il periods
had temperature inversion below 975 hPa, revealing stable weather
conditions near the surface that inhibited the vertical diffusion of air
pollutants. Compared with the clean air period, the type I pollution ep-
isodes were characterized by stronger winds, which increased sharply
to a maximum of 12.1 m-s™ ' at 975 hPa and then decreased with in-
creasing altitude at 975-775 hPa. Based on previous criteria for low-
level jets (LLJs) given by Bonner (1968) and Wei et al. (2013), a LL] in
this study required Vy.x 2 10 m-s~! and a corresponding falloff AV
(Vinax — Vimin) 2 Vimax/2 in the lowest 3000 m. Such vertical structures
of horizontal winds with LLJs occurring during type I episodes could in-
duce the downward mixing of regionally transported air pollutants. In
contrast with type I, the type Il pollution episodes had much weaker
wind speeds compared with the clean periods, which were favorable
to the local accumulation of air pollutants accompanied by the inversion
layer. In addition, wind convergence for the two pollution types, espe-
cially type I with greater convergence in a thicker layer (Fig. 8), pro-
moted the accumulation of PM, 5 near the surface of Hubei with
elevated ambient PM, s concentrations, thus contributing to air
pollution.

Based on comparisons of the average concentrations during the
lockdown and the two pollution types, positive anomalies of PM; 5
were identified in the lower flatland of Hubei during type I episodes
(Fig. S6), whereas the upstream regions generally featured negative
anomalies of PM; s concentrations, affirming the regional transport of
PM, s from the upstream CEC source regions to the downstream
Hubei receptor region. However, type Il was characterized by positive
anomalous PM, s concentrations across CEC centered in Hubei,
reflecting the impact of stagnant meteorological conditions on the
local pollution, especially in the sub-basin of Hubei, during type Il events
(Fig. 7, Figs. S1,S2 and S6). By dividing the air pollution anomalies by the
lockdown averages of PM, s concentrations observed in Hubei, it was
estimated that the PM, 5 concentrations increased by 79.8-96.1% and
75.5-82.6% during type [ and type Il episodes, respectively; therefore,
the long-range transport of air pollutants contributed more to PM; 5
pollution in Hubei.

4. Conclusions

This study demonstrated the impacts of regional transport vs. local
emission sources by examining an unprecedented period when
human activities were largely shut down in Hubei Province, Central
China. Compared with the 21-year climatological mean over the same
period during 2000-2020, the AOD and AE values during the city lock-
down for COVID-19 decreased and increased, respectively; in most re-
gions of CEC, AOD (AE) values decreased (increased) by 39.2% (29.4%)
and 31.0% (45.3%) in Hubei and Wuhan, respectively, because of the rig-
orous restrictions. Such inverse changes reflected the reduction of total
aerosols in the air and the contribution of the increase in fine-mode par-
ticles during the lockdown.

Although large reductions in aerosols were observed during the
lockdown, the surface PM, 5 had a distinct spatial distribution over
CEC, with high PM, s concentrations in North China and East China. In
particular, relatively high PM, 5 concentrations were notable in the

Fig. 6. Distributions of surface PM, 5 concentrations (color contours) and 10 m wind vectors 24-h, 12-h before and during type I of PM 5 pollution periods (P1:a,d,g; P5:b,e,h; P6: cf,i) and
the 24-h backward trajectory of air particles at different heights in XY (P1:j; P5: k; P6:1). The insert figures in j, k] refer to the time series of plume particle heights, the lower and higher
tentacles, the upper and lower edges of box, and the square and horizontal line in box indicate the minimum and maximum, 25th and 75th percentiles, and mean and median of particle

heights, respectively.
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Fig. 7. Distributions of surface PM, 5 concentrations (color contours) and 10 m wind vectors during type Il of PM, 5 pollution periods (P2:a; P3:b; P4:c) and the 24-hbackward trajectory of
particles at different heights in XY (P2:d;P3:e; P4:f). The insert figures in d, e, f refer to the time series of plume particle heights, the lower and higher tentacles, the upper and lower edges
of box, and the square and horizontal line in box indicate the minimum and maximum, 25th and 75th percentiles, and mean and median of particle heights, respectively.

lower flatlands of Hubei in Central China, where six exceptional PM, 5
pollution events were detected with hourly concentrations higher
than 75 pg- m™>. Anomalous northerly/easterly winds at 10 m prevailed
during P1, P5, and P6, representing type I pollution, whereas negative
anomalies of wind speed were noted for P2, P3, and P4, which were clas-
sified as type II pollution. Type I was characterized by the long-range

transport of air pollutants from upstream CEC source regions, which
then converged in the downstream Hubei receptor region, whereas
local air pollutants were dominant for type Il because of stagnant mete-
orological conditions despite large reductions in primary pollutants. It
was calculated that the PM, 5 concentrations increased by 79.8-96.1%
and 75.5-82.6% during type I and type II pollution episodes,
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Fig. 8. Vertical profiles of air temperature (°C), wind speed (m-s~') and wind divergence (10~¢s~") during type I, type II pollution and clean period during the city lockdown period in

Hubei Province.
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respectively, compared with the averages in Hubei during the lock-
down; therefore, the long-range transport of air pollutants contributed
more to PM; s pollution in Hubei.

This study revealed the exceptional importance of meteorological
drivers for air quality change under the rare low emissions of anthropo-
genic pollutants during the COVID-19 lockdown over a large region in
China; these results imply the difficulty of air pollution mitigation
under the anomalous changes of meteorology over the Asian monsoon
regions.
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