[image: image1]Influence of Multi-Scale Meteorological Processes on PM2.5 Pollution in Wuhan, Central China

		BRIEF RESEARCH REPORT
published: 30 June 2022
doi: 10.3389/fenvs.2022.918076


[image: image2]
Influence of Multi-Scale Meteorological Processes on PM2.5 Pollution in Wuhan, Central China
Yucong Miao1*, Xinxuan Zhang1, Huizheng Che1* and Shuhua Liu2
1State Key Laboratory of Severe Weather & Key Laboratory of Atmospheric Chemistry of CMA, Chinese Academy of Meteorological Sciences, Beijing, China
2Department of Atmospheric and Oceanic Sciences, School of Physics, Peking University, Beijing, China
Edited by:
Ashish Sharma, University of Illinois at Urbana-Champaign, United States
Reviewed by:
Zhenxing Shen, Xi’an Jiaotong University, China
Yuanjian Yang, Nanjing University of Information Science and Technology, China
* Correspondence: Yucong Miao, miaoyucong@yeah.net; Huizheng Che, chehz@cma.gov.cn
Specialty section: This article was submitted to Atmosphere and Climate, a section of the journal Frontiers in Environmental Science
Received: 12 April 2022
Accepted: 13 June 2022
Published: 30 June 2022
Citation: Miao Y, Zhang X, Che H and Liu S (2022) Influence of Multi-Scale Meteorological Processes on PM2.5 Pollution in Wuhan, Central China. Front. Environ. Sci. 10:918076. doi: 10.3389/fenvs.2022.918076

Heavy PM2.5 (particulate matter with an aerodynamics diameter less than 2.5 μm) pollution frequently happens in Wuhan under unfavorable meteorological conditions. To comprehensively understand the complex impact of both regional-scale synoptic forcing and local-scale processes within the planetary boundary layer (PBL) on air quality in Wuhan, this study analyzed long-term PM2.5 concentration measurement, near-surface and upper-air meteorological observations from March 2015 to February 2019, in combination with the Modern-Era Retrospective Analysis for Research and Applications version 2 (MERRA-2). We found that in winter the day-to-day change of PM2.5 pollution level in Wuhan was governed by the synoptic warm/cold advection, in addition to the high emissions of pollutants. The synoptic condition can largely determine both the vertical development of PBL and horizontal transport of pollutants. When a high-pressure system is located to the north of Wuhan at the 900-hPa level, the induced warm advection above 1,000 m can enhance the thermal stability of lower troposphere and inhibit the development of daytime PBL, leading to a decreased dispersion volume for pollutants. Meanwhile, within the PBL the pollutants emitted from Henan, Shandong, and Anhui provinces can be transported to Wuhan, further worsening the pollution. Our results highlight the importance of coordinated pollution controls in Central China and adjacent north regions under the unfavorable synoptic condition.
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INTRODUCTION
Wuhan, the capital city of Hubei province, is one of most populated and heaviest polluted cities in China (Miao et al., 2019; Xiao et al., 2020; Tao et al., 2021). It is a major industrial and commercial city in Central China, with a population of more than ten million. Due to the high level of urbanization and industrialization, and associated huge consumptions of energy and resources, anthropogenic air pollution has become one of most critical environmental issues in Wuhan (Miao et al., 2019). The PM2.5 (particulate matter with an aerodynamics diameter less than 2.5 μm) pollution events have been frequently reported under unfavorable meteorological conditions (e.g., Lu et al., 2019; Miao and Liu, 2019; Tao et al., 2021), threatening the health of citizens (Pope and Dockery, 2006).
The city is crossed by the transportation routes of road, rail, and river from almost every direction, linking the north, south, west, and east parts of China. This unique geographical location (Supplementary Figure S1) makes it subject to the influence of air masses/pollutants moved from every direction (Mbululo et al., 2019; Miao et al., 2019). For example, during a pollution episode in November 2017, large amounts of aerosols were transported to Wuhan from North China along with the movement of cold air masses (Xiao et al., 2020). Similar processes have also been reported by Hu et al. (2021) and Lu et al. (2019). In addition to these trans-boundary transport processes, the local-scale planetary boundary layer (PBL) also plays a critical role in the formation of PM2.5 pollution (Liu et al., 2018; Mbululo et al., 2019; Xiao et al., 2020). Because the PBL governs the vertical exchange of energy, matter, and heat between surface and upper free atmosphere, the height of boundary layer (BLH) is widely used to quantify the volume for pollutant dispersion and dilution (Stull, 1988; Miao and Liu, 2019). Within the PBL, near-surface inversion layer and calm wind condition were often found to be associated with the PM2.5 pollution in Wuhan (Mbululo et al., 2019; Miao and Liu, 2019). Although the importance of regional-scale synoptic condition (Xiao et al., 2020) or local-scale PBL thermal structure (Miao and Liu, 2019) for the PM2.5 pollution in Wuhan has been pointed out, the connection between these multi-scale atmospheric processes and their integrated effects on pollution are not yet clear understood, particularly in the heavily polluted winter.
In order to comprehensively understand the pollution formation mechanism in Wuhan and elucidate the environmental impact of multi-scale meteorological processes, we collected and analyzed long-term PM2.5 concentration measurement, near-surface and upper-air meteorological observations from March 2015 to February 2019, in combination with the Modern-Era Retrospective Analysis for Research and Applications version 2 (MERRA-2).
DATA AND METHOD
In this study, hourly PM2.5 concentration data from March 2015 to February 2019 in Wuhan were collected from nine monitoring sites in Wuhan (Supplementary Figure S1B), which are operated by the China National Environmental Monitoring Center (CNEMC). We first calculated the daily concentrations for each PM2.5 monitoring site, and then averaged the concentrations of all sites to derive the daily values. Besides, both ground-level and upper-air meteorological observations were obtained from a station (114.05°E, 30.60°N) in Wuhan, which is operated by the China Meteorological Administration. The ground-level meteorological parameters were recorded hourly. The sounding balloon was launched twice a day at 08:00 LT (00:00 UTC) and 20:00 LT (12:00 UTC), which can provide fine-resolution vertical profiles of temperature, humidity, wind, and pressure (Miao et al., 2015).
To complement these above-mentioned discrete observations to gain further insight into the nature of PM2.5 pollution, we analyzed the MERRA-2 data in this study, which is the latest atmospheric reanalysis of the modern satellite era developed by NASA’s Global Modeling and Assimilation Office (Gelaro et al., 2017). In the vertical dimension, there are 72 model levels from surface to 0.01-hPa level. The MERRA-2 dataset was used as an alternative to derive the daily maximum BLH in the afternoon (Miao et al., 2022). We estimated the BLH as the level at which the potential temperature (PT) first exceeds the minimum PT within the PBL by 1.5 K (Nielsen-Gammon et al., 2008; Miao et al., 2021). Based on the meteorological fields (e.g., pressure, temperature) derived from MERRA-2, we employed the T-mode principal component analysis (T-PCA) (Huth et al., 2008) to identify the typical synoptic conditions associated with the polluted and clean conditions in Wuhan. The T-PCA studied region covered Central China and its adjacent regions, in a range from 110 to 121°E and 26 to 37°N. The T-PCA has been widely used to untangle the relationships between regional-scale background meteorological conditions and local-scale weather phenomena or pollution processes (e.g., Miao et al., 2018; Yan et al., 2019; Li et al., 2021), which has proven to be a reliable objective classification method due to its high temporal and spatial stability in the classified results (Philipp et al., 2010; Zhang et al., 2012; Ye et al., 2016). The detailed information of the T-PCA can be found in previous studies of Huth et al. (2008) and Philipp et al. (2010). After identifying the typical synoptic conditions, the spatial distributions of PM2.5 concentration could be revealed on the basis of the Chinese Air Quality Reanalysis (CAQRA), which is the assimilation dataset of surface observations from the CNEMC using the ensemble Kalman filter and Nested Air Quality Prediction Modeling System (Kong et al., 2021).
Besides, 48-h backward trajectories of air masses were simulated using the Hybrid Single Particle Lagrangian Integrated Trajectory model (HYSPLIT) (Draxler and Hess, 1998) and MERRA-2 data, which can help to recognize the transport pathways of pollutants (Sun et al., 2017). For each day during the study period, a 48-h backward trajectory was calculated with ending time at 20:00 LT, and the trajectory ending point was set above the meteorological station in Wuhan (114.05°E, 30.60°N, 100 m above ground level). Based on the simulated backward trajectories, we calculated the map of potential source contribution function (PSCF) (Mbululo et al., 2019; Sun et al., 2017) for the PM2.5 pollution in Wuhan. The PSCF value in the ij-th grid was calculated as Pij/Nij, in which the Nij was the number of endpoints that fall in the ij-th grid and the Pij was the number of “polluted” trajectory endpoints in the same grid. The “polluted” trajectory was usually determined according to a threshold value of pollutants’ concentration. In this study, we calculated the PSCF with a resolution of 0.5° × 0.5°.
RESULTS AND DISCUSSION
Overall Characteristics of PM2.5 Pollution in Wuhan
During the study period from March 2015 to February 2019, prominent seasonal variation of PM2.5 concentration in Wuhan can be observed (Supplementary Figure S2). The maximum seasonally average PM2.5 concentration was 86.5 μg m−3 in winter (Dec-Jan-Feb), significantly higher than the average concentrations in other seasons, which were 55.3 μg m−3 in spring (Mar-Apr-May), 31.0 μg m−3 in summer (Jun-Jul-Aug), and 49.1 μg m−3 in autumn (Sep-Oct-Nov). Therefore, we focused on the wintertime PM2.5 pollution in Wuhan. Because most pollution events in winter occurred on the dry conditions, we excluded the rainy days (i.e., 24-h accumulated precipitation greater than 0.5 mm) in this study. In total, the measurements of 260 days in winter were analyzed.
The day-to-day variation of PM2.5 concentration in Wuhan is shown in Figure 1A. It was found that higher PM2.5 concentrations were often associated with warmer atmosphere above 1,000 m. Comparing the 850-hPa PT with daily PM2.5 concentration in Wuhan, a significant positive correlation (R = 0.29, p < 0.001) can be found. To further understand the relationship between 850-hPa PT and PM2.5 pollution level, we grouped both variables into five bins according to the quintile values of PM2.5 concentration (Figure 2). Binning is an effective approach to isolate the expected variability from sampling uncertainty (Seidel et al., 2010; Miao et al., 2018). There was a pronounced increasing trend in the 850-hPa PT along with the deterioration of PM2.5 pollution from the first quintile to the fifth quintile, with a spearman correlation coefficient of 0.99 (p < 0.001) between the averages of binned PTs and PM2.5 concentrations. This relationship between the 850-hPa PT and PM2.5 concentration is consistent with the previous study in Central China (Miao et al., 2018). Specifically, the first quintile of PM2.5 concentration ranged from 20.3 of 61.5 μg m−3, corresponding to the 850-hPa PT within a range from 269 to 296 K, while the fifth quintile of PM2.5 concentration (121.4–292.3 μg m−3) was relevant to higher PT (280–299 K). The elevated warming above 1,000 m was also reported in the pollution episode in Wuhan during November 2017 (Xiao et al., 2020), which may enhance the thermal stability in lower troposphere, suppress the development of PBL, and limit the dispersion and dilution of pollutants (Miao et al., 2019; Wang et al., 2020). Such a physical mechanism will be systematically elucidated in the following section by combining synoptic classification and PBL structure analysis. In the rest, we referred the first and fifth quintiles to the clean and polluted conditions in Wuhan, respectively.
[image: Figure 1]FIGURE 1 | Time-height sections of potential temperature (PT) in winter from December 2015 to February 2019 in Wuhan, derived from (A) radiosonde measurements and (B) MERRA-2 at 08:00 LT. In (A), the time series of daily PM2.5 concentration (red line and dots) is also shown, and the correlation coefficient between the daily concentration and 850-hPa PT is 0.29 (p < 0.001). The correlation coefficient between the measured PT profiles and MERRA-2 PT profiles is 0.99 (p < 0.001).
[image: Figure 2]FIGURE 2 | Boxplot showing the changes of daily PM2.5 concentration (blue) and 850-hPa PT (red) in Wuhan during winter on the days of different quintiles of PM2.5 concentration (Q1 to Q5). The PTs shown were derived from the radiosonde measurements at 08:00 LT, and the measurements of rainy days (24-h accumulated precipitation greater than 0.5 mm) were excluded. The central box represents the values from the lower to upper quartile (25th to 75th percentile). The vertical line extends from the 0th percentile to the 90th percentile value. The middle solid line represents the median, and the dot represents the mean value.
In addition to the thermal structure, significant difference in the wind profiles between the clean and polluted conditions can also be observed (Supplementary Figure S3B); the clean condition featured north or northwesterly winds at the height between 700 and 1,200 m, while the polluted condition was associated with relatively weaker northeasterly winds. All these above-mentioned differences of PT, wind speed and direction in Wuhan were well reproduced by MERRA-2 (Figure 1 and Supplementary Figure S3). Thus, it would be reliable to explore the underlying physical processes in Wuhan using MERRA-2.
Influence of Synoptic Condition and PBL Structure
Because the change of PM2.5 pollution in Wuhan was closely related to the variation of 850-hPa PT, we used the daily 850-hP PT fields derived from MERRA-2 as the T-PCA input data, and eight types of synoptic pattern were objectively classified (Supplementary Figure S4). Among these identified synoptic types, Type-1 was predominantly relevant to the PM2.5 pollution days, and Type-2 was in relation to the clean condition (Supplementary Figure S5). These two synoptic types were the most occurred conditions in Central China, accounted for 74.5% of the total (Supplementary Figure S4). Under the control of Type-2, Wuhan was influenced by a cold advection from the northwest (Figure 3B). By contrast, Wuhan was under the influence of a 900-hPa high-pressure system in the north of city when Type-1 happened, leading to weak northeasterly winds and input of warmer air masses from the east to Wuhan (Figure 3A). The elevated warm advection can significantly increase PT above 1,000 m (Figure 4A), and strengthen the thermal inversion above the PBL, leading to a depressed PBL in the afternoon. Specifically, the average BLH at 14:00 LT was merely around 1,100 m in Wuhan under the control of Type-1, significantly shallower than the average BLH of Type-2 (1,400 m). Such a depression of BLH decreased the dispersion volume for pollutants (Stull, 1988; Li et al., 2021; Miao et al., 2022), leading to an increased PM2.5 concentration in Wuhan.
[image: Figure 3]FIGURE 3 | Typical synoptic patterns associated with (A) polluted and (B) clean conditions in Wuhan, and the corresponding (C,D) near-surface PM2.5 concentration and wind fields. In (A,B), the synoptic patterns were identified using the T-PCA on the basis of daily MERRA-2 850-hPa PT fields, overlaid with geopotential height and wind vector fields at the 900-hPa level. In (C,D), the PM2.5 concentration and wind fields were derived from the CAQRA data, and only the data on the polluted or clean days were averaged for the specific type of synoptic pattern.
[image: Figure 4]FIGURE 4 | (A) Averaged PT profiles at 14:00 LT in Wuhan on the polluted (in red) and clean (in blue) days under the typical synoptic types and their difference (in green), and (B) the difference in the PT tendency due to radiation between the polluted and clean days from 08:00 to 14:00 LT. All the PT profiles shown are derived from MERRA-2, and the BLHs at 14:00 LT were denoted by the dashed lines in (A).
In addition to the regional-scale synoptic forcing, the radiative effect of aerosol can also modulate the PBL thermal structure (Wang et al., 2018; Miao et al., 2020), which might be another cause of PBL depression in the afternoon. Based on the temperature tendency due to radiation derived from MERRA-2, the PBL thermal modulation caused by the aerosol radiative effect at 14:00 LT can be approximately estimated, which is calculated as the difference of 6-h accumulated radiative temperature tendency (08:00 to 14:00 LT) between the polluted and clean days (Figure 4B). From 08:00 to 14:00 LT, the aerosol radiative effect can increase the PT of the upper and middle portions of PBL by 0.2–0.4 K, however, it cannot explain the pronounced difference (around 4–6 K) near the PBL top between the polluted and clean days (Figure 4A). It indicates that the depression of afternoon PBL on the pollution days in Wuhan is primarily caused by the synoptic forcing (Figure 3), although the aerosol radiative effect (Figure 4B) may further suppress the development of PBL to some extent (Miao et al., 2019).
The synoptic condition not only modulates the PBL structure, but also determines the transport pathways of pollutants (Ye et al., 2016; Xiao et al., 2020). Because the day-to-day variation of PM2.5 concentration in Wuhan can be well duplicated by CAQRA (Supplementary Figure S6), we derived the near-surface spatial distributions of PM2.5 concentration and wind from CAQRA (Figures 3C,D). Under the influence of Type-1, grids with PM2.5 concentration greater than 120 μg m−3 not only can be found in Wuhan, but also in the north upstream regions (Figure 3C), including Henan, Anhui, and Shandong provinces. When influencing by the large-scale northerly prevailing winds, the massive pollutants in Henan, Anhui, and Shandong provinces can be easily transported to Wuhan. Such a transport of pollutants from north under the Type-1 must be partly responsible for the formation of heavy PM2.5 pollution in Wuhan.
To further validate the regional transport from north, we derived the PSCF map for PM2.5 pollution in Wuhan on the basis of HYSPLIT backward trajectories. The trajectories ending on the PM2.5 pollution days were identified as the “polluted” trajectories. In addition to the local emissions, the potential source regions for the heavy PM2.5 pollution in Wuhan included the north part of Anhui, the east part of Henan, and the west part of Shandong (Supplementary Figure S7), which are well consistent with the CAQRA PM2.5 concentration fields of Type-1 (Figure 3C). It indicates that the transport of pollutants from Henan, Anhui, and Shandong provinces is critical to the formation of heavy PM2.5 pollution in Wuhan. Therefore, to achieve a pollution-free environment, coordinated controls between Wuhan and its north upstream regions should be implemented when the unfavorable synoptic condition happens.
In short, the synoptic condition governs the wintertime PM2.5 pollution in Wuhan via both vertical depression of BLH (Figures 3A, 4) and horizontal transport of pollutants (Figure 3C). When there is a high-pressure system located to the north of Wuhan at the 900-hPa level, the elevated warm advection above 1,000 m can enhance the thermal stability in lower troposphere and inhibit the development of daytime PBL, leading to a decreased dispersion volume for pollutants in Wuhan. Meanwhile, within the PBL the pollutants emitted from the north provinces (i.e., Henan, Shandong, and Anhui) can be transported to Wuhan, further worsening the pollution. These multi-scale meteorological processes are critical to the frequent occurrence of PM2.5 pollution in Wuhan during winter, in addition to the high emissions of pollutants.
CONCLUSION
Our results improve the understanding of PM2.5 pollution formation mechanism in the populated Central China, as well as the environmental impacts of multi-scale meteorological conditions during winter. We find that synoptic warm/cold air advection is critical to the formation of air pollution in Wuhan, because it governs both the vertical development of PBL and horizontal transport of pollutants. When a high-pressure system is located to the north of Wuhan at the 900-hPa level, the elevated warm advection above 1,000 m can enhance the thermal stability in lower troposphere and inhibit the development of daytime PBL in Wuhan. Meanwhile, the pollutants emitted from the adjacent Henan, Shandong, and Anhui provinces can be transported to Wuhan, further worsening the pollution. This study highlights the importance of coordinated pollution controls in Central China and its adjacent north regions under the unfavorable synoptic condition.
Besides, although this study has emphasized the impact of physical processes on the PM2.5 pollution in Wuhan, the chemical processes within the PBL also should not be deemphasized, which merits further experimental, observational, and numerical investigations.
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