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Abstract

:

Persistent pollution often occurs in North China in winter. The study of the sub-seasonal evolution characteristics of fine particles (PM2.5) can provide a theoretical basis for the prediction and prevention of persistent pollution. Based on the high-resolution gridded data of PM2.5 and NCEP/NCAR reanalysis, the sub-seasonal variation in PM2.5 in North China in winter and its dominant circulation patterns from 1960/61 to 2019/20 were analyzed. The results show that, in winter, PM2.5 in North China shows a dominant period of 10–20 days, and persistent heavy pollution occurs at the active phase of oscillation. Based on the PM2.5 quasi-biweekly oscillation (QBWO) events, the 850 hPa wave train can be classified into four categories. It was found that, during the active phase of PM2.5 QBWO, the wind speed is weak and humidity is high in the low-troposphere for all of the four event types, while the quasi-biweekly 850 hPa wave train and the track of geopotential height anomaly are significantly different. Based on the characteristics of circulation evolution, these four types of events can be named as eastward, split southward, southeastward, and merged event. The energy conversion between the basic flow and the quasi-biweekly disturbance, and the mean flow difference are responsible for the circulation diversity for different PM2.5 QBWO events. The above research results can provide a theoretical basis for pollutant prediction.






Keywords:


PM2.5; quasi-biweekly oscillation; leading circulation patterns; K-means












1. Introduction


A high concentration of fine particles (PM2.5) pollution will cause significant negative impacts on the regional environment and human health, especially in densely populated and industrially developed cities [1]. Pollutant particles usually consist of primary particles and secondary particles [2]. Primary particles often include construction dust particles, straw and fossil fuel incineration. Secondary particles are mainly formed by various chemical reactions of the pollution components in the atmosphere under the influence of meteorological factors, which are difficult to remove under normal environmental conditions [2,3]. If they encounter heavy humidity and low wind, the probability of haze will increase. Compared with primary particles, the size of secondary particles is smaller, with a longer residence time in the atmosphere, longer transmission distance, longer duration, and stronger severity on human health and the atmospheric environment, and the harm of secondary pollutants is far greater than that of primary pollutants [4,5]. In general, the concentration of pollutants is determined by the emission source and meteorological conditions. Emission source has the greatest influence on the total amount of pollutants as a whole [6], and the meteorological conditions, for example, the wind in low troposphere, humidity, and the stability of the atmosphere, determine the regional transmission, sedimentation and generation of secondary pollutants [7,8]. Compared with primary sources, meteorological conditions have greater uncertainty and uncontrollable factors. The excessive concentration of pollutants is more likely to occur under special weather conditions conducive to the formation and accumulation of pollutants, such as stable weather with a low wind speed, high humidity and less precipitation [9,10,11]. In January 2013, a severe haze occurred in Beijing, China, lasting for several days. Conducive weather conditions are an important ingredient of severe disasters, including reduced surface winter northerlies, weakened northwesterlies in the mid-troposphere, and enhanced thermal stability of the lower atmosphere [9,12]. Research by Cai et al. has also shown that, on the background of climate change, weather conditions will increase the frequency of severe haze occurrence in winter in Beijing, such as that occurring in 2013 [9].



North China is densely populated with rapid industrialization. As an important economic zone in eastern China, huge energy consumption and adverse atmospheric diffusion conditions have led to particularly serious PM2.5 pollution in the region. In combination with the superimposed effects of the topography of the Taihang Mountains and Yanshan Mountains, some areas of North China are in a semi-enclosed terrain, which makes it more difficult for pollutants to diffuse [13]. There have been several polluted events with a PM2.5 concentration of more than 500 μg/m3, and the pollution often lasts for several days [12,14,15,16]. Research has shown that the weak weather system, low activity of strong cold air, extremely unfavorable local meteorological conditions, and geographical situation for pollutant diffusion in the Beijing–Tianjin–Hebei region of China in January 2013 were the external conditions that led to the formation of this severe haze pollution. The rapid conversion of gaseous pollutants into particles is an internal driving factor for the “explosive” and “persistent” nature of this strong haze pollution, especially the large amount of NOx, which is mainly emitted by fuel in the atmosphere, and promotes the rapid conversion of gaseous SO2 from coal-fired emissions to particulate sulfate [17]. However, the serious pollution in February 2013 was related to the low wind speed near the surface, high humidity, and the stability of the boundary layer caused by temperature inversion [18]. As the aerosol is nearly saturated in the atmosphere, the sustainability of pollution depends on the diffusion characteristics of the atmospheric circulation to pollutants [19,20,21,22,23,24].



In terms of seasonal variation, the PM2.5 concentration is highest in winter among the four seasons. This is mainly because, in winter, it is affected by coal-fired heating, which leads to a concentration of SO2 that is significantly higher than in the other seasons. In addition, the temperature in winter is low, the pressure is high, the planetary boundary layer is low, turbulence and air convection are weak, and the temperature inversion phenomenon increases the stability of the atmosphere. Therefore, there are more occurrences of fine particle pollution events in winter [25,26].



In winter, the atmosphere in East Asia shows significant quasi-biweekly oscillation (QBWO) characteristics, including wind, temperature, and humidity [27,28]. The research shows that the temporal and spatial distribution of the PM2.5 concentration in eastern China is closely related to the wave train in Eurasia [29,30,31,32]. Under the joint action of the polar front jet and the subtropical westerly jet, the quasi-biweekly evolutions of the Eurasian teleconnection pattern and Circum-global teleconnection pattern are responsible for the propagation of the wave trains, further affecting the quasi-biweekly evolution of PM2.5 in eastern China [29]. The evolution of PM2.5 in the Beijing–Tianjin–Hebei region is related to the QBWO of the East Asian trough, which can be traced back to the northwest of Eurasia [30]. It is worth noting that due to data limitations, the above studies were conducted from 2000 to 2019 [29] and from 2013 to 2017 [30]. However, over a longer period of time, the following questions remain: Is the concentration of PM2.5 also characterized by QBWO? Does its leading circulation pattern have different characteristics in different years or decades?



In order to solve such scientific issues, this study intended to use PM2.5 daily data to analyze the sub-seasonal characteristics of winter PM2.5 in North China from 1960/61 to 2019/20, and explore the associated impact process of atmospheric QBWO. The rest of this paper is arranged as follows: The second part details the materials and methods, and the third part analyzes four types of leading circulation patterns and evolution mechanisms that affect the QBWO of PM2.5; The fourth part includes the discussion.




2. Materials and Methods


2.1. Data


The PM2.5 dataset used in this paper was from the regional PM2.5 gridded data of China from 1960 to 2020 constructed by Zhong et al., with a horizontal resolution of 0.25° × 0.25° and a temporal resolution of 6 h [33]. The data combine long-term visibility, conventional meteorological observations, emissions, and elevation. Additionally, a new feature engineering method that takes advantage of spatial features from 20 surrounding meteorological stations was employed to incorporate the spatial effects of the meteorological conditions. The 6-hourly PM2.5 datasets from 1960 to 2020 are publicly accessible, and the gridded data are in the NETCDF format. These data are mainly used to analyze the distribution and evolution characteristics of PM2.5.



Considering that the PM2.5 data used in this study are reconstructed data, the observation of aerosol data was used to verify the research results. The aerosol data come from the AERONET (Aerosol Robotic Network), a global aerosol monitoring network jointly established by NASA (National Aeronautics and Space Administration) and LOA-PHOTONS (CNRS). The instrument operates at wavelengths of 340, 380, 440, 500, 675, 870, 940, and 1020 nm. The measurement of AERONET must be carried out under daytime and clear sky conditions, and the data need to be classified and screened according to certain standards, corresponding to three levels of data products, namely L1.0, L1.5, and L2.0. Among them, the L2.0 aerosol inversion products are data that have undergone cloud removal processing and manual inspection to ensure quality [34]. Considering the size and optical properties of PM2.5 particles, as aerosol optical depth (AOD) mainly reflects the scattering and absorption characteristics of particles, the longer the wavelength, the lower the sensitivity to small particle scattering, while the sensitivity to large particle scattering increases. Therefore, longer wavelength AOD is more affected by large particles [35]. Consequently, in order to effectively avoid the influence of large particle sizes, the 440 nm band AOD is usually used to invert the PM2.5 concentration, which has a strong correlation with the PM2.5 concentration [36]. Considering the location and length of the observation data (>15 years), we selected the daily AOD Level 2.0 obtained at the 440 nm band in Beijing (39.977°N, 116.381°E) from 2001 to 2019 to compare with the gridded PM2.5 concentration. The observed AOD data can be obtained online free of charge (https://aeronet.gsfc.nasa.gov/new_web/download_all_v3_aod.html (accessed on 1 June 2023))



To analyze the atmospheric circulation evolutions, the reanalysis data (from 1948–present) provided by National Centre for Environmental Prediction/National Centre for Atmospheric Research (NCEP/NCAR) were used in this study, including daily sea level pressure (SLP), 10 m wind, wind, geopotential height, relative humidity at pressure levels, with a horizonal resolution of 2.5° × 2.5°, and 17 pressure levels (1000, 925, 850, 700, 600, 500, 400, 300, 250, 200, 150, 100, 70, 50, 30, 20, 10 hPa) [37]. NCEP/NCAR data can be obtained online free of charge (https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html (accessed on 11 January 2023)) and are widely used in meteorological research.



This study focused on the winters from 1960/61 to 2019/20, representing a total of 60 winters. Here, winter includes the months from November to February of the next year (NDJF). AOD observation data of Beijing started in March 2001 and ended in March 2019, but the data for the winter of 2001/02 is missing, so we selected the AOD data for 17 winters (2002/03–2018/19) to evaluate some results of the gridded PM2.5 data. If not particularly indicated, the conclusions drawn in this study are based on the results of winters over 60 years.




2.2. Method


This study selected North China (114–117°E, 35–40°N) with a high PM2.5 concentration as the study area. The dominant period of the daily PM2.5 in winter in North China was obtained by power spectrum analysis. A Butterworth bandpass filter was used to obtain the quasi-biweekly scale with the window of 10–20 days. When the peak value of 10–20-day filtered PM2.5 exceeded one standard deviation, the corresponding fluctuation was defined as a PM2.5 QBWO event. Here, the peak day of quasi-biweekly PM2.5 is defined as day 0; day n (n > 0) means n days after the peak day; and day −n means n days before the peak day.



Considering the influence of the quasi-biweekly evolution of atmospheric circulation on PM2.5 QBWO events, this study selected the quasi-biweekly geopotential heights of 850 hPa on day −4 (4 days before the peak day), day −2 (2 days before the peak day) and day 0 (peak day) for K-means clustering to obtain the leading quasi-biweekly circulation. As a clustering analysis method, the essence of K-means clustering analysis is to gather the more similar and less different samples into one cluster according to the distance between samples to form multiple clusters [38]. The samples within the same cluster have high similarity, but the samples between different clusters have strong differences. The K-means clustering method has been widely used in the analysis of the dominant circulation pattern of atmospheric circulation [39,40].



In this study, the morphology and propagation characteristics of the Rossby wave train are characterized by calculating the wave activity flux (WAF). The horizontal WAF is as follows [41,42]:


  W =   p cos ϕ   2  | 𝖴 |     (     u   𝘢 2    cos  2  ϕ    [    (   ∂  ψ ′    ∂ λ   )  2  −  ψ ′     ∂ 2   ψ ′    ∂  λ 2     ]  +  v   𝘢 2  cos ϕ    [    ∂  ψ ′    ∂ λ     ∂  ψ ′    ∂ ϕ   −  ψ ′     ∂ 2   ψ ′    ∂ λ ∂ ϕ    ]       u   𝘢 2  cos ϕ    [    ∂  ψ ′    ∂ λ     ∂  ψ ′    ∂ ϕ   −  ψ ′     ∂ 2   ψ ′    ∂ λ ∂ ϕ    ]  +  v   𝘢 2     [    (   ∂  ψ ′    ∂ ϕ   )  2  −  ψ ′     ∂ 2   ψ ′    ∂  ϕ 2     ]     )   



(1)




where ‘ψ’ is a quasi-biweekly stream function,   𝖴 = ( u , v )   represents the average climatic circulation field.   u , v   represent the zonal and meridional wind, and  𝘢  represents the radius of the Earth.  p  is the pressure.



The barotropic energy conversion process is based on the theory of Cai et al. [43], and the barotropic energy conversion formula between the kinetic energy of a quasi-biweekly scale disturbance and the basic airflow is as follows:


   C k  =  1 2  (   v ′  2  −   u ′  2  ) (   ∂  u ¯    ∂ x   −   ∂  v ¯    ∂ y   ) −  u ′   v ′  (   ∂  v ¯    ∂ x   +   ∂  u ¯    ∂ y   )  



(2)




where u and v represent the zonal and meridional components of the horizontal wind speed, the variable with an apostrophe indicates a quasi-biweekly scale, and the overbar indicates the mean flow. When    C k  > 0  , it indicates that the mean kinetic energy is converted into quasi-biweekly scale disturbance kinetic energy, and vice versa, it indicates that the disturbance releases kinetic energy and converts it into mean kinetic energy.





3. Results


3.1. The Spatial Distribution and Quasi-Biweekly Evolution Characteristics of PM2.5 Concentration in North China in Winter


Firstly, the spatial distribution of PM2.5 in winter (NDJF) in China was analyzed (Figure 1a). It shows that North China is a significant high-value region, and the average PM2.5 concentration in winter is more than 120 μg/m3, as shown in the red box in Figure 1a (114–117°N, 35–40°E). Therefore, the region in the red box was selected as the key region to study the PM2.5 in North China. The daily standard deviation was used to express its variation intensity, and it was found that the value exceeds 40 μg/m3 in North China. Further analysis of the dominant period of PM2.5 concentration in North China was carried out by power spectrum method (Figure 1b). It was found that, in addition to the synoptic scale (<10 d) disturbance, the power spectral density (real line in Figure 1b) has obvious peaks at 10–20 days, and passes the red noise test of 95% (dashed line in Figure 1b). This shows that, on the sub-seasonal scale, the PM2.5 concentration mainly presents a quasi-biweekly (10–20 days) scale oscillation. According to the method in Section 2, 168 typical PM2.5 QBWO events were selected in North China, with an average of approximately 2–3 times per winter. Figure 1c shows the frequency of PM2.5-QBWO events each winter from 1960/61 to 2019/20. It shows that the lowest frequency occurred in the 1960s, when the average concentration of PM2.5 in winter was lower than 80 μg/m3. After the 1970s, it gradually increased, and from 2014, it showed a weakening trend. AOD in Beijing (the red line in Figure 1c) has a strong correlation with the average PM2.5 concentration in North China, with a correlation coefficient of 0.693, reaching a 99.9% confidence test. From the evolution of AOD from 2002/03 to 2018/19, it can also be concluded that, after 2014, the AOD value in Beijing entered a weakening stage.



According to the synthetic analysis of 168 PM2.5 QBWO events, it was found that on the peak day of the oscillation event (Figure 2a), the concentration of PM2.5 in North China can even reach 270 μg/m3, and the pollution is serious. The quasi-biweekly anomaly of PM2.5 exceeds 50 μg/m3. Taking the peak day of PM2.5 QBWO events as day 0, the evolution of PM2.5 and the quasi-biweekly PM2.5 from day −10 to day 10 are shown in Figure 2b. The evolution characteristics of PM2.5 are the same as those of the quasi-biweekly PM2.5. On day −6 or day 6, the concentration of PM2.5 is less than 100 μg/m3, and on the peak day, the average concentration of PM2.5 in North China is more than 180 μg/m3. From day −3 to day 3, the concentration of PM2.5 is more than 140 μg/m3, so it can be considered that significant and continuous pollution occurs in the active phase of QBWO.



Further analysis was conducted on the evolution of AOD during PM2.5 QBWO. Based on the synthesis of 66 PM2.5 QBWO events in the winter of 2002/03–2018/19, it was found that the daily evolution characteristics of AOD in Beijing are consistent with the PM2.5 in North China. In the active phase of PM2.5 QBWO, the value of AOD is large, while in the inactive phase, the value of AOD is small, which further verifies the credibility of the PM2.5 gridded data.



Further analysis was conducted on the circulation characteristics corresponding to the QBWO of PM2.5. First, the oscillation is divided into two stages: the pollution active period (day −3 to day 3) and the pollution interruption period (day −6 to −4 and day 4 to 6). Figure 3a shows the SLP on the peak day and the SLP difference between the active and interrupted periods of PM2.5 QBWO. On the peak day of the QBWO events, Mongolia is controlled by the Mongolian high and North China is in front of the Mongolian high. Comparing the SLP during the active period and the interrupted period of PM2.5 QBWO, it can be seen that during the active period, a positive anomaly of SLP occurs in the northwest of the Mongolia high. The eastern part of China is controlled by an abnormal low-pressure system. When the wind velocity of the surface layer is weak, it is generally not conducive to the diffusion of pollutants, so the characteristics of 10 m wind velocity were further analyzed (Figure 3b). This shows that the average wind speed on land is significantly weaker than that on the sea on the peak day, which may be due to the greater friction on land. In the active period of PM2.5 QBWO, the wind from eastern China to offshore areas is weaker than that in the interrupted period. During the active period of PM2.5 oscillation, eastern China is located in front of the quasi-biweekly abnormal low pressure. The intensity of the quasi-biweekly abnormal low pressure is close to the that of the unfiltered anomaly, and it shows a significant southerly anomaly (Figure 3c), which weakens the northerly wind. At the same time, quasi-biweekly humidity and wind at 850 hPa (Figure 3d) were analyzed. During the active period of PM2.5 QBWO, more water vapor is transported to North China due to the anomalies of southwest wind and southeast wind, and the relative humidity in eastern China is higher than that during the inactive period. The difference in quasi-biweekly geopotential height between the active period of PM2.5 QBWO and the interrupted period shows that the wave train at 850 hPa is clearer than that at the surface layer. A clear quasi-biweekly wave train extends from the Ural Mountains to East Asia (Figure 3e). The quasi-biweekly geopotential height of 300 hPa and 850 hPa show a similar wave train distribution (Figure 3f), and geopotential anomaly from the Caspian Sea to the Pacific Ocean present the distribution of “-+-”.




3.2. Circulation Classification of PM2.5 QBWO Events


The research shows that the circulation pattern is diverse when haze occurs [23,44,45]. However, the characteristics of the leading circulation pattern affecting the PM2.5 QBWO are not clear. Therefore, for 168 PM2.5 QBWO events, taking into account the mobility of the weather system, the circulation classification is carried out based on the evolution of 850 hPa quasi-biweekly geopotential height using the K-means clustering method in Section 2. The results are shown in Figure 4. The frequency of the four types of events is 51, 52, 43 and 22, respectively.



For PM2.5-QBWO1 (the first type leading pattern) Figure 4(a1–c1), at day −4, the Ural Mountains is controlled by an abnormally low-pressure system, and there is an abnormal anti-cyclone in front of Baikal Lake and an abnormal cyclone in Kuril Islands. After that, the wave train moves eastward. On day 0, the Baikal Lake area is controlled by a quasi-biweekly cyclone, and Japan is controlled by an anti-cyclone.



For PM2.5-QBWO2 (the second type of event) Figure 4(a2–c2), on day −4, the area from Nova Zembla to the Ural Mountains is controlled by a quasi-biweekly cyclone, the area south of Baikal Lake is controlled by an anti-cyclone, and the area from northern Japan to the Kamchatka Peninsula is controlled by an abnormal cyclone; On day −2, the intensity of the cyclone near Nova Zembla increases, and the scope expands to Baikal Lake; On day 0, the cyclone near Nova Zembla continues to spread in the southeast, and North China is in front of the cyclone and behind the anti-cyclone.



For PM2.5-QBWO3 (the third type of event) Figure 4(a3–c3), on day −4, the area from the Ural Mountains to the Far East is controlled by a zonal distributed cyclone; on day −2, the high-latitude region is controlled by an anti-cyclonic anomaly, the area from Balkash Lake to Baikal Lake is still controlled by a cyclone and the area from Japan to South Korea is controlled by an abnormal anti-cyclone; on day 0, the cyclone moves southward, and the whole mid–high latitude area is controlled by an abnormal anti-cyclone.



For PM2.5-QBWO4 (the fourth type) Figure 4(a4–c4), on day −4, the front of the Ural Mountains to the Pacific Ocean are controlled by an abnormal cyclone, and the south of 40°N is controlled by an anti-cyclone; on day −2, the intensity of cyclone in the mid–high latitudes increases and expands southward; on day 0, the abnormal cyclone expands southward to South China, and Japan and South Korea are controlled by an anti-cyclone.



From the above analysis, it can be seen that, on the peak day of PM2.5 QBWO, North China is located in front of the cyclone and behind the anti-cyclone, but the circulation evolutions of the four kinds of events show great differences.



The interannual variation and interdecadal difference in the frequency of the four types of PM2.5 QBWO events are shown in Figure 5. The results show that frequency of PM2.5-QBWO1 presented an increasing trend after 2000, with the highest frequency of 5 in the winter of 2013/14 (Figure 5a). The frequency in the 2000s and 2010s was higher than that of other three categories. PM2.5-QBWO2 rarely occurred in the 1980s, and the frequency of such events was highest in the winter of 2005/06 and the winter of 2019/20. It is worth noting that the PM2.5 oscillation events in the 1970s were mainly PM2.5-QBWO2, and the frequency in the 1990s was also higher than that of other types of events (Figure 5b,e). PM2.5-QBWO3 occurred most in the 1980s, and the highest frequency was 4 in the winter of 1986/87; the frequency was slightly lower than that of PM2.5-QBWO1 in the 2000s (Figure 5c,e). PM2.5-QBWO4 occurred more frequently in the 1980s and there was only one event after the 2010s (Figure 5d,e).




3.3. Quasi-Biweekly Circulation Evolution of Four Kinds of PM2.5 QBWO Events


Figure 6 shows the evolution of quasi-biweekly PM2.5, the geopotential height and relative humidity at 850 hPa, and the near-surface wind speed of four types of events. First of all, among the four categories of PM2.5 QBWO events, there is no significant difference in the quasi-biweekly PM2.5 amplitude in the key areas, and PM2.5 in PM2.5-QBWO4 is slightly stronger than the other three categories. A weak 10 m wind speed and strong relative humidity correspond with strong a PM2.5 concentration, where the extremely weak wind speed is approximately two days ahead of the extremely high value of PM2.5, while the peak value of relative humidity is 1–2 days behind the peak value of PM2.5. For PM2.5-QBWO1 (Figure 6a), the quasi-biweekly geopotential height anomaly in the key area is positive before day 0, and after the peak day, the key area turns to a negative anomaly. For PM2.5-QBWO2 (Figure 6b), the quasi-biweekly geopotential height anomaly is positive from day −8 to day −2 and negative from day −1 to day 4. The geopotential height anomaly in PM2.5-QBWO3 (Figure 6c) is not obvious, and it is negative from day −5 to day 2. For PM2.5-QBWO4 (Figure 6d), the key area is always controlled by the negative geopotential highly anomaly from day −3 to day 4. It can be seen that there are significant differences in the quasi-biweekly geopotential height evolution of the four types of events. Therefore, the spatial distribution and propagation characteristics of 10–20-day filtered geopotential height were further analyzed.



Considering that the dominant period of PM2.5 QBWO event is approximately 13 days, Figure 7 shows the composite of the quasi-biweekly wave action flux (WAF, vector), the geopotential height anomaly (shaded), and its tendency (contour) at 850 hPa from day −6 to day 6. For PM2.5-QBWO1, the results show that during the period of day −6 to day −4, Figure 7(a1,a2), the quasi-biweekly cyclone is located near the Ural Mountains, with a negative geopotential tendency in front of the cyclone, and an abnormal anti-cyclone in the Baikal Lake area, with a positive tendency to the east. Therefore, the fluctuation propagates eastward. From day −2 to day 0, Figure 7(a3,a4), guided by the negative geopotential tendency, the low-pressure system moves from the west side of Baikal Lake to the vicinity of Baikal Lake. At this time, North China is located in front of the cyclone and behind the anti-cyclone. The anomalous cyclone then continues to move eastward. As its overall propagation path is mainly eastward, the PM2.5-QBWO1 event can also be called the eastward propagation (EP) event. From day −6 to day −4, WAF propagates eastward from the Urals Mountains and westward from the Pacific Ocean near 60°N. In addition, WAF propagates southeastward in front of Baikal Lake.



The quasi-biweekly cyclone for the PM2.5-QBWO2 event is located near the Caspian Sea on day −6 (Figure 7(b1)). Subsequently, guided by the negative geopotential tendency, it develops northward and increases in intensity, reaching its maximum on day −2, Figure 7(b2,b3). The intensity of the anomalous cyclone weakens slightly, and the scope expands, extending southward in China on day 0, Figure 7(b4). On day 2, the low-pressure center at mid–high latitudes weakens and moves eastward, splitting a center in southern China. Therefore, the PM2.5-QBWO2 event can be named as an eastward propagation and splitting (EP-S) event. WAF near 60°N of the EP-S events is stronger than that of the EP events.



The PM2.5-QBWO3 event can be referred to as the southeastward propagation (SEP) type. On day −6, north of Baikal Lake is under the control of a quasi-biweekly cyclone, and the geopotential tendency in Baikal Lake is negative, leading the quasi-biweekly cyclone to move from the west of Baikal Lake to the south Figure 7(c1–c3). At this time, the mid–high latitudes are under the control of a strong positive geopotential tendency, and the high latitudes are gradually controlled by the anti-cyclone, with the cyclone weakening while moving to the south Figure 7(c4). From day 2 to day 4, the anti-cyclone at mid–high latitudes moves southward Figure 7(c4,c5). Therefore, the SEP event is characterized by the transmission and weakening of the weather system from the polar regions to the southeast. The WAF of the SEP events is mainly concentrated around 60°N.



The quasi-biweekly cyclones of the PM2.5-QBWO4 event are located near the Ural Mountains and East Siberia on day −6, and there is a strongly negative geopotential tendency in the north of Baikal Figure 7(d1), causing the two cyclones to gradually merge Figure 7(d2,d3). Subsequently, the entire high-latitude region is controlled by a positive tendency of geopotential height, and the south of Lake Baikal is controlled by a negative tendency, which weakens the low pressure and moves southward Figure 7(d3,d4). Therefore, the PM2.5-QBWO4 event is called a combined southward propagation (CSP) event. From day 2 to day 4, the cyclone moves eastward under the guidance of the negative tendency on the east side Figure 7(d5,d6). In the CSP events, the WAF propagating from East Siberia to the west near 60°N is significantly stronger than that of the other event types.



Figure 8 shows the evolution of the 300 hPa geopotential height during the active pollution period (day −2 to day 2) of the PM2.5 QBWO. The QBWO intensity of the geopotential height at 300 hPa is significantly stronger than that at 850 hPa. The PM2.5-QBWO1 events show a significant eastward propagation, accompanied by an increase in intensity (Figure 8a,e,i). The position of the 500 hPa quasi-biweekly cyclone (blue triangle in Figure 8) is close to that at 300 hPa, while the position of the 850 hPa quasi-biweekly cyclone center (red triangle) is slightly east by south, indicating the feature of the system tilting westward with height. The PM2.5-QBWO2 events exhibit a significant southeastward movement and weakened intensity at 300 hPa, with the quasi-biweekly cyclone center position overlapping at different pressure levels. On day 2, the weak cyclone at 300 hPa is located in the west of Baikal Lake, and the 850 hPa cyclone is located in South China (Figure 8b,f,j), which means that quasi-biweekly cyclone in the upper troposphere only propagates eastward and does not split into two centers. The PM2.5-QBWO3 events exhibit southeastward propagating characteristics at 300 hPa (Figure 8c,g,k), with a slight decrease in intensity. There is a significant difference in the location of the 850 hPa cyclone and the 300 hPa cyclone. The cyclone at 850 hPa is always located on the southeast side of that at 300 hPa, and its inclination with altitude is significantly stronger than the PM2.5-QBWO1 event. The PM2.5-QBWO4 events exhibit the characteristics of eastward and westward transmission converging at 300 hPa, which is similar to that at 850 hPa. The location of the 850 hPa low-pressure center coincides with the upper level at high latitudes, but on day 2, the 850 hPa quasi-biweekly low-pressure center quickly moves to southern China (Figure 8d,h,i). To sum up, the wave train propagation characteristics at different pressure levels are similar. However, only in the lower troposphere, can quasi-biweekly cyclones reach South China.




3.4. The Propagation Mechanism of Quasi-Biweekly Geopotential Height for the PM2.5-QBWO Events


The propagation and development of Rossby waves are generally related to the basic flow and energy conversion of different scale systems [46,47]. Firstly, the climatic basic flow at 850 hPa was analyzed, and the energy conversion process between the basic flow and quasi-biweekly scale disturbances was diagnosed, as shown in Figure 9. At 850 hPa (Figure 9a), the basic flow in the mid-latitude of the Asian continent is dominated by westerly winds, while in East Asia, it is controlled by northwest winds, and the north wind can reach around 30°N. In the North Pacific Ocean, there is an obvious cyclonic circulation near the Kamchatka Peninsula (the Aleutian Low). In the north of the Aleutian Low is an easterly wind, converging with the westerly wind of the Asian continent on the east coast of East Asia, and then turning into northerly winds. The barotropic energy conversion near Aleutian is the strongest, mainly from basic flow to quasi-biweekly scale disturbances. It is worth noting that there is a positive barotropic energy conversion center in southern China at 850 hPa, which is conducive to the development of quasi-biweekly disturbances. The basic airflow at 300 hPa (Figure 9b) is mainly characterized by westerly winds, with the strongest westerly winds located near 30°N, while the influence of northerly winds mainly stays north of 40°N. In addition, the strongest positive barotropic energy conversion occurs on the ocean surface in eastern Japan, while there is no significant energy conversion in southern China. Based on the diagnosis of basic airflow and barotropic energy conversion, it can be concluded that the quasi-biweekly cyclone in the lower troposphere can propagate southward to lower latitudes, mainly due to two aspects: one is that the mean meridional flow in the lower troposphere is stronger than that in the upper troposphere, and the other is that quasi-biweekly disturbances in South China can obtain energy from basic airflow, thereby enabling the development of disturbances.



The propagation path of quasi-biweekly cyclones during the PM2.5 QBWO process for different types of events and their relationship to basic flow and barotropic energy conversion are shown in Figure 10. For PM2.5-QBWO1 (Figure 10a), there is a westerly anomaly in the propagation path. Although there is an obvious positive center of barotropic energy conversion in South China, there is an obvious southeast wind anomaly south of the quasi-biweekly cyclone, which prevents the cyclone from moving southward. For the PM2.5-QBWO2 events (Figure 10b), the quasi-biweekly cyclone originating near the Caspian Sea moves to the northeast under the influence of westerly and southwesterly anomalies. Different from the PM2.5-QBWO1 events, there is no obvious background wind anomaly on the southeast side of Baikal Lake at this time, and disturbances in South China derive energy from the basic airflow, thereby splitting up a new cyclone in South China. The quasi-biweekly cyclone of the PM2.5-QBWO3 events originates from higher latitudes, and it can be seen that the propagation path of the quasi-biweekly cyclone is consistent with the background wind anomaly (Figure 10c). For the PM2.5-QBWO4 event (Figure 10d), the quasi-biweekly cyclone originating in the northern Aleutian region propagates westward under the influence of easterly anomalies at high latitudes, and converges with the westward propagating quasi-biweekly cyclone originating in the Ural Mountains on the northwest side of Lake Baikal before propagating southward. The above analysis shows that in mid–high latitudes, the different propagating paths of quasi-biweekly cyclones are closely related to the basic airflow anomalies; The southward propagation of quasi-biweekly cyclones is due to the disturbance development in South China, where there is no significant anomaly in the background wind or the background wind is a northerly wind anomaly. The disturbance obtains energy from the basic airflow, which attracts the quasi-biweekly cyclone in high latitudes to move southward.





4. Discussion


Using daily high-resolution PM2.5 data in China, combined with NCEP/NCAR reanalysis data, the sub-seasonal variation characteristics of PM2.5 in North China and its leading circulation patterns in the winters from 1960/61 to 2019/20 were analyzed. It was found that there was a dominant period of 10–20 days of winter PM2.5 in North China, which is consistent with the research results obtained by Liu et al. [29] and Gao et al. [30] based on observations of PM2.5 after 2000. After the 1960s, as the concentration of PM2.5 gradually increased, its quasi-biweekly oscillation frequency showed an increasing trend, and slightly weakened after 2014. Other studies [33] have also highlighted the characteristics of a decrease in PM2.5 concentration after 2010. In addition, observed AOD data from AERONET stations were used to verify the credibility of PM2.5 gridded data. During PM2.5 oscillation, the AOD (440 nm band) also exhibited oscillation characteristics consistent with PM2.5.



Persistent strong pollution occurs at the active period of PM2.5 QBWO, while the air quality is good at the inactive stage. In the active phase of PM2.5 QBWO, the Mongolian anti-cyclone is located in a west–north direction compared to the climatic state, far away from North China. North China is located in front of the abnormal cyclone. The abnormal southerly wind weakens the northerly wind, enhances the relative humidity, and sharply increases the concentration of PM2.5. In the mid–high latitude regions, there are obvious quasi-biweekly wave trains at both 850 hPa and 300 hPa. The recent research results [29,30,31,32] also indicate a close relationship between the PM2.5 concentration and the Rossby wave train at mid–high latitudes.



In the study of Wu et al. [32], it was found that the QBWO of haze events in the Beijing–Tianjin–Hebei region in the winter of 1979–2013 in China was mainly influenced by the Rossby wave spreading eastward along the Eurasian continent from the North Atlantic Ocean. The peak phase of haze pollution was related to the zonal dipole, that is, the abnormal cyclone in the northwest of Lake Baikal and the abnormal anti-cyclone in the northeast of China and Japan. We further used the K-means clustering method to classify the 850 hPa circulation evolution during the PM2.5 oscillation, and found that the quasi-biweekly circulation evolution during PM2.5 QBWO can be classified into four types: eastward propagating events (EP, PM2.5-QBWO1), eastward propagating and splitting events (EP-S, PM2.5-QBWO2), southeast propagating events (SEP, PM2.5-QBWO3), and combined and southward propagating events (CSP, PM2.5-QBWO4). Among them, the EP events occurred more frequently in the 2010s and 2000s, and the EP-S events were more evenly distributed in the period of 1990–2010. It is worth mentioning that in the 1970s, most of the PM2.5-QBWO events belonged to EP-S. SEP events were more common in the 1980s and 2000s, while the CSP events mainly occurred in the 1980s. This result highlights the diversity of intra-seasonal circulation patterns in the mid–high latitudes during the PM2.5 QBWO over a longer time range, which is a powerful supplement to previous research.



In the active phases of the four types of PM2.5 QBWO, North China exhibits a quasi- biweekly southerly anomaly, weakening wind speed and increasing humidity, and pollutants more likely to accumulate under the calm and humid conditions [4].



Finally, we explored the propagation mechanisms of different types of circulation. It was found that there are westerly anomalies in the propagation path of the quasi-biweekly cyclone in the low troposphere for the EP event, with southeast wind anomalies on the south side. There are southwest wind anomalies in the propagation path of the EP-S event. There are northerly anomalies in the source area of the SEP event, and in the CSP event, the quasi-biweekly cyclone in the northern part of Aleutian moves westward under the guidance of obvious easterly anomalies in high latitudes, and merges with the cyclone moving eastward from the Urals. Therefore, the different propagation paths of quasi-biweekly cyclones that affect PM2.5-QBWO are significantly affected by basic flow anomalies, especially in the mid–high latitudes. In addition, in the lower troposphere, quasi-biweekly disturbances in South China can derive energy from the basic flow and then develop, which guides the quasi-biweekly cyclones in EP-S, SEP, and CSP events to reach South China. We also analyzed the circulations in the mid–high troposphere and found that they have similar characteristics, but the wave train is more northward than that at 850 hPa. This is the result of the mean north wind in the upper troposphere being weak, and at the same time, the energy conversion from the basic flow to quasi-biweekly disturbances being weak in the upper troposphere. Therefore, when studying the mechanism of PM2.5 QBWO in eastern China, emphasis should be placed on the analysis of the lower troposphere first.



It also needs to be highlighted that, although this study has analyzed the process of PM2.5 QBWO in North China caused by different leading circulation patterns in mid–high latitudes and explained the propagation mechanism of low-frequency wave trains, the existing research cannot better explain why the leading circulation patterns are different in different decades. This is very meaningful and will be the focus of our future research.
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Figure 1. (a): Winter mean PM2.5 concentration (shadow) and its standard deviation (contour), unit: μg/m3, red box for North China (114–117°E, 35–40°N). (b): Power spectrum analysis of PM2.5 concentration in North China (solid line is power spectrum density, and dotted line is 95% red noise test). (c): PM2.5 concentration (black curve, right coordinate axis in black, unit: μg/m3), frequency of PM2.5 QBWO events (column, left coordinate axis, unit: times) in North China in the winter from 1960/61 to 2019/20 and AOD of Beijing from 2002/03 to 2018/19 (red curve, right coordinate axis in red). 
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Figure 2. (a): Composite PM2.5 concentration (shadow) and 10–20-day filtered PM2.5 concentration (contour) on the peak day based on the 168 QBWO event of PM2.5, unit: μg/m3, red box for North China. (b): Synthesis of the regional average PM2.5 (black line, left coordinate axis) and 10–20-day filtered PM2.5 (black dashed line, right coordinate axis in black) in North China (unit: μg/m3) based on 168 events from 1960/61 to 2019/20 and AOD in Beijing (right coordinate axis in red) based on 66 events from 2002/03 to 2018/19. 
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Figure 3. (a): SLP (color shadow) on the peak day of PM2.5 QBWO and the SLP difference (unfiltered, contour) between the active period and interrupted periods of PM2.5 oscillation, unit: hPa. (b): Same as (a), but represents 10 m wind velocity, unit: m/s. (c): Quasi-biweekly SLP (color shadow, unit: hPa) and 10 m wind velocity (vector, unit: m/s) difference between the active period and interrupted periods of PM2.5 QBWO. (d) Quasi-biweekly relative humidity (color shadow, unit: %) and wind velocity (vector, unit: m/s) difference at 850 hPa between the active period and interrupted periods of PM2.5 QBI. (e) Quasi-biweekly geopotential height (color shadow, unit: gpm) at 850 hPa between the active period and interrupted periods of PM2.5 QBWO. (f): SI as (e), but for 300 hPa. The dots in a–f indicate that the difference in SLP, 10 m wind speed, 10–20-day filtered SLP, 10–20-day filtered relative humidity, and 10–20-day filtered 850 and 300 hPa geopotential heights between the active and interrupted periods of PM2.5 QBWO pass the 95% t-test. 
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Figure 4. 850 hPa quasi-biweekly geopotential height obtained by K-means cluster analysis. (a1,b1,c1) represent day −4, day −2, and day 0 of PM2.5-QBWO1. (a2,b2,c2), (a3,b3,c3), and (a4,b4,c4) are the same as (a1,b1,c1), but represent PM2.5-QBWO2, PM2.5-QBWO3 and PM2.5-QBWO4, respectively. Unit: gpm. The red box indicates North China. 
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Figure 5. The frequency of four types of events in the winter from 1960/61 to 2019/20. (a–d) represent the first to fourth categories (PM2.5-QBWO1, 2, 3, 4) (unit, times/year). (e) shows the frequency of four types of events in different decades (times/10 years). 
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Figure 6. The composite spatial average quasi-biweekly PM2.5 (histogram, unit: μg/m3), 10 m wind speed (red solid line, unit: m/s), 850 hPa geopotential height (black solid line, unit: gpm), and 850 hPa relative humidity (blue solid line, unit: %) in North China. (a–d) represent PM2.5-QBWO1–4, respectively. 
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Figure 7. The synthesized quasi-biweekly geopotential height at 850 hPa (shadow, only the area that has passed the significance test is plotted, unit: gpm) and its tendency (contour, unit: gpm d−1), and wave action flux (vector, unit: m2 s−2). (a1–a6) represent day −6 to day 4 for PM2.5-QBWO1 event, with an interval of 2 days. (b1–b6), (c1–c6), and (d1–d6) are the same as (a1–a6), but represent the second, third, and fourth categories of events, respectively. 
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Figure 8. The synthesis of quasi-Biweekly geopotential height (unit: gpm). (a,e,i) represent PM2.5-QBWO1 events; (b,f,j) represent PM2.5-QBWO2 events; (c,g,k) represent PM2.5-QBWO3 events; (d,h,l) represent PM2.5-QBWO4 events. The red triangles indicate the center position of the abnormal cyclone at 850 hPa, and the blue triangle indicates the center position of the abnormal cyclone at 500 hPa. The dotted area indicates that the 95% confidence test has been passed. 
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Figure 9. The average winter wind (vector, unit: m/s) and barotropic energy conversion (color shadow, unit: m2/s3) of 850 hPa (a) and 300 hPa (b). 
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Figure 10. The 850 hPa basic flow anomaly (vector, unit: m/s) and barotropic energy conversion (shadow, unit: m2/s3) during the occurrence of PM2.5-QBWO events (averaged from day −6 to day 6). (a–d) represent PM2.5-QBWO1–4, respectively. The blue line in the figure represents the propagation path of the quasi-biweekly cyclone, and the blue number represents leading–lagging days. The blue dotted line in (b) indicates a center split from the cyclone at mid–high latitudes. 
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