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The regional transport of air pollutants has been identified as a critical factor that affects air quality over downwind receptor areas; however, the regional transport patterns for air pollution episodes remain poorly understood. In this study, we identified two distinct patterns of regional transport: rapid transit transport (RTT) and stationary accumulation transport (SAT), both of which induced severe PM2.5 pollution episodes in central China during 2015–2020. The differences and similarities between the two regional transport patterns of air pollution were characterized by their influencing meteorological factors. Similar meteorological conditions trigger the RTT and SAT, with a high-PM2.5 concentration air mass from the upstream regions transported to the Twain-Hu Basin (THB) by the strong northerly winds with a southward advance of cold air mass. The average rate of increase in the PM2.5 concentration of the RTT (12.5 μg/m3/h) is more than that of the SAT (5.7 μg/m3/h). However, meteorological conditions evolved differently in RTT and SAT. For RTT with the fast passage of cold air, the THB is located behind the strong cold front during the later stage, and these events rapidly ended owing to the northerly winds and wet scavenging of precipitation. For SAT with the slow cold air accumulation, the THB is mainly occupied by a weak high-pressure system with low wind speeds, strong descending airflow, and a low atmospheric boundary layer height, trapping the air pollutants accumulated in the THB and resulting in persistent heavy pollution incidents. This study provides new insights into the meteorological mechanism underlying the formation of severe air pollution episodes over a receptor region owing to the regional transport patterns of air pollutants.
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1 INTRODUCTION
In China, air pollution, specifically elevated PM2.5, due to rapid urbanization and industrial processes has become a serious public concern over the last few decades (Wu et al., 2013; Miao et al., 2017). Research on regional aerosol pollution over megacities and major city clusters has attracted considerable attention because of the detrimental effects of particulate matter on human health (Chan and Yao, 2008; Yan et al., 2019; Gu et al., 2021; Wu et al., 2021). Although strict anthropogenic emission regulation policies have been implemented since 2013, episodes with elevated PM2.5 concentrations have been frequently observed, especially in winter (Wei et al., 2017; Wu et al., 2017).
Atmospheric circulation and weather systems have been widely reported to have significant effects on the occurrence of severe PM2.5 episodes (Wu et al., 2016; Miao et al., 2017; Guo et al., 2019). The weakening of the near-surface East Asian winter monsoons and East Asian trough is a key reason for the frequent occurrence of haze in the North China Plain, which is generally linked to weak surface winds and high relative humidity and is conducive to the formation and accumulation of air pollutants (Niu et al., 2010; Cai et al., 2017). Weak cold air masses and stagnant weather conditions have also been considered the main reasons for the heavy haze in Eastern China in January 2013 (Zhang et al., 2014). The planetary boundary layer height (PBLH) plays a significant role in the formation and development of heavy haze (Quan et al., 2013; Zhao et al., 2013). A strong temperature inversion and downward airflow in the planetary boundary layer (PBL) can cause air pollutants to accumulate in shallow layers (Zhao et al., 2013), leading to heavy pollution events. The reduction in the PBLH and turbulent vertical mixing in the PBL are significantly related to an increase in primary pollutants in Europe (Fallmann, 2016). The PM2.5 and the PBLH form a positive feedback loop for serious pollution events in megacities; the heat flux is significantly reduced because of the influence of haze, which inhibits the development of the PBL to some extent, and the restricted development of PBL further weakens the diffusion of air pollutants, eventually resulting in serious pollution incidents (Liu et al., 2019; Quan et al., 2013; Wenjie Zhang et al., 2019).
Regional transport plays a significant role in the formation and evolution of air pollution episodes, as well as the air quality over the receptor regions (Xiong et al., 2021; Bai et al., 2022; Shen et al., 2022). The measured concentrations of particulate matter in the metropolitan areas of South America have been caused predominantly by long-range transport (Diaz Resquin et al., 2018). Research on the Beijing–Tianjin–Hebei region found that in addition to the influence of the emission source intensity and chemical component formation, air quality is significantly affected by aerosol pollutants emitted from surrounding provinces (e.g., Shandong and Henan), which can be transported to the Beijing–Tianjin–Hebei region through transregional transport (Guo et al., 2013; Zhang et al., 2015). Ji et al. (2018) found that the transport of pollution from Hebei, Shandong, Anhui, and other regions to Hangzhou in Zhejiang Province could exceed 60% during the G20 period. Driven by regional transport, fine particulate matter in central Chile has increased by 13–15% on average (Lapere et al., 2021). The Pearl River Delta contributes an average of 56.5% of the PM2.5 transported by northerly winds that contribute to increased PM2.5 concentrations during a heavy haze event (Chen et al., 2019).
Studies have investigated the formation mechanism of severe PM2.5 and explored effective regulations for mitigating PM2.5 pollution in China, primarily focusing on the North China Plain (NCP), Yangtze River Delta (YRD), Pearl River Delta (PRD), and Sichuan Basin (SCB) (Cao et al., 2012; Wang et al., 2021; Wu et al., 2019; Yang et al., 2020; Lei Zhang et al., 2019). However, little attention has been paid to the middle reaches of the Yangtze River, especially the Twain-Hu Basin (THB) (Figure 1A). The dominant synoptic patterns have been classified as heavy PM2.5 in the THB region of central China from 2013 to 2018 (Yan et al., 2021). Strong northerly winds influenced by the East Asian winter monsoons transport high concentrations of air pollutants downstream from the upper reaches of Hebei and Henan, resulting in heavy pollution incidents in the THB (Bai et al., 2021; Hu et al., 2021; Shen et al., 2021). Governed by non-stagnant conditions with strong near-surface winds, unstable atmospheric structures, and non-temperature inversions, severe PM2.5 pollution episodes in the THB have been aggravated by regional transport (Yu et al., 2020; Zhou et al., 2022). Xiangyang (XY), Jingmen (JM), and Jingzhou (JZ) (Figure 1B), which are in the northwest of THB, are characterized by flat terrain adjoining the eastern slope of the Daba and Wushan Mountains, and the routes of the three cities have been identified as typical regional transport corridors in the THB (Huang et al., 2020). Under the influence of the East Asian winter monsoons, air pollutants in the upwind areas (such as the NCP and YRD) are transported to the THB (Figure 1C). This unique geographical location forms major corridors for the regional transport of air pollutants in China (Zhou et al., 2019; Hu et al., 2021), causing the THB to be a key receptor region of air pollutants (Yu et al., 2020; Bai et al., 2021; Shen et al., 2021). Although heavy PM2.5 transport events in the THB have been analyzed, most studies have been limited to case studies that have not considered the differences and similarities among the transport pollution events and features of the influencing meteorological factors during different stages and patterns. Moreover, this information can be used to improve the understanding of the transport mechanisms during different patterns in the THB and provide a reference guide for governmental decision-making.
[image: Figure 1]FIGURE 1 | (A) Terrain height (m) of central and eastern China with the locations of provinces. The regions of NCP, PRD, YRD, SCB, and THB are outlined approximately with a white frame. (B) Terrain height (m) of the THB and surrounding areas with the location of cities of XY, JM, and JZ (black dots). (C) Distribution of PM2.5 emissions from anthropogenic sources in central and eastern China (2017 winter averaged).
In this study, we used the ERA5 reanalysis dataset, ambient measurements of PM2.5, and ground-level meteorological observations to identify two typical regional transport patterns of PM2.5 and investigated the evolution processes for each typical PM2.5 episode in the THB in central China. The remainder of this article is organized as follows. Section 2 presents the data and the methods used in this study. The identified severe PM2.5 episodes are investigated in Section 3.1. The impact of the meteorological mechanisms on the heavy PM2.5 pollution process for RTT and SAT is discussed in Section 3.2.
2 DATA AND METHODS
2.1 Air Pollutants Monitoring Data
The hourly PM2.5 concentrations over central–eastern China during winter (December to March of the following year) from 2015 to 2020 were obtained from the National Air Quality Monitoring Network operated by the Ministry of Ecology and Environment of China (http://www.mee.gov.cn). The ambient PM2.5 concentrations were measured by using the tapered element oscillating microbalance method and the β absorption method by using a TEOM Series 1400a Ambient Particulate Monitor.
2.2 Meteorological Observations and Reanalysis Dataset
The ground-level observations of meteorological parameters, namely, air temperature, wind speed, wind direction, and precipitation, were obtained every hour from the China Meteorological Data Service Centre (http://data.cma.cn/).
In addition, the ERA5 global reanalysis dataset with a horizontal resolution of 0.25° × 0.25° was adopted to resolve the spatial limitations of the ground meteorological data. The key parameters of ERA5 used in this study were air temperature at 2 m, wind speed at 10 m, sea-level pressure, PBLH, vertical velocity, and potential pseudo-equivalent temperature. The ERA5 dataset is the fifth atmospheric reanalysis product of global climate developed by the European Centre for Medium-Range Weather Forecasts and has been widely used in weather and climate studies because of its fine spatial resolution (31-km grid spacing) and high temporal resolution (hourly analysis fields). The PBLH is a crucial meteorological parameter for air quality analysis. Compared with other reanalysis products, such as JRA-55 and MERRA-2, ERA5 has been recognized as the most promising product for PBLH measurements, with an estimated deviation of approximately 130 m, as compared to measurements using radiosondes released during daytime (Bao and Zhang, 2019; Guo et al., 2021; Huang et al., 2021).
2.3 Quantitative Measures of Atmospheric Conditions
2.3.1 Pseudo-Equivalent Potential Temperature Difference ([image: image] se)
Changes in the local meteorological conditions have an important relationship with the evolution of episodes of heavy pollution. The atmospheric thermal factors related to temperature, humidity, and atmospheric stratification stability have a considerable impact on heavy pollution (Ning et al., 2018). We selected the pseudo-equivalent potential temperature difference ([image: image] se) between 700 hPa and 1,000 hPa as a thermal factor, which can indicate the stratification instability of humid air in the lower troposphere and is indicative of the potential vertical mixing of air flows (Lin et al., 2016).
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where [image: image] and [image: image] are the pseudo-equivalent potential temperatures at 700 hPa and 1,000 hPa, respectively. A larger pseudo-equivalent potential temperature difference ([image: image]) indicates a more stable atmospheric stratification in the middle and lower troposphere, and vice versa.
2.3.2 Ventilation Coefficient
Wind strength and boundary layer dynamics are critical meteorological factors that affect the horizontal and vertical diffusion of air pollutants, respectively (Zhang et al., 2014). We used the product of the PBLH and wind speed to determine the ventilation coefficient (VC) (Nair et al., 2007; Hou et al., 2018; Moreira et al., 2020), which is considered a robust indicator of the atmospheric transport and diffusion capability. The wind field data and PBLH were adopted from the ERA5 data. The VC was calculated as follows:
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where [image: image] is the pressure; [image: image] and [image: image] correspond to 1,000 hPa and 925 hPa, respectively; the height between the two atmospheric pressure layers is the main low-level pollution transport height; u and v are the zonal and meridional wind components between 925 and 1,000 hPa (m/s), respectively; and H denotes the PBLH (m).
3 RESULTS AND DISCUSSION
3.1 Identified Heavy Pollution Features for RTT and SAT
When the THB regional transport corridor comprises XY, JM, and JZ (Figure 1), two or all three cities achieve severe PM2.5, with the daily average concentration exceeding 150 μg/m3; this situation can be defined as a heavy PM2.5. Thus, we selected 46 heavy air pollution episodes that occurred in the winters of 2015–2020.
Additionally, when a severe PM2.5 episode occurred accompanied by a north–south (28°N–34°N) pressure gradient (NSPG) larger than 2 hPa and a regional (28°N–34°N, 112°E–114°E) averaged northerly wind (NW) higher than 1.5 m/s, which favor the transport of PM2.5 from upwind northern sources to downwind THB areas, this episode can be classified as a regional transport type. Accordingly, 27 severe PM2.5 episodes were selected as the regional transport type, accounting for 58.7% of all severe episodes. The mean values of NSPG and NW are 3.8 hPa and 2.1 m/s, respectively, which are relatively higher than those of the remaining 19 heavy PM2.5 episodes of 0.2 hPa and 1.1 m/s, respectively.
To understand the characteristics of regional PM2.5, we defined the situation with short-term burst growth and rapid dissipation of heavy pollution accompanied by strong NWs as “rapid transit transport (RTT).” The situation of the triggering and growth stage is accompanied by a strong NW, while the PM2.5 peak maintenance stage is accompanied by a decrease in wind speed, which is defined as “stationary accumulation transport (SAT).”
The RTT and SAT episodes had similar transport features during the early growth stage of PM2.5, and the variation tendency of the meteorological parameters differed during the peak and maintenance stages. Thus, we identified RTTs by using the criteria of the peak maintenance stage accompanied by an NSPG larger than 3 hPa and NW exceeding 2.5 m/s. When the maintenance stage was characterized by an NSPG of less than 2 hPa and NW below 1.5 m/s, this episode was classified as SAT. Twelve RTT episodes and six SAT episodes were selected, accounting for 44.4 and 22.2% of the regional transport types, respectively. In Figure 2A, the NSPG and NW for RTT are significantly larger than those for SAT, with the mean NSPG and NW values reaching 6.4 hPa and 3.2 m/s, as opposed to −0.11 and 0.8 m/s for SAT. Therefore, investigating the features and meteorological parameters of the RTT and SAT on PM2.5 has provided a profound understanding of the formation mechanism of heavy PM2.5 pollution over the THB.
[image: Figure 2]FIGURE 2 | (A) Boxplot of the NSPR (left) and NW (right) of six episodes for RTT and twelve episodes for SAT; (B) boxplot of the rising rate of PM2.5 concentrations (left) and time duration (right) of severe PM2.5 pollution maintenance stage of twelve episodes for RTT and six episodes for SAT in transport corridor cities: XY, JM, and JZ in the THB. The diamond beyond the box plot denotes the abnormal value.
Figure 2B shows the rate of increase in the PM2.5 during the early growth stage and the maintenance hours of the two patterns. The early growth stage is defined by the duration between the lowest PM2.5 and the peak over the period of a sustained increase. The maintenance stage of each episode was defined as the duration during which the PM2.5 concentrations continuously exceeded 150 μg/m3. Notably, the increasing rate of PM2.5, as shown in Figure 2B (Supplementary Figure S1), is defined by the peak PM2.5 concentration minus the moderate pollution level of 115 μg/m3 (light pollution level 75 μg/m3), then divided by the duration of the sustained increase. We observed that the northern aerosol particles can be quickly advected to the THB by strong northern wind fields in the RTT, and the mean rate of increase reached 12.5 (7.5) μg/m3/h, with the rate of increase greater than 5.7 (4.1) μg/m3/h for SAT. Notably, the rate for moderate pollution is higher than that for light pollution. Additionally, although the rate of increase in the PM2.5 concentration for the SAT is relatively slower than that of the RTT, the maintenance stage of the SAT is longer, and the mean duration could reach 72.8 h, which is significantly longer than the 27.5 h of RTT. Furthermore, several events had a SAT duration of over 80 h, usually resulting in long-lasting pollution over the THB.
3.2 Meteorological Mechanisms of RTT and SAT Affecting Heavy PM2.5 Pollution Evolution Over Central China
3.2.1 Meteorological Conditions
Six typical RTT and SAT heavy pollution processes (Supplementary Tables S1, S2) were selected and used to analyze the influence of the boundary layer meteorological conditions at different stages of local PM2.5, including the triggering, maintenance, and dissipation stages, in the THB. Three typical RTT heavy pollution processes are presented in Figures 3A,C,E (Supplementary Figure S2A, C, E are the other three processes of RTT), demonstrating that the early rapid growth stage of PM2.5, corresponding to the strong NW, was favorable for the rapid horizontal transport of aerosol particles from the north (Li et al., 2013), resulting in the explosive growth of PM2.5 pollutants in the THB. The peak PM2.5 and heavy pollution maintenance stage are also followed by good transport conditions with strong NW fields. Specifically, during the first episodes (Figure 2A), the peak PM2.5 concentrations reached 300 μg/m3 within 6 h, indicating an explosive increase in PM2.5 levels within a short period. Further strengthening of the NW and increased PBLH are conducive to atmospheric diffusion conditions, especially the mean rainfall intensity (0.62 mm/h) and mean total rainfall (9.3 mm), which are responsible for the wet removal of PM2.5 (Zhou et al., 2020). This typical transport pattern is RTT, which can be summarized as being affected predominantly by relatively strong cold air and NWs, corresponding to the rapid growth and spread of pollution in the THB. As the northerly winds further strengthen and wet scavenging occurs, the air pollution level can drop rapidly.
[image: Figure 3]FIGURE 3 | Temporal changes in PM2.5 concentration (black lines), PBLH (red lines), wind directions at 10 m (Wdir, vectors), and precipitation (purple triangles) were observed at JM in the THB. (A,C,E) Left column represents the three cases of RTT. (B,D,F) Right column represents the three cases of SAT.
Figures 3B,D, and F present three typical SAT heavy pollution episodes (Supplementary Figure S2B, D, and F present the other three episodes of SAT), showing that the increase in the PM2.5 level was generally accompanied by an increase in wind speed. During the PM2.5 concentration peak and heavy pollution maintenance stage, the wind speed and PBLH significantly decreased, leading to meteorological conditions that were unfavorable for the horizontal transport and vertical mixing of aerosol particles in the boundary layer (Zhu et al., 2010). The PM2.5 transported from upwind regions was trapped and gradually accumulated over the THB under stagnant weather conditions (Kang et al., 2019).
The typical features of SAT differ from those of RTT. Notably, at first, the prevalence of northerly winds deteriorates the air quality over the THB, and subsequently, THB experiences a relatively stable and stagnant stage accompanied by weak wind and low PBLH. The key features of the SAT are a long duration (Supplementary Table S2), low PBLH, and poor diffusion capacity, which are conducive to the accumulation of precursors and formation of secondary pollutants (Huang et al., 2014; Gao et al., 2015). The typical transport features in this pattern imply that the severe PM2.5 episodes in the THB are affected not only by local emissions but also by the transboundary transport of PM2.5 that originates from surrounding regions.
An increase in VC contributes to a decrease in PM2.5, which leads to air quality improvement (Lu et al., 2012; Xu et al., 2015; Sujatha et al., 2016). However, it may not fit the transport pollution type, in which the occurrence of heavy pollution episodes is usually accompanied by good ventilation, bringing air pollutants from long-distance areas (Hou et al., 2018). As shown in Figure 4, PM2.5 concentrations in the RTT (Figure 4A) and SAT (Figure 4B) were positively correlated with the VC during the early growth stage. The correlation coefficients between VC and PM2.5 reach 0.46 and 0.40 for the RTT and SAT, respectively, and both pass the significance test of α = 0.01. A larger VC is beneficial to the inflow of PM2.5, indicating that transport is the trigger mechanism for RTT and SAT episodes.
[image: Figure 4]FIGURE 4 | Correlations of the surface PM2.5 concentration to the ventilation coefficient (107m2s−1) over the region (112–114°E and 30.5–31°N) averaged in the early growth stage of six typical episodes for (A) RTT and (B) SAT in JM, respectively; the early growth stage of all patterns indicates the correlations are significant at 99%.
3.2.2 Synoptic Circulation
Persistent heavy pollution events are influenced by synoptic circulation. Variations in the synoptic circulation play a primary role in modulating the day-to-day variations in air pollutants. The features in each evolution stage were determined by synthesizing PM2.5 and the surface synoptic circulations of six typical RTT (Supplementary Table S1) cases and six typical SAT (Supplementary Table S2) cases on the day before transport (first day), the day of transport (second day), and the day after transport (third day) (Figure 5). The THB was controlled by the regional low-pressure equalization field on the first day of the RTT, which had the noticeable characteristic of static wind (Figure 5A). In the spatial distribution of VC, the first day of RTT in the THB indicated that the advection and diffusion conditions were relatively poor (Supplementary Figure S3A). The local pollution level was low because local pollution emissions in the THB were relatively low at that time. However, the PM2.5 concentrations in the NCP were relatively high, and the local PM2.5 concentrations exceeded 200 μg/m3. As shown in Figure 5B, the atmospheric circulation was adjusted on the second day of regional transport. The atmospheric diffusion conditions improved significantly, especially in the XY–JM–JZ transport corridor in the THB, and its upwind areas appeared as high-value centers of the VC (Supplementary Figure S3B). The THB was located at the bottom rear of the ground high-pressure system such that there was an evident zonal pressure gradient, and the wind speed in the THB, including the upstream areas, increased significantly. The cold air dominated by NWs carried the upstream PM2.5 southward rapidly, causing heavy pollution incidents in the THB; the PM2.5 concentration decreased in the upstream area, demonstrating that the temporal and spatial changes in the PM2.5 concentrations have a distinct cross-regional transport trend, and this transport is encouraged by NWs. On the third day of RTT, the influence of strong winds in the THB area continued, and the height of the PBL increased significantly (Figure 2). This caused atmospheric diffusion conditions to be sustained (Supplementary Figure S3C) and significantly affected the removal of PM2.5.
[image: Figure 5]FIGURE 5 | Distributions of daily surface PM2.5 concentrations (μg/m3) observed at the sites (colored dots), daily sea-level air pressure (hPa, color contours), and daily 10 m horizontal wind vectors (arrow) of ERA5-Land during the heavy air pollution averaged over six severe PM2.5 episodes of the top row (A,B,C) RTT and bottom row (D,E,F) SAT.
The early stage of SAT was similar to that of RTT. The regional diffusion conditions during the early stage were poor, and heavy pollution was primarily concentrated in the NCP (Supplementary Figure S3D, Figure 5D). The advection and diffusion conditions were relatively good on the day of transport in the THB, and the upstream high-concentration pollutants were transported to the THB by the northerly wind of the East Asian winter monsoons (Supplementary Figures S3E, 5E). However, during the maintenance stage (Figure 5F), the circulation evolved into a static stability pattern controlled by high pressure, and the wind speed decreased. The pollutant diffusion capacity in the horizontal and vertical directions weakened in the THB (Supplementary Figure S3F); the air pollutants were not easily diluted and diffused, resulting in PM2.5 remaining in the area, which aggravated the accumulation of local pollution. The PM2.5 concentrations of SAT are the result of the combined effects of local and regional sources, and transport is the predominant reason for reaching the peak.
Figure 6 depicts the evolution of the 925 hPa geopotential height and air temperature anomalies during the pollution processes. The results indicate that the 925 hPa synoptic circulation evolution is similar to that of the ground. In addition, on the first day of the RTT, positive air temperature anomalies appeared over the THB (Figure 6A). However, on the second day, the intensity of the southward cold air strengthened, and the air temperature anomalies in the THB reached −3°C to −2°C (Figure 6B); notably, the gradient of the geopotential strengthened, and the abnormal northeasterly wind carried upstream aerosol particles to the THB. The northern cold temperatures and high pressure were the greatest on the third day. Strong and deep cold air continued to sweep southward across the THB, and the air temperature anomalies reached −5°C to −3°C (Figure 6C). At this time, the intrusion of strong cold air could easily cause convective instability, and the local precipitation generated had a significant effect on the removal of PM2.5.
[image: Figure 6]FIGURE 6 | Spatial distributions of 925 hPa air temperature anomalies (color contours; K) and mean wind vectors(arrow) during the heavy air pollution process averaged over six severe PM2.5 episodes of the top row (A,B,C) RTT and bottom row (D,E,F) SAT.
The SAT was also affected by the southward cold air on the second day but was relatively weak; the air temperature anomalies in the THB were −2 to 0°C (Figure 6E), and the relatively strong northeast wind in front of the high-pressure circulation drove the transport of PM2.5 from the north to the THB. On the third day, the cold air weakened and dissipated, the upstream cold high pressure continued to move southward, and the THB was controlled by high-pressure circulation (Figure 6F). This high-pressure weather type is conducive to the retention of aerosol particles, such that they remain and accumulate over central China (Yan et al., 2021). Moreover, the influence of atmospheric diffusion conditions on the subsidence airflow induced by the weak northern high pressure requires attention (Supplementary Figure S4A). The descending motion in the low troposphere limited the development of the PBLH (Supplementary Figure S4B), which inhibited the vertical transport of PM2.5.
3.2.3 Atmospheric Vertical Structures
To characterize the vertical structures of regional PM2.5 transport during the two transport pollution patterns, Figure 7 shows a vertical profile of the average air temperature anomalies and wind vectors along 112°E–114°E during the heavy air pollution process (synthesis of average images of six typical RTT and SAT cases).
[image: Figure 7]FIGURE 7 | Vertical (height-latitude) cross sections of air temperature anomalies (color contours; °C), wind vectors (arrow), and terrain (black shades) along the 112°E–114°E averaged during the heavy air pollution process averaged over six severe PM2.5 episodes of the top row (A,B,C) RTT and bottom row (D,E,F) SAT. Red dotted frames denote the locations of the THB. Notably, the vertical speed of wind vectors is multiplied by -40 for the illustration of vertical circulation.
The positive air temperature anomalies mainly covered the THB on the first day of the RTT (Figure 7A). On the second day, the cold-air mass within the PBL began to penetrate southward and was embedded at the bottom of the warm air mass, leading to a rapid decrease in the air temperature at the low level of the THB (Figure 7B). There was a distinct dense contoured area in the pseudo-equivalent potential temperature profile, which tilted toward the cold air with height, indicating a substantial cold front over the THB (Supplementary Figure S5). Because of the invasion of the cold front, the warm air mass was uplifted and maintained, and the stable stratification in the front zone in the vertical direction inhibited the diffusion of air pollutants (Figure 7B). The cold front invasion persisted on the third day, leading to a further decrease in the air temperature (Figure 7C). Additionally, the passage of the cold front was conducive to precipitation. Therefore, the heavy PM2.5 pollution ended because of the lasting, strong northerly airflow diffusion and wet scavenging by the precipitation induced by the cold front.
To investigate the key factor for the decreasing PM2.5 concentrations of RTT, we determined the correlation coefficient between the observed surface PM2.5 concentrations and the VC and precipitation during the later stage (Figure 8A). Figure 8A indicates that the correlations between the VC and PM2.5 concentrations were negative and passed the 99% significance test (p < 0.01), and the decrease in PM2.5 was primarily due to the outflow of air pollutants by the strong prevalence of the northeasterly wind, which is closely related to the dispersion of air pollutants. Additionally, the surface PM2.5 concentrations and precipitation had negative correlations and passed the 95% significance test (p < 0.05), indicating that precipitation was a significant factor in the removal of PM2.5. In conclusion, good ventilation conditions and wet scavenging led to a decrease in PM2.5 during the RTT events.
[image: Figure 8]FIGURE 8 | Correlation of surface PM2.5 concentration to precipitation (red solid circle) in JM in the later stage of (A) RTT, where the correlations are significant at 95%; correlations of surface PM2.5 concentration to ventilation coefficient (blue hollow circle, 107m2s−1) over the region (112–114°E and 30.5–31°N) averaged in the later stage of (A) RTT, where the correlations are significant at 99%; correlation of surface PM2.5 concentration to the difference in pseudo-equivalent potential temperature between the 700 hPa and 1,000 hPa ([image: image] se) over the region (112–114°E and 30.5–31°N) averaged in the later stage of (B) SAT, where the correlations are significant at 99%. The later stage denotes the duration between the peak to the lowest PM2.5 value over the sustained decrease period.
Figure 7E indicates that on the second day of SAT, the northerly winds strengthened in the low troposphere over the THB and were controlled by a wide range of weak cold air. However, on the third day (Figure 7F), owing to the south-moving weak high-pressure control of the THB, the wind fields in the low troposphere gradually weakened, and the sinking airflow caused by the high pressure caused the troposphere to warm (Zhao et al., 2013; Wu et al., 2017). The atmospheric stratification of the middle and high levels was stable and often had air temperature inversions, inhibiting the vertical diffusion of air pollutants and aggravating the rapid accumulation of PM2.5. In addition, the topography of the southern THB has a weakening effect on the diffusion of PM2.5, resulting in persistent pollution over central China.
We selected the pseudo-equivalent potential temperature difference (700–1,000 hPa, [image: image] se) as the thermal factor to analyze the relationship between the SAT pollution level and the thermal factor in the later stage. Figure 8B indicates that the greater the [image: image] se, the higher the corresponding pollutant concentrations, and this positive correlation passed the 99% significance test (p < 0.01). Strong and stable atmospheric stratification contributed more to the aggravation of heavy pollutants (PM2.5) in the later stage of SAT events.
Growing evidence has identified the dominant role of the regional transport of PM2.5 and its precursors from upstream regions in the formation of severe PM2.5 episodes over the THB (Lu et al., 2019; Hu et al., 2021; Shen et al., 2021; Bai et al., 2022). Thus, we identified two typical transport patterns, RTT and SAT, and analyzed the evolutionary features and meteorological mechanisms of the two patterns. The SAT in central China is similar to the heavy pollution in the NCP, which has instances of both the pollution transport stage (TS) and the cumulative stage (CS) during a heavy aerosol pollution episode (Liu et al., 2019; Zhong et al., 2018; Wenjie Zhang et al., 2019; Zhong et al., 2019). However, the formation and evolutionary mechanisms of the episodes in the two regions were different. For the NCP regions, the early stage of pollution already has unfavorable meteorological conditions, including a stable regional air mass and high condensation rate of water vapor (Zhong et al., 2018). The initial stage of SAT in central China emphasizes the dynamic driving function of cold air and strong NWs on the transport of PM2.5. In addition, during the CS, the two-way feedback mechanism (turbulence weakening and decrease in PBLH) of aerosol accumulation and unfavorable meteorological conditions is emphasized in the NCP, resulting in the occurrence of the explosive growth of PM2.5 during this period (Wenjie Zhang et al., 2019); the presence of heavy PM2.5 pollution in central China emphasizes that local meteorological conditions tend to be stable and stagnant due to the evolution of the atmospheric circulation, especially the inhibition effect of the northern, weak, cold high-pressure downdraft on the PBLH and dynamic vertical diffusion conditions, which are conducive to the retention and accumulation of upwind area pollutants. Many pollution processes conducted in central China have the same feature of slow PM2.5 accumulation during the CS, which differs substantially from the explosive growth of PM2.5 in the NCP during the CS. The contribution of the two-way feedback mechanism of SAT during the CS in central China on the accumulation of local PM2.5 concentration requires a quantitative evaluation in future research.
4 CONCLUSION
In this study, by integrating multiple observations and reanalysis data, two typical types of severe PM2.5 episodes induced by the regional transport of PM2.5 over central and eastern China were distinguished, with distinct patterns driven by changes in the synoptic patterns and meteorological conditions (Figure 9). This could provide a more comprehensive understanding of the meteorological formation of severe air pollution episodes over a receptor region in the regional transport of air pollutants.
[image: Figure 9]FIGURE 9 | Diagram of meteorological mechanism on regional PM2.5 transport with the typical patterns of (A) RTT and (B) SAT driving the PM2.5 concentration changes (bottom line graphs) for heavy air pollution over the THB revealed in this study.
The meteorological conditions triggering RTT and SAT episodes were similar to the invasion of cold air from strong northern winds, resulting in the rapid growth of PM2.5 concentrations in the THB. Although the transport patterns were similar, their specific evolutionary patterns were different. The RTT episodes are characterized by explosive growth in PM2.5, with the rate of the increase from moderate to severe pollution levels reaching 12.5 μg/m3/h, and the duration of severe pollution is short, with an average time of approximately 27.5 h. By contrast, the rate of increase in PM2.5 for the SAT episodes was lower than that of RTT, with a rate of 5.7 μg/m3/h, and the duration of heavy pollution was much longer than that of RTT, with an average value of 72.8 h.
For the RTT pattern, the THB is affected by the invasion of a strong cold front during the early stage, creating favorable meteorological conditions for regional PM2.5 pollution, with a rising boundary layer height and strong cold air owing to the north westerlies. Moreover, the stable vertical stratification in the free troposphere could prevent PM2.5 from escaping outward, restricting the vertical diffusion of abundant aerosol particles within the PBL. Strong northerly winds and precipitation after the cold front have a considerable effect on the removal of PM2.5.
In the SAT pattern, the THB is at the bottom of the northern weak cold high-pressure system during the early stage, and a wide range of weak cold air moves southward. During the later stage, the THB is mainly controlled by the southward advance of a weak high-pressure system, which generates a uniform pressure field, weak wind speed, and strong descending airflow in the lower troposphere, facilitating the accumulation of PM2.5. Owing to the high-pressure downdraft, the troposphere is warmed significantly, and the PBLH is strongly reduced, restricting the high-concentration pollutants from upstream to the lower PBL. Strong stable stratifications contribute significantly to aggravating heavy air pollution during the later stage of SAT events.
Based on the investigation of the heavy PM2.5 transport episodes over the THB area, this study reveals the synergetic mechanism of regional PM2.5 concentrations, atmospheric circulation, atmospheric thermal conditions, and dynamic factors in two distinct transport patterns. Further exploration would focus on comprehensive modeling to assess the relative contributions of the physical and chemical processes of PM2.5 for heavy-pollution episodes with different patterns of regional transport.
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