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Abstract

:

The planetary boundary layer (PBL) structure and its evolution can significantly affect air pollution. Here, the PBL’s characteristics and their association with air pollution were analyzed in Hefei, east China, using ERA5 reanalysis data, weather observations and air pollutant measurements from 2016 to 2021. In the near-surface level, air pollution was directly influenced by ground meteorological conditions, and high PM2.5 was normally related to weak wind speed, northwest wind anomalies, low temperature and high relative humidity. Moreover, in the trajectory analysis, air masses from the north and the northwest with short length played an important role in the high PM2.5 with pollutant transport within the PBL. Furthermore, high PM2.5 showed a tight dependence on PBL stratification. There was high temperature and relative humidity and low wind speed and PBL height within all PBL altitudes in the polluted condition. Notably, vertical wind shear (VWS) and temperature gradient tended to be much weaker below 900 hPa, which created a deeply stable stratification that acted as a cap to upward-moving air. Such a PBL structure facilitated more stable stratification and enhanced the generation of air pollution. Finally, the stable stratification in the PBL was related to the special synoptic configuration for the high PM2.5 conditions, which included the block situation at the high level, the southerly wind anomalies at the middle level and the wild range of the uniform pressure field at the near-ground level. Therefore, air pollutant concentrations were regulated by ground factors, PBL structure and the synoptic situation. Our results provide a precise understanding of the role of PBL features in air pollution, which contributes to improving the assimilation method of the atmospheric chemistry model in east China.
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1. Introduction


Air pollution events occur frequently in China, with a significant increase in industrial emissions and vehicle exhaust since 2000, causing severe ecology and health problems [1,2]. People are becoming more aware of the dangers of air pollution, and the government has made significant attempts to improve air quality [3,4]. The most pressing task is to find out why air pollution forms by examining emission sources and meteorological conditions, which can provide helpful control ideas for local governments [5,6].



In recent years, the main primary pollutant in China is particulate matter (PM), which comes from fossil-fuel combustion, car exhaust and gas–particle conversion [7,8]. Furthermore, meteorological conditions impact air quality through a complicated set of processes and effects, such as regional transport, local accumulation and moist or dry removal processes [9,10]. Normally, pollutant emissions are basically constant in the short term, so weather factors play a leading role in air quality deterioration [11,12,13].



Air pollutants are affected by local ground conditions, PBL vertical structure and the large-scale synoptic situation in terms of meteorological role [14,15,16]. Recent research indicates that among ground meteorological factors, wind speed and precipitation both have an obvious role in PM2.5 concentration [17]. The scavenging effect of precipitation on aerosol is primarily demonstrated by moist deposition and wet removal [18]. Like cloud condensation nuclei, aerosol particulates can be washed out by raindrops [19,20]. High wind speed tends to create strong turbulence, which results in better dispersion conditions for contaminants, and lower wind speeds promote PM2.5 accumulation with weak horizontal diffusion ability [21,22]. Because of the migration of air contaminants, wind direction has a significant impact on air pollutants [23,24]. With regard to the large-scale synoptic situation, it interacts with regional PM2.5 at larger spatial scales and thus can affect the long temporal change in PM2.5 [25,26]. Synoptic circulation offers a large-scale backdrop of local weather conditions, which impacts the characteristics of the ground meteorological variables and PBL structure related to PM2.5, including rainfall, wind factors, relative humidity, cloud parameters, radiation balance and temperature [27,28,29,30,31]. Most previous studies mainly focused on the favorable synoptic circulation of heavy air pollution in the United States [32,33] and China [34,35].



PBL, as a link between the ground conditions and synoptic situation, modifies PM2.5 concentration fluctuation through thermal and dynamic roles, such as inversion layer and vertical wind shear (VWS). The PBL’s thermos-dynamic stratification affects the vertical exchange of air pollutants. During the convective PBL, air contaminants tend to mix evenly by way of convective turbulence in the vertical direction [36,37]. As the dynamic structure of the PBL, low-level jets (LLJs) have an effect on air pollution with strong VWS within the PBL in various areas around the globe. For instance, using measurements of wind profiler radars in north China, Zhang et al. [38] revealed that VWS can modulate PM concentration. Klein et al. [39] proved the role of LLJs in altering urban air-pollutant concentrations using a numerical model in the United States. Temperature stratification, as an important thermal factor of the PBL, can suppress the vertical diffusion of air pollutants with a deep thermal inversion layer and low PBL height [24]. For instance, using a balloon sounding system in north and central China, Sun et al. [40] and Li et al. [36] found that less unstable structures in the PBL favored the heavy pollution with a slight vertical PM2.5.



East China experiences severe air pollution, especially in winter. Therefore, it is essential to clarify the influence of the PBL on air pollution. So far, the effect mechanism of the PBL on PM2.5 is unclear due to a lack of vertical observation of the PBL. Now, the latest ERA5 dataset has high-resolution vertical information, and it provides a possibility for PBL research in these areas [41,42]. Thus, in this paper, the effects of the PBL on PM2.5 based on ERA5 data in east China are presented. Section 2 introduces the study area, observational data and research methods. Section 3 analyzes the PBL features and their effects on the different levels of air pollution. Section 4 provides a brief summary.




2. Materials and Methods


2.1. Study Area


Hefei, located in east China, is a new large city with a population of 10 million and an area of 11 thousand square kilometers. This area, as shown in Figure 1a, lies in a climate transition zone with frequent heavy rainfall events. Meanwhile, it is located on the pollutant transport belt between the Jing-Jin-Ji and Yangtze River Delta areas, where air pollution often occurs in winter [43]. Air pollution in Hefei has a complex formation cause including local emissions and regional transmission [44,45,46]. Because Hefei is bordered by the Dabie Mountains to the west, the Huang Mountains to the south and plains areas to the north and east (Figure 1b), air pollutants from the north cannot export southward and accumulate around Hefei [24].




2.2. ERA5 Reanalysis Data


ERA5 is the most recent ECMWF reanalysis dataset [47]. With a 0.25° horizontal grid, ERA5 can provide hourly horizontal wind, air temperature and humidity data, and it has 37 pressure levels below 1 hPa [48]. Because of its great geographical and temporal resolution, ERA5 has been frequently employed in studies on air pollution [49], clouds [50] and heavy rainfall [51]. In this study, ERA5 was used from 2016 to 2021, and the high spatiotemporal resolutions of the ERA5 dataset can meet the criteria of vertical structure analysis [52,53,54]. The applicability of the ERA5 data at the research region is compared with that of radiosondes in Supplementary Figure S1.




2.3. Air Pollutant Data


This study uses hourly concentrations of major pollutants measured on the ground in Hefei, including particulate matter (PM2.5), nitrogen dioxide (NO2), sulfur dioxide (SO2), carbon monoxide (CO) and ozone (O3), which were downloaded from the official website of the Ministry of Ecology and Environment of China. As shown in Figure 2, PM2.5 concentration has significant seasonal variation characteristics, and only the PM2.5 concentration in winter was discussed in this work, as winter had the maximum PM2.5 concentration. Meanwhile, hourly PM2.5 in precipitation periods was excluded. The hourly PM2.5 was separated into three equal groups on the basis of the lower, middle and upper terciles of normalized PM2.5. The lower and upper groupings correspond to the clean and contaminated degrees, respectively [40]. Then, clean and polluted conditions were compared to discuss the difference in vertical structure.




2.4. Backward Trajectory and Cluster Analysis


The HYSPLIT model, commonly known as the backward trajectory [55], is a useful tool for analyzing air-mass pathways. HYSPLIT can obtain backward and forward trajectories at a fixed location for varying heights and times [56]. The input data of the HYSPLIT model comprise the Global Data Assimilation System (GDAS) dataset of the NCEP. In addition, cluster analysis (CA) was applied with statistical methods to group similar trajectories [57,58], and distinct clusters of back trajectories belong to different synoptic circulation systems [59].




2.5. Calculation of Vertical Wind Shear and Temperature Gradient


To analyze the effect of meteorological vertical structure on air pollution in Hefei, VWS and gradient of temperature must be computed in the beginning. Therefore, VWS is calculated as follows [60]:


  V W S =    (     u   t   −   u   l   )   2   +   (   v   t     −   v   l   )   2      (   z   t   −   z   l   )   × 1000  



(1)




where VWS is the vertical wind shear between the top and low levels in units of m/(s·km).     u   t    (    u   l    ) and     v   t    (    v   l    ) respectively indicate the zonal and meridional wind at the height of top level (    z   t    ) and low level (    z   l    ).



To discuss thermal role, the gradient of temperature was computed between two vertical levels using Equation (2):


  G d =     f   t   −   f   l       z   t   −   z   l     × 100  



(2)




where Gd is the gradient of temperature in units of °C/100 m.     f   t     and     f   l     respectively represent the temperatures at the height of top level (    z   t    ) and low level (    z   l    ).





3. Results and Discussion


3.1. Impact of Surface Meteorological Factors


In this section, the near-surface weather conditions and pollutant concentrations underlying the polluted and clean conditions (defined in Section 2.3) are discussed. Figure 3 shows air pollutants, meteorological factors and their increase rates (Equation (3)) between the polluted and clean conditions during the winters of 2016–2021 in Hefei. It can be seen that all surface pollutants and weather factors experienced notable differences between the polluted and clean conditions. Equation (3) is as follows:


  I R =     C   p   −   C   l       C   l     × 100  



(3)




where IR is the increase rate in units of %.     C   p     and     C   l     respectively represent the values of air pollutants or weather factors in the polluted and clean conditions.



Pollution emission directly leads to heavy pollution. Except for ozone, most particulate matter and gaseous pollutants rose considerably in the polluted condition (Figure 3a). The PM2.5 concentrations were 135.2 and 28.4 ug/m3 in the polluted and clean conditions, respectively, with increase rates of 380% (Figure 3c). Furthermore, the increase rates of gaseous pollutants were, successively, 150% (CO), 97% (SO2) and 95% (NO2), and the gas–particle conversion can enhance air pollution formation [61].



Meteorological factors, as an external cause, can influence the buildup of heavy air pollution [31]. As a good indicator of pollutant dispersion, the wind speed sharply decreased from 2.4 to 1.6 m/s during the two conditions with increase rates of −33% (Figure 3b,d). In the Yangtze River Basin, the equilibrium wind speed is roughly 2.1 m/s [62]; therefore, low wind speed is conducive to the accumulation of local pollutants, but high wind speed can clear pollutants. Relative humidity, as an essential driver of hygroscopic growth [63], increased from 60% (clean) to 77% (polluted) with increase rates of 28%. High humidity promotes the hygroscopic growth of particulate matter, which raises aerosol mass concentrations and increases the extinction coefficient. As a result of this increasing extinction, visibility reduced sharply from 16.8 km (clean) to 4.6 km (polluted), and its increase rates nearly reached −73%. Furthermore, compared to the clean condition, sea-level pressure increased slightly and temperature decreased by 16% in the polluted condition, which might have been caused by the frequent cold-air events with pollution transmission from the upstream region.



Wind direction is a useful index for judging the effect of pollution transport [24]. Figure 4 shows that the ground wind rose during the winters of 2016–2021 at Hefei station. The prevailing northerly wind dominated in winter. The most noticeable difference between the polluted and clean conditions was an increase in calm wind from 2.1% (clean) to 5.8% (polluted) (Figure 4a,b). Then, the 3.7% increment in calm wind led to more local accumulation of air pollutants (Figure 4c). Moreover, the frequency of the northwesterly (NW) and north-northwesterly (NNW) wind increased by a total of 3%, while the northeasterly wind (NE, NNE) and southwesterly wind (S, SW, WSW, W) all decreased noticeably. Considering the PM2.5 distribution around Hefei (Figure 1), the northwest upstream of Hefei was the most polluted area, and the increasing northwest wind can bring more air pollutants from the upstream region, which further increased the outbreaks of heavy air-pollution events.



As a result of the foregoing analysis, we found that the air pollution in Hefei was directly impacted by near-surface circumstances, including air pollutants and meteorological variables, in the horizontal direction. Furthermore, air pollutants can be transmitted vertically upwards; therefore, the meteorological vertical structure should be examined [40].




3.2. Back Trajectory Analysis


To further an understanding of air mass transport to PM2.5 pollution at various height levels, 72 h backward trajectories were estimated at altitudes of 100, 500 and 1000 m, and then all trajectories were categorized using cluster analysis in Hefei (Figure 5) [24,40]. As seen in Figure 5, six clusters were separately allocated to the polluted and clean conditions under the PBL in Hefei. The majority of the clusters came from the northerly sector in both the clean and polluted conditions under the PBL, which is in good agreement with the ground wind in Figure 4. Thus, pollutant transmission from the northern areas, such as Henan, Shandong and Hebei (Figure 1a), proved to have a significant role in the air pollution of Hefei at various PBL elevations [64].



Comparing the calculated air-mass transport pathways in the PBL, we found two main differences in the trajectory groups between the polluted and clean conditions as shown in Figure 5. Firstly, there was a significant difference in trajectory direction. All the air masses were from the northerly or northwesterly sectors, and particularly those from the northwest exceeded 90% of the total trajectories at 100, 500 and 1000 m, which was in good agreement with the upstream pollution area during the polluted condition. However, in the clean condition, the air mass from the south at 100, 500 and 1000 m accounted for 18.9%, 30.3% and 25.2% of the total trajectories, respectively, contributing to the clean air from the southern region. Secondly, trajectory length also had an obvious difference. In the clean condition, all the categories of air masses came from the north or northwest areas with short length, passing over northern or northwestern China with low speed, which was conducive to regional transmission and local accumulation. In contrast, if the air masses moved longer distances with high speed in the clean condition, turbulence would have diluted the pollutants in the air masses [65]. Overall, throughout the whole PBL height, the air masses from the north or the northwest with short length played an important role in the heavy air pollution in Hefei.




3.3. PBL Vertical Structure


The planetary boundary layer structure is a key factor in the formation and maintenance of air pollution. By way of atmospheric dynamic and thermal roles, the upward movement of air masses is affected in the vertical direction of the PBL, and different types of atmospheric stratification are formed [38]. In order to reveal the PBL structure characteristic of air pollution, the mean profile of wind speed, air temperature and RH were compared and analyzed for the polluted and clean conditions (Figure 6). Within the PBL, wind speed was the lowest at 1000 hPa and rose considerably with altitude; moreover, it peaked at 700 hPa with a value larger than 10 m/s (Figure 6a). Furthermore, temperature and RH were the greatest near the bottom and declined significantly with height (Figure 6c,e). The above three vertical profiles in the PBL have the same structure in other areas in China [42,66]. There were more differences between the polluted and clean conditions in the PBL. It should be noted that the wind speed in the polluted condition was much less than it was in the clean condition at all heights (Figure 6a), and the biggest difference occurred at 925 hPa with a value of −1.6 m/s (Figure 6b), implying that poor diffusion ability causes more contaminant accumulation. In particular, the decline rate of the wind speed below 900 hPa was much lower in the polluted condition than in the clean condition, and the wind speeds were all around 5 m/s with no apparent deviation in the vertical direction for the polluted condition in the near-surface layer (1000–900 hPa). These dynamic differences indicate that the low gradient of wind speed resulted in weak vertical wind shear and that the PBL in Hefei was more stable to restrain pollutant upload in the polluted condition.



In Figure 6c, it can be seen that the air temperature was much higher in the polluted condition than in the clean condition at all pressure levels, and these disparities can approach 3–6 °C in the PBL (Figure 6d), indicating that air pollution is associated with a comparatively warm layer under a high-pressure system in Hefei. In addition, the lapse rate in the polluted condition was lower than that in the clean condition, and the declining trend in temperature was relatively slow. Considering the increment at different altitudes as shown in Figure 6d, we found that the air temperature increased by 4.5–5.4 °C at the upper level from 925 hPa to 700 hPa but only by 3.0 °C at the surface level. The 2.4 °C difference of the increment between 1000 hPa and 925 hPa created a relative inversion layer. Such a thermal structure contributed to more stable stratification and hindered PBL growth.



When compared to wind and temperature, the change in RH expressed a clear distinction. The greatest difference in RH was observed at lower PBL ranging from 1000 to 925 hPa between the polluted and clean conditions as shown in Figure 6e. At the lower PBL, the RH was much higher in the polluted condition than in the clean condition, with an increment greater than 7.1% and a maximum value of 11.8% at 1000 hPa as shown in Figure 6f. In contrast, the RH of the two conditions was very close above 900 hPa. This RH tendency was associated with the more stable PBL due to atmospheric dynamic and thermal roles, which limited water vapor exchange over the upper PBL and favored water vapor buildup below the lower PBL, resulting in greater RH inside the lower PBL during the polluted condition. In the lower PBL, the high RH encouraged the secondary production of PM2.5.



To further assess the impact of the PBL on air pollution, the vertical wind shear and temperature gradient in Hefei were calculated from 1000 to 700 hPa as shown in Figure 7 and Figure 8, respectively. The main diagonal (from top right to bottom left) shows the local VWS and temperature gradient at each pressure level, while the color shading represents the amplitude of the VWS or temperature gradient in at least two successive vertical levels. The X and Y axes represent the top and bottom heights of the VWS or gradient bulk, respectively. Normally, the VWS value is substantially lower in polluted conditions than in clean conditions, and such low VWS values can restrict mechanical turbulence, lowering vertical mixing and establishing stable structures for air pollution generation. As shown in Figure 7, the mean local VWS was 5.9 (6) ms−1km−1 and 6.5 (7.4) ms−1km−1 for the polluted (clean) conditions at the upper PBL (875–700 hPa) and lower PBL (1000–900 hPa), respectively. It is noted that the VWS difference between the polluted and clean conditions at the lower PBL was greater than that at the upper PBL. This finding implies that the vertical mixing exchanges at the lower PBL directly affect pollutant accumulation at the ground. Once stable stratification is formed within a height of 0–1 km, air quality deteriorates at the ground in Hefei. Furthermore, the mean local temperature gradient was −0.34 (−0.42) °C·100 m−1 and −0.32 (−0.52) °C 100 m−1 for the polluted (clean) conditions at the upper PBL (875–700 hPa) and lower PBL (1000–900 hPa), respectively, as shown in Figure 8. When the temperature gradient reached the lower PBL, the difference between the polluted and clean conditions was larger than that at the upper PBL. The difference tendency for temperature gradient was consistent with that of the VWS in the PBL vertical direction. Thus, the difference in temperature between the ground and 900 hPa became weaker in the polluted condition, and the stratification of the PBL became more stable. Overall, through the joint action of thermal and dynamic factors, a relatively stable level was established in the lower PBL with weaker vertical mixing and a strong relative inversion layer, which restricts pollutant uploading and promotes pollution deterioration at the ground.




3.4. Synoptic System Analysis


The synoptic circulations were compared between the clean and polluted conditions to explain the cause of formation of the vertical structure as shown in Figure 9 and Figure 10. At 500 hPa (Figure 9j–l), there was an obvious block situation with a positive anomaly of geopotential height to the south of 40° N and a negative anomaly to the north of 40° N. Such abnormal southwesterly wind suggests that the East Asian trough weakened, which suppresses cold air from north China to Anhui province. Meanwhile, at the high level (700–500 hPa) (Figure 9g–i), a high-pressure anomaly over Hefei existed, indicating that a descending motion with the stable stratification restrained the pollutant upload. The adiabatic warming of the subsiding air resulted in a subsidence inversion, which acts as a lid on rising air (Figure 10a–f). Furthermore, at the middle level (850–700 hPa) (Figure 9d–i), the Hefei region was controlled by southerly wind anomalies, which brought more warm and moist air from the China Sea to Hefei. It can be seen in Figure 10d–i that there was an abnormally high air temperature and RH over Hefei, resulting in the reverse of temperature and humidity in the vertical direction (Figure 6). Such a PBL structure generated a relative inversion layer and increased atmospheric stability. In the near-ground level (1000 hPa) (Figure 9a–c), the high-pressure center weakened and the range of the uniform pressure field expanded in the polluted condition, which contributed to the generation of persistent stagnant weather during the pollution episode. These features of synoptic patterns in different levels were similar to those found in east China [11,43].





4. Conclusions


Using ERA5 reanalysis data and ground measurements during the winters of 2016–2021, the PBL vertical structure was analyzed to reveal the impact of meteorological stratification on air pollution in Hefei. The main results of this study can be summarized as follows:



Firstly, air pollutants all rose significantly with increase rates of 380% (PM2.5), 150% (CO), 97% (SO2) and 95% (NO2) in the polluted condition, and the gas–particle conversion enhanced air pollution formation. Meanwhile, near-surface weather conditions influenced air pollutant concentration by way of diffusion and removal roles. The northwest wind anomalies dominated with weak wind speed, low temperature and high RH, which caused frequent weak cold-air events with pollution transmission and local accumulation, thereby leading to local air pollution.



Furthermore, a favorable boundary layer structure played an important role in the air pollution in Hefei. Compared with the clean condition, there was less wind speed and higher temperature and humidity at all PBL altitudes in the polluted condition. More importantly, we found that the turning height of the dynamic and thermal conditions in the PBL was 900 hPa for the clean and polluted conditions. VWS and temperature gradient tended to be much weaker below 900 hPa, which created a subsidence inversion that acted as a cap to upward-moving air. Such a thermal and dynamic structure facilitated more stable stratification and enhanced the generation of air pollution. The special PBL structure in high PM2.5 conditions was related to the background of an atmospheric circulation anomaly. An obvious block situation weakened the East Asian trough and suppressed strong cold air at high levels. The southerly wind anomalies brought more warm and wet air from the China Sea to Hefei at the middle levels. The wild range of the uniform pressure field favored pollutant accumulation at the near-ground level.



By comparing the PBL factors between polluted and clean conditions, we found that the pollutant concentrations were regulated by the ground elements, PBL structure and synoptic situation. Next, it is more important to assimilate the PBL’s features into the atmospheric chemistry model and then improve air quality forecasting.
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Figure 1. The spatial distribution of (a) averaged PM2.5 concentration during winter from 2019 to 2021 and (b) monitoring station in Hefei overlaid with topography (color shading). The location of Hefei station is indicated by the red triangle, and the two sounding sites are indicated by the blue dots. 
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Figure 2. Monthly variation in PM2.5 concentration (unit: ug/m3) during 2016–2021 at Hefei station. 
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Figure 3. Near-surface pollutant concentration (a), meteorological factors (b) and their increase rates (c,d) in polluted and clean conditions during the winters of 2016–2021 in Hefei. 
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Figure 4. Near-surface wind rose during the winters of 2016–2021 for (a) polluted condition, (b) clean condition and (c) difference between the above two conditions in Hefei. ‘C’ is calm wind. 
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Figure 5. Mean HYSPLIT 72 h backward trajectories of 100 m (a,b), 500 m (c,d) and 1000 m (e,f) altitudes using cluster analysis of polluted (a,c,e) and clean (b,d,f) conditions during 2016–2021 in Hefei. 
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Figure 6. Vertical distributions of wind speed (a,b), temperature (c,d) and RH (e,f) for ‘polluted’, ‘clean’ (left) and their difference (right). 
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Figure 7. Vertical wind shear (VWS) of each height level in Hefei for (a) polluted condition, (b) clean condition and (c) their difference during 2016–2021. The X and Y represent the top and bottom height of the VWS bulk, respectively (unit: ms−1km−1). 
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Figure 8. Temperature gradient of each height level in Hefei for (a) polluted condition, (b) clean condition and (c) their difference during 2016–2021. The X and Y represent the top and bottom height of the temperature gradient bulk, respectively (unit: °C·100 m−1). 
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Figure 9. Spatial distribution of the geopotential height (black contours) superimposed by wind (color arrows, vector) at 1000 hPa (a–c), 850 hPa (d–f), 700 hPa (g–i) and 500 hPa (j–l) pressure levels under polluted (left column) and clean (middle column) conditions and the difference between them (right column) during 2016–2021. The areas highlighted with yellow lines represent the region of interest (Hefei). 
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Figure 10. Spatial distribution of the RH (black contour) superimposed by temperature (shaded) at 1000 hPa (a–c), 850 hPa (d–f), 700 hPa (g–i) and 500 hPa (j–l) pressure levels under polluted (left column) and clean (middle column) conditions and the difference between them (right column) during 2016–2021. The areas highlighted with red lines represent the region of interest (Hefei). 
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