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Particulate matter pollution is increasingly serious in Changsha-Zhuzhou-Xiangtan urban agglomeration (CZT) due to rapid industrialization and urbanization. Particulate matter pollution and weather conditions are closely related. In this study, the relationship between the large-scale weather circulation types (CTs), horizontal recirculation wind field, boundary layer structure and particulate matter pollution (PM2.5) in CZT was systematically investigated. Firstly, the Allwine and Whiteman (AW) wind field classification method and Richardson method were used to calculate the horizontal recirculation index and the planetary boundary layer height (PBLH) in CZT. By analyzing the relationship among the recirculation index, the PBLH and the particle concentration, it was found that the recirculation process in CZT could be divided into horizontal recirculation and “pseudo recirculation”. Then, the circulation patterns affecting the CZT were divided into nine types (CT1-CT9) by using T-mode PCA method based on 925 hpa geopotential data. The CZT was prone to recirculation under the control of high pressure rear (CT4), weak high pressure edge (CT5) and southwest vortex (CT7, CT8). It was found that CT4 and CT5 accompanied with lower PBLH and poorer vertical diffusion conditions characterized by high particle concentration. While CT7 and CT8 accompanied with higher PBLH and better vertical diffusion conditions characterized by low particle concentration. Finally, the effect of CTs, recirculation index and boundary layer structure on paticle matter concentration were assessed during two recirculation processes in December 2016 and August 2017, repectively. The analysis was complemented with FLEXPART-WRF model simulations, which confirmed that the recirculation and “pseudo recirculation” can be effectively distinguished by introducing the PBLH, combined with the large-scale weather circulation.
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1 INTRODUCTION
The Changsha-Zhuzhou-Xiangtan (CZT) urban agglomeration is located in central China and is an important part of the economic belt in the middle reaches of the Yangtze River (Zhang et al., 2014; Wang et al., 2021). However, with the rapid economic development and acceleration of urbanization and industrialization, urban air pollution in the CZT region has become a serious problem faced by all levels of society (Feng et al., 2017; Tang et al., 2017; Zhang and Jiang, 2018; Xu et al., 2020). As early as 2012, the 12th Five-Year Plan formulated by the Chinese government listed the CZT as one of the 13 key regions for air pollution prevention and control in China (Ash et al., 2012; Zhou et al., 2012). Zhu et al., 2019 pointed out that the primary pollutants in the CZT region are aerosol particles, of which the PM2.5 fine particles are one of the main pollutants causing smog and haze. In addition to seriously endangering human health, the PM2.5 particles also lead to reduced visibility, affect human traffic, normal production, and life. In addition, it affects cloud formation and precipitation and changes in the East Asian monsoon climate system (Yan et al., 2021; Yin et al., 2015; Zhang et al., 2009; Zhou et al., 2019; Han et al., 2015; Ma et al., 2019; Miao et al., 2018; Li et al., 2019; Su et al., 2015; Sun et al., 2021; Jena et al., 2020, 2021).
Mastering the diffusion and transport laws of pollutants is very important to quantify air pollution levels, meteorological conditions play an important role in the diffusion and transport of pollutants (Li et al., 2012; Mao et al., 2020; Miao et al., 2017; Wang et al., 2016; Zong et al., 2021; Zhao et al., 2019, 2021a, 2021b; Sun et al., 2018, 2019). The meteorological conditions mainly include large-scale synoptic circulation and the mesoscale meteorological conditions (Zhou et al., 2018, 2019; Wang et al., 2022; Russo et al., 2014, Russo et al., 2016). Large-scale synoptic circulation determines the specific climatic background of the study area and provides the basic dynamic field for the diffusion and transport of particulate matter (Zhao et al., 2019; Bei et al., 2022; Yan et al., 2022; Gong et al., 2022a, Gong et al., 2022b). Several studies have revealed the relationship between large-scale circulation and particulate pollution (Zhang et al., 2012, Zhang et al., 2012; Zhan et al., 2019; Shu et al., 2020). Zhan et al., 2019 studied the effect of large-scale synoptic circulation on the diffusion and transport of particulate matter in the Sichuan Basin. They found that under the influence of the high pressure from the western region, the “continental air mass” transports particulate matter to the Sichuan Basin and causes serious pollution. On the other hand, under the influence of the high pressure from the eastern maritime region, the “ocean air mass” brings good quality clean air to the Sichuan Basin. Li et al., 2019 studied the effect of weather circulation and biomass burning on the PM2.5 concentration in northeast China and found that a weak and stable high-pressure system leads to poor diffusion conditions that increase the PM2.5 concentration. Further, the warm wet flow coming from the southwest in front of the trough enhances the hygroscopic growth ability of the aerosol particles and also leads to an increase in the PM2.5 concentration. Zhao et al., 2019 studied the relationship between autumn and winter haze events and weather circulation in the Yangtze River Delta region and found that severe haze events often occurred when the high-pressure center was located in the northwest and west of Shanghai. A specific large-scale synoptic circulation situation often corresponds to certain mesoscale regional transmission meteorological conditions (Zhou et al., 2019). The mesoscale regional transport meteorological conditions cover the vertical and horizontal dimensions, which affect the specific distribution and propagation of particulate matter (Ye et al., 2016; Li et al., 2021a; Li et al., 2021b; Yan et al., 2022).
The vertical movement of the atmosphere affects the height of the boundary layer, the stability of the atmosphere, and the height of the temperature inversion layer, and these factors directly determine the vertical diffusion rate and the vertical distribution of particles (Luan et al., 2018; Yang et al., 2018; Liu et al., 2019; Xu et al., 2019; Mao et al., 2020). Mao et al., 2020 found that during winter in central China, under the condition of a low planetary boundary layer height (PBLH) and high relative humidity in the planetary boundary layer (PBL), local accumulation of pollutants increases the PM2.5 concentration. Xu et al., 2019 and Luan et al., 2018 studied the impact of the boundary layer structure on the air quality in northern China and found that strong inversion and subsidence movement in the boundary layer causes pollutants to accumulate in the surface layer, resulting in hazy weather and low visibility. The horizontal movement of the atmosphere determines the local wind field, which affects the horizontal diffusion rate and the horizontal distribution of particulate matter (Russo et al., 2014, 2016, 2018; Zhou et al., 2019). Russo et al., 2014 used the AW (Allwine and Whiteman) wind field classification method (Allwine and Whiteman, 1994) to study the relationship between the local horizontal wind field and particulate matter in the coastal areas of Portugal and found that the coastal recirculation wind field leads to severe particulate matter pollution. Zhou et al., 2019 used the AW method to study the relationship between the local wind field and PM2.5 concentration in the Yangtze River Delta in China and found that when the cold high-pressure zone is far away, the Western Pacific Subtropical High gradually rises northward, and the Yangtze River Delta region is prone to recirculation which causes the concentration of PM2.5 to rise rapidly.
Our previous studies (Zhao et al., 2021a) used the AW wind field classification method to study the recirculation phenomenon and found that only considering the horizontal local wind field cannot fully reveal the feature of pollutant diffusion and transmission. When there is recirculation in the Yangtze River Delta, the pollutant concentration is not always high, and thus the influence of the vertical meteorological conditions on the spread of the pollutants needs to be considered. Therefore, in this study, we added the PBLH parameter to characterize the vertical motion of the atmosphere. Liu et al., 2019 revealed the relation between the PBL structure and the large-scale synoptic circulation patterns, and Wang et al., 2022 revealed the connection between the large-scale synoptic circulation and the local wind fields. Therefore, we have comprehensively considered the horizontal local wind field and the PBL structure by using the large-scale weather circulation classification method to explore their influence on the change in the PM2.5 concentration.
The purpose of this study was to correct the horizontal wind field classification index by adding PBLH to quantify the effect of the regional transport meteorological conditions on the diffusion and transport of particulate matter (PM2.5). Firstly, we investigated the relationship between the recirculation index, R, calculated by the AW method, and the concentration of PM2.5. Then, we calculated PBLH in Changsha in the CZT region and investigated the correlation between PBLH and PM2.5 concentration. Using the T-mode tilt-rotation principal component analysis (T-PCA) method, the 925 hPa large-scale synoptic circulation affecting the CZT region was divided into nine types, and PBLH and the meteorological conditions in the vertical direction of the nine circulation types (CTs) were studied. The distribution of the recirculation index R and PBLH under the nine CTs was investigated, and their effects on the diffusion and transport of PM2.5 were comprehensively analyzed. Finally, the weather research and forecasting (WRF) model (Nandi et al., 2020; Kumar et al., 2022) was used to simulate two recirculation processes in the CZT region from August 2017 and December 2016. The FLEXPART-WRF model was used for simulating the plume trajectories of the pollutant particles in the two processes to verify the influence of the PBLH on the diffusion and transport of the pollutants.
2 DATA, METHODS, AND MODELS
2.1 Data
2.1.1 Meteorological data
2.1.1.1 ERA5 reanalysis data
The 925 hPa geopotential height data from the ERA5 hourly reanalysis dataset (Hersbach et al., 2020) of the European Centre for Medium-Range Weather Forecasts were used in this study to determine the diurnal CTs in the CZT region. The horizontal resolution of the ERA5 dataset was 0.25°, the spatial range was 96°–128°E, 15° to 45°N, and the time range was from 1 January 1979, to 31 December 2020. Because the ERA5 reanalysis data at 00:00 UTC assimilates the radiosonde data as well as other data, the restoration of the meteorological field is the best. Thus, we used the 925 hPa geopotential height at 00:00 UTC to determine the daily CTs. In addition, the data of PBLH (the horizontal resolution was 0.1°, the spatial range was 111°–114°E, 26° to 30°N, and the time range was from 1 January 2014, to 31 December 2018), vertical divergence (the horizontal resolution was 0.1°, the spatial range was 105°–120°E, 20° to 35°N, and the time range was from 1 January 2014, to 31 December 2018), and vertical velocity (the horizontal resolution was 0.1°, the spatial range was 112°–114°E, 26° to 30°N, and the time range was from 1 January 2014, to 31 December 2018) in this dataset were used for analyzing the structure of the boundary layer under the nine CTs.
2.1.1.2 Local meteorological observation data
The local meteorological data comprising the air pressure, temperature, humidity, wind direction, wind speed, etc., can be downloaded from https://quotsoft.net/air/. The meteorological observation data is released after quality control. Further, the selected site is far away from the urban area and is less affected by human factors, and thus can accurately reflect the local meteorological conditions in the study area. This study used the hourly wind direction and the hourly wind speed data of Changsha, Changde, Hengyang, and Yueyang stations from 1 January 2014 to 31 December 2018 to calculate the recirculation index R. The locations of the four stations are shown in Figure 1 (the black dots are the stations).
[image: Figure 1]FIGURE 1 | Surrounding terrain of the CZT and the location of meteo, environmental monitoring stations and the Mapoling sounding station. Black dots are meteorological observation stations (CD presents Changde, YY presents Yueyang, CS presents Changsha and HY presents Hengyang), red dots are environmental monitoring stations, and black triangle is the sounding station.
2.1.1.3 Sounding data
The sounding data used in this study included the pressure, height, air temperature, dew point, wind direction, and wind speed in the vertical direction. The data was taken from the website of the University of Wyoming (weather.uwyo.edu/wyoming/). We selected the specific humidity, temperature, wind speed, and wind direction in the radiosonde data of Changsha Mapoling high-altitude meteorological station at 00:00 UTC and 12:00 UTC from 1 January 2014 to 31 December 2018 to calculate PBLH in Changsha. The specific location of the sounding station is shown in Figure 1 (the black triangle is the sounding station).
2.1.2 Air quality data
Air quality data was taken from the China Environmental Monitoring website (http://www.cnemc.cn). The data is released after quality control by the China environmental protection department. This study used the 24-h average PM2.5 concentration data and the hourly PM2.5 concentration data of 178 monitoring stations in the CZT region (including the four cities of Changsha, Yueyang, Hengyang, and Changde) for the analysis. Figure 1 shows the locations of the monitoring stations (the red dots are the environmental monitoring stations).
2.2 Methods
2.2.1 Circulation classification method
We used the T-PCA method to perform the classification of circulation of the daily 925 hPa geopotential height in a large area in southern China, including the CZT region, from 1979 to 2020. Compared to the other objective circulation classification methods (correlation analysis, ordinary least squares, clustering methods, etc.) T-PCA can provide better reproduction of the main modes contained in the data (Richman, 1981; Levy et al., 2008a; Levy et al., 2008b; Compagnucci and Richman, 2008; Huth et al., 2008; Levy et al., 2010). The classification results obtained by T-PCA have higher temporal and spatial stability. Zhang et al., 2012a found that it is most reasonable to divide the circulation patterns of a certain area in the middle and high latitudes into nine types. Therefore, the circulation patterns affecting the CZT region in this study were divided into nine types. Mao et al., 2020 found that when the 925 hPa geopotential height field was used for circulation classification, the classification results were similar to other levels and exhibited a good correlation with the classification results between other levels. The CZT region is undulating and hilly, and thus circulation classification based on the geopotential height of 925 hPa was conducted in this study. The objective T-PCA weather circulation classification method has been integrated into a software package named cost733class, which can be downloaded from the following website: http://cost733.met.no/.
2.2.2 PBLH calculation method
This study used the Bulk Richardson number (Ri) to calculate the boundary layer height. The method is suitable for diagnosing stable as well as convective boundary layer heights (Luo et al., 2014; Davy, 2018) and is thus considered a very effective research method. Ri is the ratio of turbulence and buoyancy and is expressed as:
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where g is the acceleration due to gravity, z is the height above the ground, [image: image] is the surface, [image: image] is the virtual potential temperature, u is the meridional wind speed, v is the zonal wind speed, b is a constant, and [image: image] is the surface friction velocity. Vogelezang and Holtslag, 1996 pointed out that [image: image] is a very small term and can be ignored. Thus, it was ignored in this study. Based on the sounding data, the abovementioned meteorological parameter values were substituted into Eq. (2–1) to obtain the vertical profile of Ri. The threshold was set to 0.25, and the height corresponding to the first intersection of the vertical profile and the line (Ri = 0.25) was taken as the height of the boundary layer. Guo et al., 2016 and Liu et al., 2019 showed that the threshold value of 0.25 is the most accurate and has the least uncertainty. Therefore, the same threshold value was used in this study to diagnose PBLH.
2.2.3 Calculation of recirculation index, R
In this study, we used an objective and quantitative wind field classification method (AW method) based on the vector wind principle, proposed by Allwine and Whiteman, 1994 to determine the recirculation index, R. This method defines R by comparing the distance (S) and the displacement (L) of an air tracer during the study period. The value of R is calculated as follows:
Step 1. The horizontal wind field is divided into two parts, longitudinal (ui) and latitudinal (vi).
[image: image]
Step 2. The daily mean of the distance, S, and the displacement, L, are calculated according to the following expression:
[image: image]
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Step 3. The value of R is calculated from the S and L values as follows:
[image: image]
In the above equations, T is the time interval, and its value is 1. The value of τ is 24, and the wind speed is converted to km/h. The L value is the net distance (i.e., the displacement) from the original position of the air tracer, and S is the total distance traveled by the air tracer in a day. A low value of R indicates a persistent wind direction or low recirculation level, whereas a high value of R indicates a variable wind direction or high recirculation level. It can be seen from Eq. (2–5) that the value of R is between 0 to 1. Russo et al., 2018 gave a limit scheme for the classification index of the local wind field determined by combining the geographical environment of the study area and many other factors. This threshold determination scheme comprehensively considers the various local factors in different regions and has common applicability (surkova, 2013; Zhou et al., 2019; Russo et al., 2018). In our study, the critical value of R was mainly used to determine whether the recirculation phenomenon occurred or not. The criteria for determining the recirculation are as follows:
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2.3 The WRF model and the FLEXPART-WRF model
The WRF model can provide accurate meteorological field variables for the FLEXPART-WRF model (Brioude et al., 2013) in performing the particle trajectory simulations. In this simulation, we used two layers of nesting. The first layer had a horizontal resolution of 30 × 30 km and covered most of China. The second nesting was 10 × 10 km, covering the entire South China region. The two simulation time ranges were: August 8−14, 2017, and December 4−9, 2016. The main parameterization schemes were: Mellor-Yamada-Janjic (Eta) TKE boundary layer parameterization scheme (Janjic, 2001), Noah land surface scheme (Chen et al., 2006), WSM 3-class simple ice scheme microphysical process scheme (Hong et al., 2004), Kain-Fritsch (new Eta) cumulus convection parameterization scheme (Kain, 2004), Monin-Obukhov (Janjic Eta) near-surface layer parameterization scheme (Nakanishi and Niino, 2006), RRTM longwave radiation scheme (Mlawer et al., 1997), and Dudhia shortwave radiation scheme (Dudhia, 1989). The initial boundary conditions of the model used the Final Analysis (FNL) data (Kalnay et al., 1996) of 6 hours a day (horizontal resolution 0.25 ° × 0.25 °) from the National Centers for Environmental Prediction (NCEP), and the results were output every 30 min.
The Lagrangian particle diffusion model used in this study was the FLEXPART-WRFV3.1 version (Brioude et al., 2013) which uses the function of backward simulation of particle trajectories. The Changsha area (112.88°N, 28.08°E) was selected as the particle release point. During the simulation period in the Changsha area, a backward simulation was carried out every day (24 h) to release the particles evenly every 1 h, and 10,000 particles were released throughout every simulation period (24 h). The particle cluster release height was 1–51 m, and the horizontal resolution was 0.125 ° × 0.125 °. This model comprehensively considers the process of emission transport, turbulent diffusion, and wet and dry deposition, and simulates the particle dispersion and aggregation, possible source distribution, etc., by calculating the backward transport trajectory of the particles. In this study, we calculated the particle backward plume trajectories every 24 h to investigate the effect of the boundary structure and the horizontal local wind field on the dispersion of the pollutant particles.
3 RESULTS AND ANALYSIS
3.1 Relationship between the wind field classification index, R, and PM2.5 concentration
Figure 2 shows the recirculation index, R, as a function of the PM2.5 concentration in the four cities of Changsha, Changde, Yueyang, and Hengyang in the CZT region. It can be seen from the figure that the size of the index, R, in the four cities has no obvious effect on the PM2.5 concentration. When R > 0.245 (Ravg = 0.245), the four cities of Changsha, Yueyang, Hengyang, and Changde accounted for 49.50, 41.98, 40.93, and 50.0% of the dates that had PM2.5 concentrations higher than 50 μg/m3, respectively. The proportion of days with PM2.5 concentration lower than 50 μg/m3 was 50.5, 58.02, 59.07, and 50.0%, respectively. It can be seen that under the recirculation wind field, the proportion of pollution and clean weather is almost equal (we define the occurrence of clean weather when the PM2.5 concentration is less than 50 μg/m3, under the recirculation wind field, as “pseudo recirculation”). This implies that in the CZT region, it is difficult to efficiently distinguish between polluted weather and clean weather by relying only on the AW horizontal wind field classification, and it is difficult to distinguish between the recirculation wind field and the “pseudo recirculation” that appear at the same time. Therefore, the important influence of the vertical meteorological parameters such as the boundary layer height, atmospheric inversion temperature, and vertical wind field on PM2.5 concentration must be considered.
[image: Figure 2]FIGURE 2 | The index R as a function of the PM2.5 concentration. The green dots indicate R > Ravg (0.245, indicated by the black lines parallel to the X-axis) and PM2.5 concentration lower than 50 μg/m³ (indicated by the black lines parallel to the Y-axis), the red dots indicate R > Ravg, and PM2.5 concentration higher than 50 μg/m³, whereas the blue dots indicate the case of no recirculation (R < Ravg).
3.2 Relationship between PBLH and PM2.5 concentration
Figure 3 shows the correlation between PBLH and PM2.5 concentration at 8:00 (BJT) and 20:00 (BJT) every day in Changsha. It can be seen from the figure that the correlations between PBLH and PM2.5 concentrations at eight o’clock and 20 o’clock are −0.38 and −0.21, respectively, and the negative correlation is more obvious. Figure 4 shows the correlation between PBLH and PM2.5 concentration in Changsha at eight o’clock (BJT) and 20 o’clock (BJT) when R > 0.245 (under the recirculation wind field). It can be seen from the figure that the correlation coefficients of PBLH and PM2.5 concentrations at eight o’clock and 20 o’clock are −0.41 and −0.27, respectively, when the recirculation index is high, and the negative correlation is more obvious. This implies that under the recirculation wind field, the boundary layer height needs to be comprehensively considered to further evaluate its effect on the PM2.5 concentration. Figure 5 shows the scatter plot of the boundary layer height distribution in clean and polluted weather in Changsha, Yueyang, Changde, and Hengyang in the CZT region for the case of R > 0.245 (recirculation wind field). It can be seen from the figure that the average PBLH of Changsha, Yueyang, Changde, and Hengyang are 109.14, 101.59, 121.34, and 128.22 m, respectively, in the case of polluted weather conditions (PM2.5 concentration is more than 50 μg/m³). On the other hand, in the case of clean weather conditions, the average PBLH of Changsha, Yueyang, Changde, and Hengyang are 273.39, 277.76, 269.44, and 269.01 m, respectively. Furthermore, it can also be seen from Figure 5 that most of the PBLH values (accounting for 75%) are distributed between 0 and 200 m in the case of polluted weather under the recirculation wind field, whereas most (75%) PBLH values are distributed between 200 and 400 m in the case of clean weather. Taking 200 m as the threshold, under the recirculation wind field, PBLH >200 m generally results in the occurrence of clean weather, whereas PBLH <200 m, especially PBLH <100 m, results in the occurrence of polluted weather. In order to specifically study the effects of R and PBLH on the PM2.5 concentration, we have introduced the weather circulation classification method to consider the influence of the different boundary layer structures on the changes in the PM2.5 concentration under different CTs.
[image: Figure 3]FIGURE 3 | Correlation between PBLH and PM2.5 concentration at 8:00 (BJT) and 20:00 (BJT) in Changsha.
[image: Figure 4]FIGURE 4 | Correlation between PBLH and PM2.5 concentration in Changsha at 08:00 (BJT) and 20:00 (BJT) when R > 0.245 (under the recirculation wind field).
[image: Figure 5]FIGURE 5 | Scatter-point boxplots of the PBLH distribution in the case of clean weather and polluted weather in Changsha, Yueyang, Changde, and Hengyang in the CZT region under the recirculation wind field.
3.3 Horizontal and vertical structural characteristics of CTs and their relationship with PM2.5 concentrations
3.3.1 CTs and their characteristics
Using the T-PCA objective synoptic circulation classification method, we divided the large-scale synoptic circulation at 925 hPa in the CZT region into nine types (CT1, CT2, CT3, ..., CT9, respectively), as shown in Figure 6. Based on the distribution of high and low pressure, the nine CTs are named as follows: northwest high pressure (CT1), northwest low pressure (CT2), south low pressure (CT3), east high pressure (CT4), west high pressure (CT5), north high pressure (CT6), southeast high pressure and west low pressure (CT7), southwest low pressure (CT8), and uniform pressure field with low gradient (CT9). The main CTs affecting the CZT region are CT1, CT2, and CT3, accounting for 23.9, 16.0, and 16.5%, respectively.
[image: Figure 6]FIGURE 6 | Contour plots showing the nine CTs at 925 hPa in the CZT region (unit: gpdm).
Table 1 shows the frequency of occurrence, average PM2.5 concentration, average PBLH, average index, R, and frequently occurring seasons of the nine CTs. From the results presented in Figure 6 and Table 1, it can be seen that CT1, CT4, CT5, and CT6 mainly appear in autumn and winter and are closely related to cold high-pressure activities. On the other hand, CT2, CT7, and CT8 often appear in summer and spring, and low-pressure cyclone systems often appear near the CZT region. In addition, under the control of CT2, CT7, and CT8, the subtropical high activity significantly affects the CZT region.
TABLE 1 | Occurrence frequency, average PM2.5 concentration, average PBLH, average index, R, and frequently occurring seasons of the nine CTs in the CZT region.
[image: Table 1]3.3.2 Relationship between CTs and PM2.5 concentration
Figure 7A shows the distribution of PM2.5 concentrations as a function of the 9 CTs in the CZT region, where the PM2.5 concentration is the daily average of each environmental monitoring station in the CZT region from 2014 to 2018. From Figure 7A and Table 1, it can be seen that the PM2.5 concentration in the CZT region is higher under the control of CT1, CT4, and CT5, with an average value of 64.31, 76.21, and 78.49, respectively. Under the control of CT2, CT3, CT7, and CT8, the concentration of PM2.5 in the CZT region is relatively low, with average values of 29.01, 48.66, 41.41, and 25.39, respectively.
[image: Figure 7]FIGURE 7 | (A) Concentration distribution of PM2.5, (B) PBLH distribution, and (C) distribution of the recirculation index, R, as a function of the nine CTs in the CZT region.
3.3.3 Relationship between the CTs and the boundary layer structure
Figure 7B shows the distribution of PBLH, and Figure 8 shows the latitude-height profiles of the vertical velocity under the nine CTs in the CZT region. Figure 9 shows the average wind divergence below 850 hPa under the nine CTs in the CZT. Figure 10 shows the vertical temperature profiles and vertical temperature anomaly profiles under the nine CTs in the CZT region. From Figure 7B, Figure 8, Figure 9, and Figure 10, it can be seen that under the control of CT1, CT4, and CT5, the average PBLH in the CZT region is lower (301.25, 121.06, and 89.01 m, respectively), and the CZT region is dominated by the downdraft airflow, having a high vertical velocity ( ∼ 4–12 × 10–2 Pas−1). The lower layer shows a wide range of weak horizontal divergence (average wind divergence below 850 hPa ∼ 5 × 10–6 s−1). Furthermore, there is an obvious temperature inversion layer, and the temperature of particles in the boundary layer tends to decrease from bottom to top, but the cooling effect decreases with increasing height. This indicates that under this condition, the structure of the boundary layer in the CZT region is relatively stable, and a stable atmospheric stratification is not conducive to the vertical transport and diffusion of the pollutants. Under the control of CT2, CT3, CT7, and CT8, the average PBLH in the CZT region is higher (395.91, 356.26, 497.04, and 501.14 m, respectively). Vertically, the CZT region is dominated by updrafts, in which under CT2 and CT3, the vertical wind speed is smaller (∼−4 × 10–2 Pas−1) and that under CT7 and CT8 is higher (∼−12 × 10–2 Pas−1). This shows a large-scale convergence in the lower layer, and under CT2 and CT3, the convergence is weak (average wind divergence below 850 hPa ∼−5 × 10–6 s−1), whereas CT7 and CT8 converge strongly (average wind divergence below 850 hPa ∼−10 × 10–6 s−1). Furthermore, the surface temperature under the above four CTs (CT2, CT3, CT7, and CT8) is higher than 294 K, and the statistical results show that there is no obvious temperature inversion layer. Aerosol particles have a tendency to increase in temperature in the boundary layer, but the warming effect decreases with increasing height. The above characteristics indicate that under the control of CT2, CT3, CT7, and CT8, the boundary layer structure in the CZT region is unstable, and the vertical upward movement is obvious, which promotes the generation of convection. In this case, the weather will facilitate the vertical transmission of pollutants and make it difficult for particulate matter to accumulate on the surface layer. We have introduced the horizontal recirculation index, R, for further exploration.
[image: Figure 8]FIGURE 8 | Latitude-altitude profile of the vertical wind velocity under the nine CTs in the CZT region, unit: 10–2 Pas−1.
[image: Figure 9]FIGURE 9 | Average wind dispersion below 850 hPa under the nine CTs in the CZT region.
[image: Figure 10]FIGURE 10 | Vertical temperature profile and vertical temperature anomaly profile under the nine CTs in the CZT region.
3.3.4 Relationship between the recirculation index, R, PBLH, and the CTs
Figure 7C shows the distribution of the recirculation index, R, in the CZT region under the nine CTs. Figure 11 shows the two-dimensional scatter plot of the kernel density distribution showing the relationship between the recirculation index, R, and PBLH under the nine CTs in the CZT region. From Figures 7B,C, Figure 11, and Table 1, it can be seen that under the control of CT4 and CT5, the value of R in the CZT area is larger (the average value of the index, R, is 0.43 and 0.33, respectively) and PBLH is lower (the average PBLH is 121.06 and 89.01 m, respectively). In this case, the local wind field is dominated by the recirculation type wind field, which is not conducive to the horizontal diffusion of pollutants. Further, the value of PBLH is low, which enables the pollutants to easily accumulate in the surface layer. Thus, the concentration of PM2.5 is higher (average PM2.5 concentrations are 76.21 μg/m³ and 78.49 μg/m³). Under the control of CT7 and CT8, the value of R for the CZT region is also larger (the average value of R is 0.36 and 0.31, respectively), but the PBLH value is generally higher than that under the control of other CTs, and the average PBLH is 497.04 and 504.14 m, respectively. Although the local wind field is dominated by the recirculation wind field, which is not conducive to the horizontal transportation of pollutants, due to the high boundary layer, the pollutants can easily diffuse to high altitudes, which is conducive to vertical transportation, thereby reducing the concentration of the particulate matter. Thus, the PM2.5 concentrations are lower under CT7 and CT8 (average PM2.5 concentrations are 41.41 μg/m³ and 25.39 μg/m³, respectively).
[image: Figure 11]FIGURE 11 | Scatter plot of the two-dimensional kernel density distribution of the recirculation index R and PBLH under the nine CTs in the CZT region.
To summarize, we have found that under the control of CT4, CT5, CT7, and CT8, the return index, R, is larger and the horizontal wind field is not conducive to the diffusion of pollutants. However, CT7 and CT8 have high boundary layer heights, strong convective activities, and good vertical diffusion conditions. Thus, it is not easy to cause pollutant accumulation under the control of these two circulation patterns. However, under the control of CT4 and CT5, the height of the boundary layer is low, which is not conducive to the vertical diffusion of pollutants. Under the control of CT4 and CT5, the severe weather conditions in the horizontal and vertical directions lead to a large amount of accumulation of pollutants.
4 NUMERICAL SIMULATION OF TWO RECIRCULATION PROCESSES
4.1 Brief description of the two processes
There are many recirculation processes in the CZT as it shows in Section 3.2, but not all recirculation processes lead to high pollution events. In order to further clarify the influence of the boundary layer structure and horizontal recirculation wind field on the variation of particulate matter concentration, we screened two typical recirculation processes in Changsha from hundreds of recirculation processes in order to perform a comparative analysis. Figures 12, 13 show the time series of the meteorological parameters and the time series of the pollutant concentration changes for the two recirculation events from December 4–9, 2016, and August 8–14, 2017. The recirculation event in December 2016 was considered as R1, and that in August 2017 was considered as R2.
[image: Figure 12]FIGURE 12 | Plots showing a recirculation process that occurred in Changsha in December 2016. (A) Time series of the vertical geopotential temperature profile and the horizontal wind field in the Changsha area during the recirculation process. (B) Time series of the vertical wind speed profile in the Changsha area during the recirculation process, in which the red arrows represent downdraft, and black arrows represent updraft. (C) Time-dependent changes of the boundary layer height and PM2.5 concentration, as well as daily circulation patterns and R values in Changsha during the reflow process. Black dots represent the PBLH observed from the sounding data. The boundary layer height, geopotential temperature, horizontal wind field, and vertical wind speed in the figure have been obtained from the output of the WRF model.
[image: Figure 13]FIGURE 13 | Plots showing a recirculation process that occurred in Changsha in August 2017. (A) Time series of the vertical geopotential temperature profile and the horizontal wind field in the Changsha area during the recirculation process. (B) Time series of the vertical wind speed profile in the Changsha area during the recirculation process, in which the red arrows represent downdraft, and black arrows represent updraft. (C) Time-dependent changes of the boundary layer height and PM2.5 concentration, as well as daily circulation patterns and R values in Changsha during the reflow process. Black dots represent the PBLH observed from the sounding data. The boundary layer height, geopotential temperature, horizontal wind field, and vertical wind speed in the figure have been obtained from the output of the WRF model.
From December 4 to 9, 2016, the Changsha area experienced a serious pollution incident. The hourly PM2.5 concentration was almost always high or close to the national secondary air quality standard of 75 μg/m³. From Figure 12C, it can be seen that the pollutant concentration fluctuated up and down between December 4 and 5 and showed a decreasing trend, reaching the lowest value (less than 75 μg/m³) on the evening of December 5. Then, from December 6 to 8, the pollutant concentration showed a fluctuating upward trend, reaching a peak (higher than 175 μg/m³) on the evening of December 8 and decreasing to ∼ 75 μg/m³ after December 9. During the R1 period, the pollutant concentration first decreased and then increased, which has the distinct characteristics of serious pollution events caused by the recirculation wind field.
It can be seen from Figures 12A–C that PBLH in the Changsha area exhibits obvious periodic changes during R1. The PBLH is very low at night and peaks at noon. In addition, the change in PBLH is exactly the opposite of the change in the PM2.5 concentration. During the R1 stage, the Changsha area was always affected by the high-pressure system and the downdraft airflow, and the CT changed from CT5 to CT1, then to CT5, and finally to CT4. From the night of December 5 to December 6, the northeast cold air mass affected the Changsha area, making the boundary layer structure stable, and the wind direction changed from southwest to northeast, causing a recirculation process. From December 6 to 8, the stable boundary layer structure and the strong downdraft brought by the northern cold high pressure confined the pollutants in the lower layers and caused continuous pollution. From December 7 to 8, the surface wind changed from southwesterly to northerly, causing a second recirculation. After December 9, the cold air mass in the Changsha area was controlled by CT4 to move eastward, the temperature increased, the increase in the boundary layer was conducive to the diffusion of pollutants, the surface wind field turned southeasterly, and the air quality improved.
From August 8 to 14, 2017, a “pseudo-recirculation” process occurred in the Changsha area. It can be seen from Figure 13C that the concentration of PM2.5 first increased and reached its peak on the night of 8 August 2017 (about 35 μg/m³, the national first-level air quality standard), and then its concentration continued to remain below 25 μg/m³. The PM2.5 concentration increased slightly on the evening of August 12, reached a peak ( ∼ 35 μg/m³) at noon on August 13, and then decreased to a level below 10 μg/m³. During the R2 period, the PM2.5 concentration first increased, then decreased, and increased again, which has the characteristics of a general recirculation process. However, the pollutant concentration has never exceeded 50 μg/m³, and thus we defined the R2 process as a “pseudo-recirculation” process.
From Figures 13A–C, it can be seen that the value of PBLH in the Changsha area also showed obvious periodic changes during the R2 stage, and the PBLH remained at a high level during this period (peak value max 1,500 m, min ∼100 m). During the R2 stage, Changsha was always affected by the southwest vortex, and the circulation pattern changed from CT7 to CT2, then to CT8, and finally to CT7. On the night of August 8, the temperature dropped, the boundary layer structure changed from vigorous activity to stable behavior, the surface wind changed from southwest to northwest, and a recirculation occurred. From the evening of August 9 to the evening of August 12, the temperature rose, the development of the boundary layer led to strong vertical convection, the vertical diffusion of the pollutants improved, and the continuous southwest airflow brought clean air. In addition, the lower R index (0.07 on the 10th, 0.31 on the 11th, and 0.11 on the 12th) made the horizontal diffusion conditions better. On August 13, the surface wind field changed from southwest wind to northeast wind, causing recirculation. At this time, the temperature decreased, the boundary layer became stable, and the vertical diffusion conditions deteriorated. After August 14, the ground temperature rose again under the control of CT7, the development of the boundary layer made the vertical convection strong, the vertical diffusion conditions improved, and the pollutant concentration remained low.
4.2 Simulation of the two recirculation processes using the FLEXPART-WRF model
Figures 14A–D show the particle center movement trajectory, particle center height variation curve, particle swarm horizontal dispersion degree of variation curve, and the particle swarm vertical dispersion variation curve for each day from August 8 to 14, 2017. It can be seen from Figure 14A that the trajectory of the particle center of mass on August 8 exhibits a “C” shape. The particle center of mass first moved to the northwest and then turned to the southwest. This was the first recirculation. On August 12, the particle center of mass first moved to the northeast and then to the southeast, and the trajectory was arc-shaped. On August 13, the particle trajectory first turned to the northeast, then turned to the northwest, and then turned back to the southwest. This means that between August 12 and 13, the second recirculation occurred in the Changsha area. From Figure 14B, it can be seen that the height of the particle center of mass changed significantly in 7 days, and the height gradually increased from the initial release position (∼300 m) (the highest value was greater than 1,000 m), then fluctuated, and finally decreased (to a minimum of 600 m). This proves that the particle movement was significantly affected by convective activities during the 7 days, and the updraft carried the particles to the upper atmosphere.
[image: Figure 14]FIGURE 14 | Simulation of R1 and R2 process, (A) the particle center of mass movement trajectory during R2, (B) the height variation curve of the particle mass center during R2, (C) the horizontal dispersion variation curve (rms) during R2, (D) the vertical dispersion variation curve of the particle swarm (zrms) during R2, (E–H) the same as (A–D) but for R1 process.
Figures 14E–H show the particle center of mass movement trajectory, the height variation curve of the particle mass center, the vertical dispersion variation curve, and the horizontal dispersion variation curve of the particle swarm for each day from December 4 to 9, 2016. From Figure 14E, it can be seen that the trajectory from December 5–6 has an “L” shape and the particles mainly come from the northeast, which proves that a recirculation occurred from December 5 to 6. For December 7, the particle trajectory exhibits a “U” shape. The particle center of mass first moves northward and then bends to the southwest. On December 8, the particle center of mass moves southward and then turns back northward. The trajectory is connected with that of December 7, which proves that the second recirculation occurred from December 7 to 8. From Figure 14F, it can be seen that the height of the particle center of mass did not change significantly in 6 days, the initial height of the release was about 300 m, and the height of the center of mass gradually increased to ∼600 m after 24 h of backward simulation. This proved that the movement of the particle swarm within 6 days was mainly affected by the downdraft airflow control.
From Figures 14C,D and Figures 14G,H, it can be seen that the vertical dispersion of particles is very large during R2, and the degree of vertical motion diffusion is significantly stronger than that during the R1 process. In the mean while, as the simulation time progresses, the horizontal dispersion of particles increases significantly during R1, whereas the change of the horizontal dispersion of particles is much smaller during R2. It proves that the particle movement is dominated by the horizontal dispersion during R2, and the vertical dispersion is low. While, during R1, the particle movement is dominated by the vertical dispersion, and the horizontal dispersion is low.
4.3 Comparison of the R1 and R2 processes
By comparing the above two processes, we found that the R1 process was mainly affected by CT5, CT1, and CT4. From Figure 6, we found that the CZT under these CTs is mainly located in the center of a weak high-pressure region or at the rear of the high-pressure region, and the movement of particles is affected by the downdraft airflow. The AW method predicts that the recirculation index, R, is large in this case, the horizontal recirculation effect is more obvious, and the vertical diffusion movement is not obvious. Therefore, the occurrence of two horizontal recirculation processes is the main reason for the continuously high PM2.5 concentration. The CZT region is mainly affected by CT7, CT2, and CT8 during the R2 process. It can be seen from Figure 6 that the CZT region is significantly affected by the southwest vortex under these CTs. Particles have a larger degree of vertical diffusion and a smaller degree of horizontal diffusion. Although it is calculated by the AW method that the value of R is large in this case (greater than the average value of 0.245 in Changsha), the phenomenon of recirculation is not obvious. This implies that the effect of horizontal recirculation on particulate pollution is weak. However, during the R2 process, the boundary layer rises, the convection develops vigorously, and the strong vertical diffusion movement is the main reason the PM2.5 concentration has been maintained at a very low level.
5 CONCLUSION
We calculated the daily index R of four major cities (Changsha, Hengyang, Yueyang, and Changde) in the CZT region using the AW wind field classification method. The PBLH of the above four cities at 8:00 (BJT) and 20:00 (BJT) were determined by the Richardson number method combined with the ERA5 boundary layer height variable. The relationship between R, PBLH, and the PM2.5 concentration was analyzed. The 925 hPa geopotential height in the CZT region was divided into nine types using the T-PCA circulation classification method. In this study, for the first time, the circulation pattern combined with the recirculation index R and the PBLH were used to comprehensively analyze the impact of the meteorological conditions on the change in the PM2.5 concentration in the CZT region. Finally, two recirculation processes were numerically simulated using the FLEXPART-WRF model. The following conclusions can be drawn from these simulations:
1. In the CZT, when the value of R is large, recirculation as well as the “pseudo-recirculation” occurs, and the proportion is balanced. When recirculation occurs, the PM2.5 concentration is high, and PBLH is low, whereas when “pseudo-recirculation” occurs, the PM2.5 concentration is low, and PBLH is high.
2. Under the control of CT4, CT5, CT7, and CT8, the horizontal wind recirculation index in the CZT region is very large. Among them, under the control of CT4 and CT5, the value of PBLH is very low, the vertical motion is weak. In addition, the diffusion of pollutants is mainly affected by horizontal recirculation, the diffusion ability is poor, and the concentration of PM2.5 is higher. Under the control of CT7 and CT8, the value of PBLH is high, the vertical movement is stronger, and the pollutant diffusion ability in the vertical direction is better, resulting in a lower PM2.5 concentration.
3. The FLEXPART-WRF model was used to analyze two recirculation events in the CZT region, and it is found that when using the AW horizontal wind field classification method to screen out the weather with high R, the boundary layer height must be introduced, combined with the CTs, in order to truly distinguish the recirculation phenomenon from the “pseudo-recirculation”. Only then can we judge whether there is polluted weather depending on the meteorological conditions.
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