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Abstract: The extent of PM2.5 pollution has reduced in traditional polluted regions such as the
North China Plain (NCP), Yangtze River Delta (YRD), Sichuan Basin (SB), and Pearl River Delta
(PRD) over China in recent years. Despite this, the Twain-Hu Basin (THB), which covers the lower
flatlands in Hubei and Hunan provinces in central China, was found to be a high PM2.5 pollution
region, with annual mean PM2.5 concentrations of 41–63 µg·m−3, which is larger than the values in
YRD, SB, and PRD during 2014–2019, and high aerosol optical depth values (>0.8) averaged over
2000–2019 from the MODIS products. Heavy pollution events (HPEs) are frequently observed in the
THB, with HPE-averaged concentrations of PM2.5 reaching up to 183–191 µg·m−3, which exceeds
their counterparts in YRD, SB, and PRD for 2014–2019, highlighting the THB as a center of heavy
PM2.5 pollution in central China. During 2014–2019, approximately 65.2% of the total regional HPEs
over the THB were triggered by the regional transport of PM2.5 over Central and Eastern China
(CEC). This occurred in view of the co-existing HPEs in the NCP and the THB, with a lag of almost
two days in the THB-PM2.5 peak, which is governed by the strong northerlies of the East Asian
monsoon (EAM) over CEC. Such PM2.5 transport from upstream source regions in CEC contributes
60.3% of the surface PM2.5 pollution over the THB receptor region. Hence, a key PM2.5 receptor of
the THB in regional pollutant transport alters the distribution patterns of PM2.5 pollution over China,
which is attributable to the climate change of EAMs. This study indicates a complex relationship
between sources and receptors of atmospheric aerosols for air quality applications.

Keywords: the Yangtze River middle basin; heavy PM2.5 pollution; regional transport; East Asian
monsoon

1. Introduction

Haze pollution, which is characterized by high concentrations of aerosol (especially
particulate matter with diameters equal to or smaller than 2.5 µm (PM2.5)) in the ambient at-
mosphere [1,2], has become a significant environmental phenomenon in recent years [3–10].
Significant attention has been paid to the causative reasons of PM2.5 pollution, which
is ascribed to air pollutant emissions, meteorological conditions including atmospheric
boundary layer, synoptic process, and climate changes, especially the regional transport
of source–receptor air pollutants [11–15]. Driven by atmospheric circulation, the regional
transport of air pollutants with a source–receptor relationship needs to be understood for
atmospheric environmental changes under the background of climate change.

Generally, PM2.5 pollution events are centered in four source regions over Central and
Eastern China (CEC), namely the North China Plain (NCP), Yangtze River Delta (YRD),
Pearl River Delta (PRD), and Sichuan Basin (SB) [16–20]. The Chinese government launched
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the Air Pollution Prevention and Control Action Plan, or ‘Clean Air Action’, to improve
air quality since 2013 (www.gov.cn/zwgk/2013-09/12/content_2486773.htm, accessed on
21 November 2021). This has seen PM2.5 concentrations decrease drastically across China
over the 2013–2018 period [21]. The regional PM2.5 concentration decreased to an annual
mean of 34 µg·m−3 over the PRD in 2015, according to the 2015 China Environmental
Status Bulletin, which has met the annual standard Grade II National Ambient Air Quality
Standard (NAAQS) for PM2.5. However, PM2.5 pollution has increased recently over the
Yangtze River middle basin (YRMB) in Central China [22–26], which may turn the YRMB
area into a new polluted region over China. Consequently, the distribution pattern of air
pollution over China has been altered. As such, the characteristics in PM2.5 pollution over
the YRMB require urgent investigation to increase understanding of the environmental
changes in China [27–29].

Given the particular drivers of atmospheric circulation over China, the regional
transport of air pollutants discharged from source regions may cause a deterioration
in air quality in receptor regions, resulting in regional haze events over a wide range
of CEC during East Asian monsoons (EAMs) [14,30–34]. Haze episodes in the NCP are
generally ascribed to the accumulation of air pollutants under stagnant meteorological
conditions [35–37]. However, cold frontal passages usually favor the quick elimination of
ambient pollutants in the NCP, as motivated by the strong northerlies in the East Asian
winter monsoon (EAWM) season [37,38], which can facilitate the long-range transport of air
pollutants from upwind to downwind areas over China [39,40]. Thus, we need to clearly
understand the importance of the downwind receptor area built by regional pollutant
transport in the atmospheric environment and the meteorological mechanisms under the
background of climate change.

The Twain-Hu Basin (THB), which is a sub-basin covering the lower plain in Hubei
and Hunan provinces in the YRMB, is surrounded by the four traditional PM2.5 pollution
regions, as shown in Figure 1. Thus, the THB is the transport pivot point for the regional
PM2.5 pollution in China driven by the EAM. However, regional air pollution over the
THB and its relationship to the heavy pollution events (HPEs) over CEC have rarely
been comprehensively and systematically investigated using long-term observations and
model simulations. Herein, we first characterize the spatiotemporal distributions of PM2.5
concentrations and the frequency of HPEs for the five target regions of the THB, NCP,
YRD, SB, and PRD during 2014–2019, and find the THB to be a center of heavy PM2.5
pollution in central China. Furthermore, the causes of HPEs over the THB are explored and
found to be mostly associated with the regional transport of source–receptor air pollutants
over CEC, according to the anomalies of HPEs relative to the long-term atmospheric
circulation structures. Finally, the relative importance of source regions is assessed using
the FLEXPART-WRF model simulation. Our study illuminates a key PM2.5 receptor of
the THB in regional pollutant transport, which alters the distribution patterns of PM2.5
pollution over China, which can improve our understanding of the regional transport of
air pollutants in atmospheric environmental changes.

www.gov.cn/zwgk/2013-09/12/content_2486773.htm
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Figure 1. Topographical height (m, in a.s.l) of Central and Eastern China (CEC), with the red, black, 
white, blue, and purple lines marking the regions of the North China Plain (NCP), Yangtze River 
Delta (YRD), Twain-Hu Basin (THB), Sichuan Basin (SB), and Pearl River Delta (PRD), respectively, 
for air pollution change. 

2. Materials and Methods  
2.1. Data Source 

PM2.5 datasets were obtained from the Ministry of Ecology and Environment of 
China (http://106.37.208.233:20035/, accessed on 21 November 2021) with a temporal res-
olution of 1 h, which were sourced from over 1600 air quality monitoring stations in 
China. The regional mean concentrations of PM2.5 for the HPE analysis were calculated 
from the observation sites in major cities of the NCP, YRD, SB, PRD, and THB, respec-
tively. The locations of observation sites are shown in Figure 2a. Table 1 lists the men-
tioned region names and their acronyms to avoid confusion. 

Table 1. Summaries of the full names and acronyms used in this study. 

Full Name Acronym 
Central and Eastern China CEC 

North China Plain NCP 
Yangtze River Delta YRD 

Sichuan Basin SB 
Pearl River Delta PRD 

Yangtze River middle basin YRMR 
Twain-Hu Basin THB 

Heavy pollution event HPE 
East Asian monsoon EAM 

East Asian winter monsoon EAWM 

The MODIS is a sensor aboard the TERRA satellite of NASA with 36 bands from 0.4 
to 14.4 mm, a relatively fine spatial resolution between 250 and 1000 m, and a wide range 
of ~2330 km. MODIS (Terra) Collection 6.1 L2 aerosol products (MOD04_L2) from 
2000–2019 with 10 km × 10 km spatial resolution, derived from NASA Level 1 and the 
Atmosphere Archive and Distribution System 
(https://ladsweb.nascom.nasa.gov/data/search.html, accessed on 21 November 2021), are 
used in this study. The Dark-Target (DT) algorithm products for aerosol optical depth 
(AOD) at 550 nm were chosen for this study, as DT works best over dense and dark veg-

Figure 1. Topographical height (m, in a.s.l) of Central and Eastern China (CEC), with the red, black,
white, blue, and purple lines marking the regions of the North China Plain (NCP), Yangtze River
Delta (YRD), Twain-Hu Basin (THB), Sichuan Basin (SB), and Pearl River Delta (PRD), respectively,
for air pollution change.

2. Materials and Methods
2.1. Data Source

PM2.5 datasets were obtained from the Ministry of Ecology and Environment of China
(http://106.37.208.233:20035/, accessed on 21 November 2021) with a temporal resolution
of 1 h, which were sourced from over 1600 air quality monitoring stations in China. The
regional mean concentrations of PM2.5 for the HPE analysis were calculated from the
observation sites in major cities of the NCP, YRD, SB, PRD, and THB, respectively. The
locations of observation sites are shown in Figure 2a. Table 1 lists the mentioned region
names and their acronyms to avoid confusion.

Table 1. Summaries of the full names and acronyms used in this study.

Full Name Acronym

Central and Eastern China CEC
North China Plain NCP

Yangtze River Delta YRD
Sichuan Basin SB

Pearl River Delta PRD
Yangtze River middle basin YRMR

Twain-Hu Basin THB
Heavy pollution event HPE
East Asian monsoon EAM

East Asian winter monsoon EAWM

The MODIS is a sensor aboard the TERRA satellite of NASA with 36 bands from
0.4 to 14.4 mm, a relatively fine spatial resolution between 250 and 1000 m, and a wide
range of ~2330 km. MODIS (Terra) Collection 6.1 L2 aerosol products (MOD04_L2) from
2000–2019 with 10 km × 10 km spatial resolution, derived from NASA Level 1 and the
Atmosphere Archive and Distribution System (https://ladsweb.nascom.nasa.gov/data/
search.html, accessed on 21 November 2021), are used in this study. The Dark-Target (DT)
algorithm products for aerosol optical depth (AOD) at 550 nm were chosen for this study,
as DT works best over dense and dark vegetated targets. To better analyze the distributions
of climatic changes, the 10 km retrievals were aggregated to the dataset with a horizontal
resolution of 0.1◦ × 0.1◦ using the Cressman interpolation method. Valid data were selected
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to calculate the annual average. Due to the long-term period (2000–2019), MODIS data
was employed to evaluate the spatiotemporal distribution of the aerosols over CEC. This
greatly reduced the retrieval uncertainties.

ERA5 reanalysis meteorology data for 2015–2019 with a spatial resolution of 0.25◦ × 0.25◦,
and the time resolution of 6 hour, from the European Centre for Medium-Range Weather
Forecasts (https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-land?tab=
form, accessed on 21 November 2021), were used to analyze the wind fields and synoptic
conditions during HPEs over CEC.

2.2. FLEXPART-WRF Model

We used the FLEXPART-WRF version 3.1 [41–43] model to simulate the sources and
transport routes of tracer particles before reaching the receptor site, in consideration of
the processes of tracer transport, turbulent diffusion, wet and dry depositions, decay, and
linear chemistry in the atmosphere [41]. The model simulates the transport and dispersion
of tracers by calculating the backward trajectories of multitudinous particles, which reflect
the distribution of potential source regions that may have an impact on a target point or
receptor region [44–46]. Meteorological data with a resolution of 10 km were output from
the WRF model, which was described in Yu et al. [14]. This model has been largely applied
to study the source–receptor relationships of environmental pollutants [43,47–49].

Here, the FLEXPART-WRF simulation was conducted for a 48-hour backward trajec-
tory of the release of 50,000 air particles from Xiangyang (32.04◦N, 112.14◦E) for HPEs
during 2015–2019 and Wuhan (30.61◦N, 114.42◦E) during the winters of 2008–2017, both of
which are in the THB region. Subsequently, the residence time (not the lifetime) of all tracer
particles, normalized by the total number of released particles, is determined on a uniform
grid and considered as the “footprint” (in units of s). The output with the residence time of
tracer particles is simulated using a horizontal resolution of 0.1◦ × 0.1◦. The source contri-
butions of emission sectors and spatial distribution are then evaluated by incorporating
the gridded footprint into the primary PM2.5 emission inventories, which are derived from
the Multi-resolution Emission Inventory for China (MEIC, http://www.meicmodel.org/,
accessed on 21 November 2021), detailed descriptions can be found elsewhere [14,49].

2.3. Figure Illustration

In this study, figures are used to illustrate corresponding contents for different pur-
poses. Figure 1 generally shows the locations of five target regions over CEC and the
corresponding topography. Figure 2a shows the spatial distributions of PM2.5 over China,
which further reveals the five major pollution regions centered over CEC. Figure 3 is de-
rived from long-term MODIS data, which principally indicate the THB being an aerosol
pollution area and confirm the THB as a pollution region from the aerosol remote sensing
data in addition to the surface observations discussed above; therefore, the spatial area
is smaller than the other figures to minimize the calculation resources for the long-term
MODIS products. Figure 4 illustrates the synoptic weather conditions for the 30 HPEs
over the THB, so the spatial area represented is larger to comprehensively and accurately
discuss the atmospheric circulation structures over CEC. Figures 5 and 6 exhibit the spa-
tial evolution of PM2.5 pollution and the transport routes occurring over CEC from the
observation and model simulation.

3. Results
3.1. Severe PM2.5 Pollution over the Twain-Hu Basin

Figure 2a shows the spatial distributions of surface PM2.5 concentrations in China from
2014 to 2019. Five polluted regions covering the NCP, YRD, SB, PRD, and THB are found
with 6-year mean PM2.5 concentrations mostly exceeding 35 µg·m−3. Zhang et al. [20] also
pointed out severe haze events over Central China based on long-term surface visibility
datasets. In 2014, the annual PM2.5 concentrations over the five aforementioned regions
well exceed the NAAQS (annual average of 35 µg·m−3). The NCP had the highest annual

https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-land?tab=form
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-land?tab=form
http://www.meicmodel.org/
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PM2.5 concentration of 81 µg·m−3, followed by the THB (63 µg·m−3), the YRD (56 µg·m−3),
the SB (50 µg·m−3), and the PRD, with the lowest annual mean of 36 µg·m−3 (Figure 2b).
The PM2.5 concentrations drop largely from 2014 to 2019 at rates of −6.8, −4.5, −3.4, −3.3,
and −1.6 µg·m−3·y−1 in the NCP, THB, YRD, SB, and PRD (Figure 2b), respectively, which
has been ascribed to the Clean Air Action implemented by the Chinese Government to
aggressively control anthropogenic emissions [21]. The mean concentrations of PM2.5 in
2019 are in the order of NCP (48 µg·m−3) > THB (41 µg·m−3) > YRD (39 µg·m−3) > SB
(33 µg·m−3) > PRD (26 µg·m−3). Thus, the NCP acts as the region with the highest annual
PM2.5 concentration despite it having the fastest decreasing rate, whereas the THB is the
region with the second highest amount of PM2.5 pollution, even though its reduction extent
is greater than those in the YRD, SB, and PRD. Such severe PM2.5 pollution over the THB
is also detected from the aerosol remote sensing data. Figure 3 shows that AOD values
were high (>0.8) over the sub-basin in the central China during 2000–2019, as shown in
Figure 1, thereby indicating an aerosol pollution area over the THB. On the other hand,
the MODIS–AOD trend in the THB has shown a decreasing trend since 2013 [24]. The
contrary trends of AOD and PM2.5 are related to the different physical properties in the two
variables. The physical relationship between AOD and PM2.5 is complicated by aerosol
size distributions, boundary layer depths, relative humidity, particle types, and diurnal
variations in PM2.5 [50], which could be material for a further study on air pollution change
through examining fine data of aerosols and meteorology.
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3.2. Center of Heavy PM2.5 Pollution Events over the Twain-Hu Basin

In this study, one HPE is considered to occur when the daily PM2.5 concentration
is above 150 µg·m−3, according to the China Environmental Protection Standard HJ 633-
2012 (http://www.cnemc.cn/jcgf/dqhj/201706/P020181010540071146103.pdf, accessed on
21 November 2021). The occurrence frequencies of HPEs averaged for the major cities in the
five regions is calculated during 2014–2019 via dividing the total HPE days by the overall
days in one year. The mean concentrations of PM2.5 during these HPEs are listed in Table 2.
Generally, the PRD has the lowest HPE frequency (<0.4%), which resulted in rare HPEs
happening during 2014–2019. Although the HPE frequency has decreased significantly
in the NCP since 2014, the PM2.5 concentrations averaged over the NCP-HPEs are higher
than those in the other regions and varied slightly over the period of 2014–2019, which
indicates that the concentrations of heavy PM2.5 pollution have not changed significantly in
the NCP during recent years, despite the remarkable decreasing trends (Figure 2b). Zhang
et al. [51] found that the frequency of heavy haze episodes decreased, but haze severity
only reduced slightly, and that moderate haze episodes showed no improvement over the
NCP. The pollution frequencies in regions of YRD, SB and THB were lower, with values
less than 3.3%, than the NCP during 2014–2019, with overall decreases in occurrence of
HPEs in the CEC regions. However, the mean concentrations of PM2.5 during the HPEs
reached up to 183–191 µg·m−3 over the THB, which mostly exceeds the counterparts in the
YRD and the SB and significantly narrows the difference in PM2.5 pollution levels with the
NCP (Table 2). Such comparisons imply that the THB has become a new center of heavy
PM2.5 pollution over the YRMB; thus, the environmental problem in this area warrants
urgent attention.

Table 2. Descriptive statistics of heavy pollution events (HPEs) over the NCP, YRD, SB, PRD, and THB during 2014–2019.

Year
NCP YRD SB PRD THB

Frequency
(%)

Concentration
(µg·m−3)

Frequency
(%)

Concentration
(µg·m−3)

Frequency
(%)

Concentration
(µg·m−3)

Frequency
(%)

Concentration
(µg·m−3)

Frequency
(%)

Concentration
(µg·m−3)

2014 12.8 215 1.6 176 1.4 169 0.0 – 2.7 186
2015 10.3 231 2.1 180 3.2 179 0.3 154 2.9 183
2016 9.6 221 1.4 175 1.3 178 0.0 – 1.4 191
2017 7.0 212 1.4 189 2.4 180 0.4 185 1.7 186
2018 4.0 198 1.9 184 0.9 172 0.3 181 1.3 188
2019 4.4 199 0.8 172 0.5 174 0.0 – 1.5 183

3.3. Attribution of Heavy Pollution Events in the Twain-Hu Basin

Given that the THB is a geographical junction linking the four pollution regions of
the NCP, YRD, PRD, and SB (Figure 1), the reason for this center of heavy PM2.5 pollution
should be explored in detail for further pollution prevention as there are scarce studies
available in this area now. Subsequently, a regional HPE is defined as being when the HPE
occurs in three or more cities over the THB during 2015–2019. Finally, 46 days of HPEs
were detected, mostly during the season of EAWM (January to March, November, and
December) over CEC (Table S1). Among them, 30 days, mainly in the wintertime were
matched with the regional transport of air pollutants from the upstream source regions
in Northern China, driven by the atmospheric circulation of cold air activity over CEC,
according to the atmospheric circulation provided by the ERA5 reanalysis data.

Consistent atmospheric circulation structures occur over CEC during the 30 days of
HPEs (Figure 4). Compared with the five-year climatological mean from 2015 to 2019, the
negative (positive) anomalies of 2 m air temperature over the THB and its northern regions
(the south of the THB) are observed during the 30 HPEs (Figure 4b), which is contrary to
the sea-level pressure anomalies (Figure 4a). Such synoptic conditions are typical for the
southward incursion of cold airflows with a high air pressure system, which can generate
large pressure gradients and strong northerly winds [52], especially over the THB and the
upstream region, thus driving the regional PM2.5 transport for the THB’s air pollution.
Meanwhile, the contrast temperature anomalies over the THB and the decreasing winds in
the downwind of THB further reveal that the advections of cold airflows are just reaching

http://www.cnemc.cn/jcgf/dqhj/201706/P020181010540071146103.pdf
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the northern THB, which is conducive to the convergence of air pollutants from upstream
regions to the THB along with the transport of air masses. Strong winds usually promote
the removal of air pollutants in the source regions [53,54]. However, HPEs are mostly
triggered by prevailing northerlies over the THB, indicating the attribution of the HPE
center in the THB to regional PM2.5 transport from upwind areas over CEC, as regulated
by the anomalous northerlies during the EAWM season.
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It is evident that the upwind regions of the THB are featured with high levels of
PM2.5 (>150 µg·m−3) persisting in Northern China (mostly over the source regions in
NCP) 2 days prior to the HPEs in the THB (Figure 5a); these air pollutant parcels flow
southward, driven by the northerly winds, and finally reach the THB (Figure 5b), where
the PM2.5 concentrations increase noticeably over time to a heavy PM2.5 pollution level.
The negative and positive PM2.5 differences in regions of the NCP and THB, as well as the
anomalous northerlies over CEC between 2 days prior to and on the day of the HPE in the
THB (Figure 5c), confirm the regional transport of PM2.5 from the upstream CEC source
regions to the downstream THB receptor region. The occurrence of 30 day HPEs over
the THB is generally connected with those over the NCP during the evolution of the air
pollution processes. The NCP still has the most severe heavy PM2.5 pollution in spite of the
frequency decrease as shown in Table 2, where the meteorological changes determine the
HPE frequency (especially the HPEs terminated by strong northerlies of EAWM) [35–40].
Meanwhile, 65.2% of the total regional events over the THB are dominated by the regional
transport processes over CEC. A relationship between alleviating PM2.5 pollution over
the NCP and deteriorating air quality in the downwind region is built into the regional
transport of air pollutants from the NCP, which could act as a major source region for
the regional change in air pollutants in the downwind THB receptor regions over China.
Shen et al. [55,56] also pointed out that air pollutants from the CEC source regions of NCP
and YRD contributed greatly to PM2.5 pollution over the THB during strong cold airflows
and the COVID-19 period. Yu et al. [14] found unique “non-stagnant” meteorological
conditions, including strong northerly winds, no temperature inversion, and additional
unstable structures in the atmospheric boundary layer, during the noteworthy cases of
heavy PM2.5 pollution in Wuhan of Hubei provinces.
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Figure 5. Distributions of PM2.5 concentrations (scatter) and 10 m wind fields (a) 2 d before HPEs, (b) on HPE days over the
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Figure 5d shows further that the hourly PM2.5 concentrations exhibit inverse changes
over the THB and the NCP regions during 30 THB–HPEs for the years of 2015–2019, and the
PM2.5 peak over the THB is delayed for almost 2 days compared with that of the NCP, which
is consistent with the results of Hu et al. [57]. Although the PM2.5 peak concentrations in
the THB are slightly smaller than those in the NCP, which are attributable to the dilution
effect when being transported, local emission can also be important during these processes,
considering the high levels of PM2.5 concentrations in the THB. Overall, the co-existing
HPEs in the NCP’s source region and the THB’s receptor area reveal the noticeably regional
transport of source–receptor PM2.5 over CEC, as governed by the southward invasion of
the EAWM winds, which could give rise to an important receptor center for heavy aerosol
pollution in the THB over YRMR. In particular, the HPEs in the THB might have been
aggravated by such regional transport, given the significant increase in co-existing HPE
days in the NCP and the THB in 2019 (Table S1).

3.4. Assessing the Contribution of Heavy Pollution Events in the Twain-Hu Basin

The upstream sources of PM2.5 emissions for 30 day HPEs over CEC are recognized
with the key receptor region in THB based on the FLEXPART-WRF model simulation
(Figure 6). The major pathway is centered along the northeasterly route from Hebei,
Shandong, Anhui, and Henan provinces, which is comparable to the transport pathway
from the observations (Figure 5a,b and Figure 6a). Meanwhile, the principal transport
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routes for the HPEs during 2015–2019 are generally consistent with those during 2008–2017,
considering the three pathways of low-variation coefficients for the contribution rates in
Wuhan, Hubei Province (Figure 6b), which comprise the northerly route from the NCP,
northeasterly route along the low foothill channel on the west side of the Dabie Mountains,
and easterly route along the Yangtze River channel.
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Figure 6. (a) Distribution of average contribution rates (color contours) to PM2.5 concentrations
in Xiangyang, THB during 30 HPEs for 2015–2019, with the major routes of regional transport
over CEC (dashed line), (b) spatial distribution of variation coefficients for the contribution rates
to wintertime PM2.5 concentrations in Wuhan, a capital city in the THB with the larger values of
variation coefficients representing the stronger inter-annual variations over recent years.

A total of 30 HPEs, accounting for 65.2% of the 46 total regional events over the THB,
are estimated with the southward transport of pollutants from the source region of NCP
to the receptor region, with an almost 2-day delay in the peak PM2.5 concentration over
the THB (Figure 5). The relative contributions of regional PM2.5 transport over CEC to
the 30 day HPEs in a THB site, namely Xiangyang, Hubei Province, are calculated as
ranging from 28.9% to 80.3%, with an average of 60.3% (Table S1). Such variance in regional
contribution reveals that the source emissions over CEC have different impact extents on
the formation of HPEs over the THB despite generally large contributions of surface PM2.5
from source regions, which should be investigated in detail in future study. In particular,
76.7% of the 30 HPEs have regional contributions greater than 50.0%, thereby revealing
a significant role in regional PM2.5 transport from upstream source regions over CEC in
formatting the center of HPEs over the THB receptor region. In this study, the potential
source contribution is evaluated based on transport alone, ignoring complex deposition
and chemical conversion for the formation of secondary particles. The results derived in
this study could represent the basic features of contribution and patterns of regional PM2.5
transport over CEC when limited to the primary PM2.5 particles.

4. Discussion

Based on the long-term data of surface PM2.5 and aerosol remote sensing from the
MODIS, the THB, which covers the lower plain in Hubei and Hunan provinces of the
YRMB, is identified as a high PM2.5 pollution region in China, with an annual mean
PM2.5 of 41–63 µg·m−3, which is larger than values recorded in YRD, SB, and PRD during
2014–2019, and high AOD values (>0.8) for 2000–2019. A center of heavy PM2.5 pollution
over the THB has the HPE-averaged concentrations reaching up to 183–191 µg·m−3, which
exceeds the counterparts in the YRD, SB, and PRD. Such exceptional pollution over the
THB changes the distribution pattern of PM2.5 pollution in central China.

During 2015–2019, 30 HPEs, accounting for 65.2% of the 46 total regional events
over the THB, were dominated by the regional transport processes over CEC, in view of
the co-existing HPEs in the NCP and the THB with a two-day delay in the peak PM2.5
concentration. Such processes are triggered by the strong northerlies in the EAM season
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over CEC, where the key receptor region of PM2.5 pollution in the THB exists in regional
pollutant transport over China. According to the FLEXPART-WRF simulations for HPEs
during 2015–2019, the regional transport of PM2.5 from upstream CEC source regions
contributes approximately 60.3% to the HPEs over the THB receptor region. Thus, the
change in distribution patterns of the atmospheric environment in China is attributed
to regional transport of source–receptor air pollutants, as regulated by the anomalous
EAM winds.

5. Conclusions

This study systematically characterizes the spatiotemporal distributions of PM2.5
concentrations and the frequency of HPEs for the five target regions of the THB, NCP,
YRD, SB, and PRD over China during 2014–2019, using long-term surface observations
and satellite remote sensing data. Moreover, a key PM2.5 receptor of the THB, which is
associated with the regional pollutant transport over CEC triggered by the climate change
of EAMs, is found to alter the distribution patterns of PM2.5 pollution over China.

Air quality change is strongly influenced by pollutant emissions and meteorological
drivers. Furthermore, regional transport of air pollutants complicates the relationships
between sources and receptors in atmospheric aerosols for air quality applications, which
are governed by multi-scale atmospheric circulations, and physical and chemical processes.
Therefore, the special variations in PM2.5 over the THB which have unique causative factors
can be further investigated, with more comprehensive analyses on changes in air pollutant
emissions, atmospheric physical, and chemical processes, as well as the EAM climate.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/rs13234855/s1, Table S1: Descriptive statistics of HPEs over THB during 2015–2019.
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