

  atmosphere-12-00886




atmosphere-12-00886







Atmosphere 2021, 12(7), 886; doi:10.3390/atmos12070886




Article



Analysis of the Interactions between the 200 hPa Jet and Air Pollutants in the Near-Surface Layer over East Asia in Summer



Wen Wei 1, Bingliang Zhuang 1,*, Huijuan Lin 1, Yu Shu 2,*, Tijian Wang 1, Huimin Chen 1 and Yiman Gao 1





1



School of Atmospheric Sciences, Nanjing University, Nanjing 210023, China






2



Nanjing Meteorological Bureau, Nanjing 210019, China









*



Correspondence: blzhuang@nju.edu.cn (B.Z.); njushuyu@sina.com (Y.S.)







Academic Editors: Duanyang Liu, Kai Qin and Honglei Wang



Received: 4 June 2021 / Accepted: 6 July 2021 / Published: 8 July 2021



Abstract

:

The rapid economic development in East Asia has led to serious air pollution problems in the near-surface layer. Studies have shown that there is an interaction between air pollution and the East Asian upper-level jet, which is an important weather system controlling the climate in East Asia. Therefore, it is of great significance to study the relationship between the surface layer air pollutants and the upper-level jet stream in East Asia. Based on the daily wind and vertical velocity data provided by the National Centers for Environmental Prediction/National Center for Atmospheric Research as well as the surface pollutant and meteorological variable data provided by the Science Data Bank, we use statistical analysis methods to study the relationship between the East Asian upper-level jet and the high-concentration area of near-surface air pollutants in summer. Meanwhile, the mechanisms of the interaction are preliminarily discussed. The results show that the North China Plain and the Tarim Basin are the high-value areas of the particulate matter (PM) in summer during 2013–2018, and the ozone (O3) concentration in the near-surface atmospheric layer in the North China Plain is also high. The average concentrations of the PM2.5, PM10 and O3 in the North China Plain are 45.09, 70.28 and 131.27 μg·m−3, respectively, and the days with the concentration exceeding the standard reach 401, 461 and 488, respectively. During this period, there is an increasing trend in the O3 concentration and a decreasing trend in the PM concentration. The average ratio of the PM2.5 to PM10 is approximately 0.65 with a decreasing trend. The air pollutant concentration in this region has a significant relationship with the location of the East Asian upper-level jet. The low wind speed at the surface level under the control of the upper-level jet is the main reason for the high pollutant concentration besides the pollutant emission. They relate to each other through the surface humidity and the meridional and zonal wind. Meanwhile, the concentrations of the PM2.5 and PM10 are high in the near-surface layer in the Tarim Basin, and the average concentrations are 45.19 and 49.08 μg·m−3, respectively. The days with the concentration exceeding the standard are 265 and 193, respectively. The interannual variation in the PM concentration shows an increasing trend first and then a decreasing trend. The average ratio of PM2.5 to PM10 in this region reaches approximately 0.9. The ratio reaches the highest in 2013 and 2014 and then decreases to and maintains at approximately 0.85. The concentration of air pollutants in the basin has a significant relationship with the intensity of the upper-level jet in East Asia. The weakening of the upper-level jet will lead to a decrease in the surface humidity in the northern part of the basin, an increase in the surface temperature in the western part of the basin and a decrease in the surface zonal wind in the eastern part of the basin, which will result in a higher PM concentration.
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1. Introduction


Since the industrial revolution, the increase in human activities has exacerbated climate change in the earth system. At present, observation results have proved that global climate change has become an unequivocal fact, such as the continuous rise of the global temperature, glacier melting and frequent extreme weather events, which are serious threats to human survival and development [1]. Therefore, the in-depth understanding of climate change is the current hotspot of scientific research, which will provide scientific support for climatic policymaking.



Some studies have pointed out that there is an interaction between climate change and air pollution [2]. Among the influencing factors of climate change, the role of aerosol is the most uncertain [1]. The main component of air pollutants is the atmospheric aerosol. The atmospheric aerosol refers to the particulate matter (PM) suspended in the atmosphere. Aerosol particles can be solid or liquid and can also exist in the mixing form of solid and liquid. In general, the diameters of the atmospheric aerosol particles are several nanometers to tens of microns. The sources of aerosol particles in the atmosphere are different, and different aerosols have different physical, chemical and optical properties, resulting in more complex climatic effects of aerosols. The climatic effects of aerosols can be divided into direct climatic effects, indirect effects and semi-direct effects. Although the three effects are different in their interaction mechanisms, they all essentially lead to the change in the earth climate system by affecting the radiation budget balance of the earth-atmosphere system [3,4,5,6,7]. At the same time, variations in the climate system will cause the variation in relevant meteorological factors, which will have an impact on the distribution of air pollutants [8,9].



The East Asian upper-level jet is a narrow wind belt with a high wind speed above 500 hPa in the East Asia region [10]. Many observational data show that the strongest subtropical westerly wind speed generally exists at 200 hPa [10,11], and the East Asian jet is generally defined as the 200 hPa maximum zonal wind speed zone. The East Asian upper-level jet has significant seasonal variation, and its location and intensity will change accordingly. The jet stream, with its strong shears, plays an important role in forming upper level convergence and divergence. Therefore, it causes variations of the weight of all the air in a column from the ground to the limit of the atmosphere. In other words, The upper level jet stream makes the surface pressure change, which could result in variations in the air flow field at the ground [12]. At present, a large number of studies have shown that the East Asian upper-level jet controls the atmospheric circulation in East Asia and has an extremely important impact on the weather and climate in East Asia [13,14,15]. Secondary circulations will be generated around the East Asian upper-level jet, leading to the coupling of upper-level and low-level weather systems accompanied by the exchange of the matter, momentum and energy between the upper level and the ground. Therefore, the East Asian upper-level jet, as important weather and climate system in East Asia, may have a certain interaction with the surface pollutants. Studies have shown that surface pollutants have effects on the upper-level jet stream. Song et al. [16] and Chen et al. [17] pointed out that the increase in summer aerosols will cause the southward movement of the upper-level jet stream, which is mainly due to the change in the upper-level temperature gradient caused by the aerosol forcing. Liu et al. [18] pointed out that, in winter, to the north of 30° N, the mid-latitude cooling caused by aerosols leads to the enhancement of the subtropical jet stream and the weakening of the temperate jet stream, which further makes the upper-level jet stream move southward. In other studies, it has been found that the upper-level jet stream can affect the distribution of surface pollutants. Ordóñez et al. [19] found that the location of the North Atlantic jet stream has a greater impact on the concentration distribution of the surface PM10 than on its intensity. Barnes and Fiore [20] have shown that the location of the jet stream in eastern North America in summer is closely related to the surface ozone concentration. Kerr et al. [21] used a model to analyze the position of the upper-level jet stream affecting the transport of the ozone by affecting the surface meridional wind. However, current research mainly focusses on the one-way effect between the upper-level jet stream and surface pollutants and rarely focusses on the interaction between them. In addition, the East Asia region has a wide zonal range, and the distributions of the terrain, coastline and land use are relatively complex. The region is mainly controlled by the monsoon system, and the seasonal change in the climate is distinctive. In particular, the role of the summer monsoon system is relatively significant. Meanwhile, the population in East Asia accounts for one third of the world’s population. On the one hand, the climate change in East Asia has a significant impact on the production and lives of the local people. On the other hand, the climate in East Asia is also strongly affected by human factors related to the rapid economic development of Asian countries. Therefore, the East Asian upper-level jet is one of the main members of the monsoon system that controls the weather and climate in East Asia, and the surface pollutant is an important factor affecting weather and climate changes. It is of great practical significance to study the interaction between them in summer and explore the mechanism.




2. Materials and Methods


2.1. Data


The National Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) daily reanalysis data of the zonal wind and vertical velocity from 1989 to 2018 are used with the horizontal resolution of 2.5° × 2.5° (the number of grid points is 144 × 73) and the vertical resolution of 17 layers.



The surface pollutant data and the surface meteorological variables including the relative humidity, temperature, surface meridional wind and surface zonal wind data are derived from the second version of the high-resolution air pollution reanalysis dataset in China in the Science Data Bank during 2013–2018. The dataset mainly contains two parts. The first part is the surface concentration reanalysis data of six conventional air pollutants (PM2.5, PM10, SO₂, NO₂, CO and O₃) in China from 2013 to 2018. These data are obtained by assimilating the surface observation data provided by the China National Environmental Monitoring Center by using the ensemble Kalman filter and the Nested Air Quality Prediction Modeling System. The second part is the Weather Research and Forecasting model simulation data of surface meteorological variables including the wind speed, temperature, air pressure and relative humidity during the same period. The spatio-temporal resolution of the dataset is high with the temporal resolution of 1 h and the spatial resolution of 15 km. By using cross-validation, independent data verification and comparing with similar data at home and abroad, it was found that the dataset is highly accurate [22]. In this study, four surface pollutants of the NO2, PM10, PM2.5 and O3 are selected as the main research objects, and the O3 data are processed into the format of the maximum concentration in 8 h per day.




2.2. Methods


All methods used in this paper were coded and computed in the programming language Python.



2.2.1. Empirical Orthogonal Function Decomposition


The empirical orthogonal function (EOF) is applied to the meteorological variable that changes with time, and the meteorological variable is decomposed into two parts, namely, the function of time and the function of space.



Assuming that the sample size is n and the meteorological variable X contains p spatial points (variables), the anomaly value of any spatial point i at any time point j can be regarded as the linear combination of p spatial functions v ik and p time functions y ki (k = 1, 2, 3…… and p). The decomposition is expressed as a matrix form of X = VY.



The space vector V is a matrix of n row and n column, which are orthogonal to each other:



VT × V = I (I is a unit matrix)



The time vectors Y is an n-row and m-column matrix, and Y are also orthogonal:



Y × YT = Λ (Λ is a diagonal matrix)



Defining the matrix A as A = X × XT, and then we have:



A = V × Λ × VT



V is also the eigenvector of A, Λ’s principal diagonal is the eigenvalue of A and the rest are all 0. Y can be obtained as Y = VT × X.



This method is used to study the spatio-temporal characteristics of 200 hPa zonal wind. More information about EOF can be found in [23].




2.2.2. Singular Value Decomposition


The singular value decomposition (SVD) method is performed on the covariance matrix of two variables. The anomalies fields of the variables and the normalized variables are commonly used. The decomposition result reveals the spatial correlation of two variable fields within a certain time range to a great extent. The heterogeneous correlation diagrams of the left and right fields explain the correlation between the two variables, and the SVD results are tested by using the Monte-Carlo method to avoid false correlation. The detailed descriptions and application of SVD is given in [24].This approach is used to test the relationships between upper level jet stream (200 hPa zonal wind) and surface pollutants (PMs and O3) over East Asia.




2.2.3. Pearson Correlation Coefficient


The Pearson correlation coefficient is a statistic that measures the linear correlation between two variables. It is usually represented by r, and its value ranges between −1 and 1. The calculation formula of the correlation coefficient between variables x1, x2, x3...xn and variables y1, y2, y3...yn is as follows:


  r =     ∑   i = 1  n   (   x i  −  x ¯   )   (   y i  −  y ¯   )        ∑   i = 1  n   (   x i  −  x ¯   )    ∑   i = 1  n   (   y i  −  y ¯   )       



(1)







The correlation coefficient in this study is tested by using the Monte Carlo method. That is, the two variables are considered to obey the normal distribution. The H0 hypothesis is when the correlation coefficient is r, the two variables are not correlated. Given the confidence level α, the corresponding critical value can be determined according to the degree of freedom so that the probability distribution function conforms to P (|r| > r1-α) = α. If |r| > r1-α, the hypothesis H0 is rejected, and the correlation between the two variables is significant. Otherwise, the two variables are not correlated. The specific approaches are as follows.



First, a pair of arrays that conform to the normal distribution with sample sizes of n are randomly generated, and the Pearson correlation coefficient between them is calculated.



Second, the first step is repeated 15,000 times, and the obtained correlation coefficients are sorted in descending order. The 5000th correlation coefficient (1-α) is found and marked as r1-α.



Third, the actual correlation coefficient |r| and the r1-α are compared. If |r| > r1-α, the two variables are correlated. Otherwise, they are not correlated.



We used this method to analyze the relationships between jet stream (200 hPa zonal wind) and surface meteorological elements (humidity, temperature, meridional wind and zonal wind), as well as the relationships between surface pollutants (PMs and O3) and surface meteorological variables (humidity, temperature, meridional wind and zonal wind). The Monte Carlo method is also used to test whether the correlation is significant [25].





2.3. Relevant Definitions of the East Asian Upper-Level Jet


In this study, the area with the westerly wind speed greater than 30 m·s−1 at 200 hPa in East Asia (70–140° W, 15–55° N) is defined as the East Asian upper-level jet. The position of the East Asian upper-level jet is defined as the latitude of the maximum westerly wind speed at 200 hPa in East Asia. The intensity of the East Asian upper-level jet is defined as the average wind speed on the jet stream axis. Figure 1 shows the average climate state of the 200 hPa jet stream axis in summer from 1989 to 2018. The position of the 200 hPa jet stream in summer is around 40° N with relatively large interannual fluctuations.





3. Results


3.1. Characteristics of the East Asian Upper-Level Jet and Surface Pollutants in Summer


3.1.1. Spatio-Temporal Characteristics of the East Asian Upper-Level Jet in Summer


The monthly average data of 200 hPa zonal wind in summer over East Asia from 2009 to 2018 are selected, and the spatio-temporal decomposition is carried out based on the data. The covariance contribution rates of the first two modes of the EOF (hereafter referred to as EOF1 and EOF2, respectively) decomposition results (Figure 2) are 57.54% and 8.78%, respectively. The spatial distribution of the EOF1 shows that the dividing line of the 200 hPa zonal wind is around 40° N, which is the average position of the upper-level jet stream in summer. The variations in the north and the south are opposite, which shows that the EOF1 represents the position variation in the upper-level jet stream. In the time series corresponding to the EOF1, the time coefficients are all negative in June during 2009–2018, while the time coefficients are both positive in July and August in the same years. This indicates that the position of the jet stream in June in this decade is to the south of that in July and August in the same years. The spatial distribution of the EOF2 of the 200 hPa upper-level zonal wind shows that there is a minimum area centered around 40° N, which is the average position of the upper-level jet stream in summer. Therefore, the EOF2 represents the intensity variation in the upper-level jet stream.




3.1.2. Distribution Characteristics of Surface Pollutants in East Asia in Summer


The average concentrations of the NO2, PM10, O3 (the maximum concentration in 8 h) and PM2.5 in summer from 2013 to 2018 are shown in Figure 3. Combined with the first-level concentration indices of pollutants in the Ambient Air Quality Standards (GB 3095–2012), it can be seen that the overall NO2 concentration in summer in China is within the normal standard range. There is relatively serious PM pollution in the Tarim Basin (37–42 ° N, 75–90 ° E) and most parts of northern China. The O3 concentration is relatively high in northern China and most areas of Qinghai-Tibet. The O3 pollution in the North China Plain (35–40° N, 113–123° E) is the most serious. Therefore, the PM10 and PM2.5 in the Tarim Basin and the PM10, O3, and PM2.5 in the North China Plain are taken as the research objects of summer pollutants in this study.



In summer during 2013–2018, the average concentrations of the PM2.5 and PM10 in the Tarim Basin are 45.19 and 49.08 μg·m−3 (Table 1), respectively. The interannual variations of the PM concentration increased year by year before 2015 and decreased after 2015. The PM concentration reached the maximum in 2015, and many discrete values in 2018 indicate that severe PM pollution events occurred frequently in that year (Figure 4a,b). In Figure 5a, the days with the PM2.5 exceeding the standard are more than those of the PM10 in summer in the Tarim Basin with a total of 265 and 193 days during 2013 to 2018, respectively. The ratio of PM2.5 to PM10 in this area is high with an average of approximately 0.9 (Figure 7). The ratio of the PM2.5 to PM10 reaches a high value in 2013 and 2014 with the maximum reaching 1, but the ratio declines in subsequent years and maintains at around 0.85 (Figure 6a).



The average concentrations of the three pollutants of the PM2.5, PM10 and O3 in the North China Plain in the summer during 2013–2018 are 45.09, 70.28 and 131.27 μg·m−3 (Table 1), respectively. The days with concentrations exceeding the standard reach 401, 461 and 488, respectively, and the days with the PM10 exceeding the standard are more than those of the PM2.5 (Figure 5b). Figure 4c–e show that the PM concentrations in the North China Plain show decreasing trends, while the O3 concentration shows an increasing trend. The average ratio of the PM2.5 to PM10 in this area is approximately 0.65, and the ratio shows a decreasing trend (Figure 6 and Figure 7).





3.2. Relationship between the East Asian Upper-Level Jet and Surface Pollutants in Summer


3.2.1. Preliminary Analysis of the Relationship between the East Asian Upper-Level Jet and Surface Pollutants in Summer


According to the analysis results in Section 3.1.1, it can be concluded that there is an intraseasonal northward shift of the jet stream position in summer during 2013–2018. Therefore, the impact of the East Asian upper-level jet on pollutants in each month in summer is discussed separately. The temporal average of the monthly 200 hPa zonal wind and the pollutant concentration, including the PM10, O3, and PM2.5, in the summer during 2013–2018 are calculated. Figure 8 shows that the average position of the upper-level jet stream in June is around 40° N, and the average central wind speed is higher than 39 m·s−1. The average positions of the upper-level jet stream in July and August are around 45° N. The average wind speeds of the jet stream centers in July and August are approximately 31 and 35 m·s−1, respectively. The above results show that the upper-level jet stream has an obvious northward jump in summer, which is consistent with the EOF analysis result. The intensity of the upper-level jet stream in summer is the strongest in June and the weakest in July.



In addition, the pollutants in the North China Plain in June locate near the left side of the entrance region of the upper-level jet stream (Figure 8a,d). Combined with the atmospheric meridional vertical circulation in June (Figure 9a), it can be seen that the North China Plain, locating near 32–40° N, is dominated by the descending motion in the left side of the entrance region of the upper-level jet stream between 850 and 300 hPa, while there is a weak ascending motion below 850 hPa, the average vertical velocity in North China Plain in June from Table 2 can also prove this. It indicates that the atmospheric stratification over the North China Plain is relatively stable in June, which is conducive to the pollutant accumulation. The 1000 hPa surface wind during the same period (Figure 8g) shows that the pollutants from southern China are transported to the North China Plain due to the large-scale southerly wind. The low wind speed in the North China Plain is not conducive to the pollutant diffusion in the region. Therefore, the pollutant concentrations are high in the North China Plain in June including PM10, O3 and PM2.5.



Combined with Table 2, in July and August, the North China Plain is located near the right side of the exit region of the upper-level jet stream over the Sea of Japan. It is dominated by the ascending motion caused by the upper-level jet stream, which makes pollutants, including PM10, O3 and PM2.5, diffuse in the vertical direction to a certain extent in the North China Plain, and the surface concentration is lower than that in June. However, the surface wind speed in the North China Plain is relatively low, and the horizontal diffusion of pollutants is relatively hard. Therefore, the pollution in the North China Plain in July and August is still serious.



The Tarim Basin has a special topography. Except for the Hexi Corridor to the east, the north, west and south sides are all surrounded by high mountains with an average altitude of more than 5000 m [26,27]. Throughout the summer, the Tarim Basin locates at the right of the entrance region of the upper-level jet stream dominated by the ascending motion caused by the upper-level jet stream (Table 2). However, Figure 9b–e indicate that the ascending motion above 700 hPa is very weak, and the air vertical movement is not enough to carry the surface PM10 and PM2.5 away from the basin. Meanwhile, the Tarim Basin is dominated by the easterly wind, and the surface wind speed is relatively low in summer. The horizontal diffusion of pollutants is hindered by the surrounding mountains (Figure 8g–i). Therefore, the pollutant concentrations including PM2.5 and PM10 are high in summer in the Tarim Basin.



The above analyses show that there is a connection between the summer jet stream and surface pollutants.




3.2.2. Relationship between the Surface Pollutants and the Position and Intensity of the East Asian Upper-Level Jet in Summer


The SVD method is used to further analyze the relationship between the East Asian upper-level jet and surface pollutants in summer. The sum of the cumulative covariance contribution of the first two modes of the SVD (hereafter referred to as SVD1 and SVD2, respectively) of the surface O3 concentration and the 200 hPa zonal wind in summer is 88.46%. The sum of the square of the explained total covariance of the SVD1 is 81.35%, and the correlation coefficient of the time series of the left and right fields is 0.96, showing the synchronized variation in the two fields. In Figure 10e,f, when the time coefficients of the left and right fields are both positive, there are positive anomalies of the O3 concentration in the North China Plain in the left field. The dividing line in the right field is about 40°N, which is the average position of the East Asian upper-level jet axis in summer, and the north and south regions of the 200 hPa zonal wind show positive anomalies and negative anomalies, respectively. That is, the position of the upper-level jet stream is more southward when the surface O3 concentration is higher in the North China Plain, and vice versa. Moreover, the spatial distribution of the right field heterogeneous correlation of this mode is similar to that of the EOF1 of the 200 hPa zonal wind. Therefore, the SVD1 of the surface O3 concentration and 200 hPa zonal wind represents the relationship between the surface O3 and the position of the East Asian upper-level jet.



For the SVD2 of the O3 concentration and 200 hPa zonal wind in summer, the sum of the square of the explained total covariance is 7.31%, and the correlation coefficient of the time series of the left and right fields is 0.94, showing the synchronized variation relationship. The spatial distribution of the left field heterogeneous correlation is similar to that of the EOF2 of the 200 hPa zonal wind. Therefore, the left and right fields heterogeneous correlation of the SVD2 represents the relationship between the surface O3 and the intensity of the East Asian upper-level jet. However, their relationship is not significant in the North China Plain (Figure 11e,f).



Therefore, there may be a certain relationship between the surface O3 concentration in the North China Plain in summer and the position of the East Asian upper-level jet, but the relationship with the intensity of the upper-level jet stream is not significant.



Since the SVD results of the 200 hPa zonal wind and the surface PM10 and PM2.5 concentrations are similar in summer, the relationship of the 200 hPa zonal wind with the PM10 and that with the PM2.5 are discussed together. For the SVD1 and SVD2 of the 200 hPa zonal wind and the PM10 and PM2.5, the sums of the cumulative covariance contribution are 86.39% and 85.06%, respectively. The sum of squares of the explained total covariance of the SVD1 are 71.13% and 71.76%, respectively. The correlation coefficients of the time series of the left and right fields are 0.96 and 0.84, respectively, showing the synchronized variation relationship. The slashes in Figure 10a–d show that, when the anomalies of the PM10 and PM2.5 concentrations in the North China Plain in the left field are negative, the dividing line of the 200 hPa zonal wind in the right field is about 40°N, which is the average position of the East Asian upper-level jet axis in summer, and the north and south regions show negative anomalies and positive anomalies, respectively. That is, the position of the East Asian upper-level jet is more northward when the concentrations of the PM10 and PM2.5 are low in the North China Plain, and vice versa. Moreover, the spatial distribution of the left-field heterogeneous correlation of this mode is similar to that of the EOF1 of the 200 hPa zonal wind. Therefore, the surface PM10 and PM2.5 concentrations are associated with the position of the East Asian upper-level jet.



For the SVD2 of the 200 hPa zonal wind and the PM10 and PM2.5 surface concentration in summer, the sum of squares of the explained total covariance are 15.26% and 13.30%, respectively. The correlation coefficients of the time series of the left and right fields are 0.91 and 0.83, respectively, presenting the synchronized variation relationship. The slashes in Figure 11a–d show that when the anomalies of the PM10 and PM2.5 concentrations in the Tarim Basin in China are negative, there is a negative anomalous region of the 200 hPa zonal wind centered around 40° N, which corresponds to the average position of the East Asian upper-level jet in summer. That is, the intensity of the East Asian jet stream is low (high) when the PM10 and PM2.5 concentrations are high (low) in the Tarim Basin. The spatial distribution of the right field heterogeneous correlation of this mode is similar to that of the EOF2 of the 200 hPa zonal wind. Therefore, the left and right fields heterogeneous correlation of the SVD2 represents the relationship between the surface concentrations of the PM10 and PM2.5 and the intensity of the East Asian upper-level jet.



By comparing the significance of the heterogeneous correlation diagrams of the first and second modes, we found that the anomalous PM10 and PM2.5 concentrations in summer over the North China Plain may have a certain relationship with the position variation in the East Asian upper-level jet, but the relationship with the intensity anomaly of the upper-level jet stream is not significant. The anomalous surface PM10 and PM2.5 concentrations in the Tarim Basin may have a certain relationship with the intensity anomaly of the East Asian upper-level jet, but the relationship with the position variation in the upper-level jet stream is not significant.



In summary, there is a certain relationship between the movement of the East Asian upper-level jet in summer and the variations of the three pollutants’ concentrations, including PM10, PM2.5 and O3, in the North China Plain. When the position of the East Asian upper-level jet is more northward, the concentrations of the PM10, PM2.5 and O3 in North China Plain are significantly lower, and vice versa. There is a connection between the intensity variation in the East Asian upper-level jet in summer and the concentration variations of the PM10 and PM2.5 in the Tarim Basin. When the intensity of the East Asian upper-level jet is relatively high, the concentrations of the PM10 and PM2.5 in the Tarim basin are both low, and vice versa.





3.3. Preliminary Analyses of the Interaction Mechanism between the Summer Jet Stream and Pollutants


The East Asian upper-level jet has a three-dimensional structure, and a series of secondary circulations are generated around the upper-level jet stream, which are associated with surface pollutants. The idea of using statistical methods to study the interaction between them is to find out the medium existing in the interaction between them. That is, to find out the surface meteorological variable that connects to the upper-level jet stream and then interacts with surface pollutants. Due to the exchange of the energy, matter and momentum between the upper-level jet stream and the surface, the surface meteorological variables, such as the humidity, temperature, zonal wind and meridional wind, are selected in the study. The correlation analysis method is used to explore the relationships between the upper-level jet stream and the surface meteorological variables including the humidity, temperature, surface zonal wind and surface meridional wind as well as the relationships between the surface meteorological variables and the surface pollutants.



3.3.1. Relationship between the Summer Jet Stream and Surface Meteorological Variables


According to the analyses in Section 3.1.1, it can be concluded that the EOF1 of the 200 hPa zonal wind in the summer from 2013 to 2018 represents the position variation in the summer jet stream. The correlation analysis between the time series of the EOF1 and the surface meteorological variables in the corresponding period can be regarded as the correlation analysis between the position of the upper-level jet stream and the surface meteorological variables in summer. Figure 12 shows that, in the North China Plain, the position of the East Asian upper-level jet in summer has significant positive correlations with the surface humidity and temperature and negative correlations with the surface meridional and zonal wind. In the Tarim Basin, the position variation in the East Asian upper-level jet in summer is significantly positively correlated with the humidity and temperature and negatively correlated with the surface zonal wind. However, the position variation in the East Asian upper-level jet is positively correlated with the surface meridional wind in a small region in the western part of the Tarim Basin, and there is a negative correlation between them in the eastern part of the Tarim Basin.



Combined with the spatio-temporal distribution of the first mode of the 200 hPa zonal wind, it can be said that when the position of the East Asian upper-level jet is more northward, the surface humidity and temperature in North China Plain are higher, and the surface meridional wind and zonal wind are weaker. The surface humidity and temperature in the Tarim Basin are higher, and the surface zonal wind is weaker. The surface meridional wind in the west part of the Tarim Basin is stronger, and weaker in the east part, and vice versa.



The EOF2 of the 200 hPa zonal wind in summer from 2013 to 2018 represents the intensity variation in the summer jet stream. The correlation analyses between the time series of the EOF2 and the surface meteorological variables in the corresponding period represent the relationship between the intensity of summer upper-level jet stream and the surface meteorological variables. In Figure 13, the intensity of the East Asian jet stream is proportional to the surface temperature in the North China Plain, while it is insignificantly related to the surface humidity, meridional wind and zonal wind. In the Tarim Basin, the intensity of the East Asian upper-level jet has a significantly negative correlation with the surface humidity in the northern region, a significantly positive correlation with the surface temperature in the whole area and a significantly negative correlation with the surface zonal wind in the eastern region, but its relationship with the surface meridional wind is insignificant.



According to the spatio-temporal distribution of the second mode of the 200 hPa zonal wind, when the intensity of the East Asian upper-level jet is weaker, the surface temperature in the North China Plain is higher, the surface humidity in the northern Tarim Basin is lower, the surface temperature in the region is higher and the surface zonal wind in the eastern part of the basin is weaker, and vice versa.




3.3.2. Relationship between Pollutants and Surface Meteorological Variables in Summer


The correlation coefficients of the surface pollutants including PM10, O3 and PM2.5 with the daily average data of surface meteorological variables in summer from 2013 to 2018 are shown in Figure 14. The PM10, O3, and PM2.5 in the North China Plain are negatively correlated with the surface humidity and are significantly positively correlated with the surface temperature, zonal wind and meridional wind. However, the significant regions of the correlations between different pollutants and meteorological variables are different. The PM2.5 has a significantly negative correlation with the humidity only in the southern part of the North China Plain. The PMs maintain significant positive correlations with the surface temperature only in the northern and southeastern parts of the North China Plain. In addition, these three pollutants are significantly negatively correlated with the surface zonal wind in different areas in the east parts of the North China Plain. That is, when the pollutant concentrations in the North China Plain are higher (lower), the surface humidity in the certain region is lower (higher) correspondingly, the temperature is higher (lower), and the zonal wind and the meridional wind are stronger (weaker).



Both the PM10 and PM2.5 in the Tarim Basin have good heterocorrelations with the surface humidity and zonal wind, and the PMs are significantly positively correlated with the surface temperature only in the west part of the Tarim Basin and have significant negative correlations with the surface meridional wind in the south part of the Tarim Basin. That is, when the concentrations of the PM10 and PM2.5 in the Tarim Basin are higher (lower), the surface humidity in the region is lower (higher) and the zonal wind is weaker (stronger). The surface temperature in the west part of the region increases (decreases) and the surface meridional wind in the south part of the region weakens (strengthens).



The summer months of 2013–2018 could be divided into the southerly jet month and the northerly jet month, as well as the stronger and weaker jet months according to the time series of the first and second modes of the 200 hPa zonal wind in summer of 2013–2018. In the light of the four classification results, the pollutant concentrations in different jet months in both the North China Plain and Tarim Basin are calculated as shown in Table 3. It can be seen from Table 3 that the concentrations of PM2.5, PM10 and O3 in the North China Plain can reach 48.09, 75.37, and 141.70 μg·m−3, respectively, when the East Asian jet shifts southward. These loadings are much higher than their seasonal means in summer of 2013–2018. The average concentration of PM2.5, PM10 and O3 in the North China Plain can reach 41.54, 64.5 and 125.01μg·m−3, respectively, when the East Asian jet shifts northward, which is lower than their seasonal means in summer of 2013–2018.



The concentrations of PM2.5 PM10 in the Tarim Basin can reach 36.30 and 38.88 μg·m−3, respectively, when the intensity of the East Asian jet is relatively stronger. These loadings are lower than their seasonal means in summer of 2013–2018. The concentrations of PM2.5 and PM10 in the Tarim Basin can reach 53.24 and 59.04 μg·m−3, respectively, when the intensity of the East Asian jet is weaker, which are higher than their seasonal means in summer of 2013–2018.



Combined with the analyses in Section 3.2.2, it can be concluded that the position of the upper-level jet stream in summer may be related to the PM10, O3 and PM2.5 due to the effects of the surface humidity and the meridional and zonal wind in the corresponding region of North China Plain. When the position of the upper-level jet stream in summer is more northward, the surface humidity is higher, and the meridional and zonal wind is stronger. At this time, the concentrations of three pollutants in North China are all lower, and vice versa. The intensity of the East Asian upper-level jet in summer may have correlations with the PM10 and PM2.5 due to the interaction with the surface humidity in the northern part of the Tarim Basin, the surface temperature in the western part, and the surface zonal wind in the eastern part. When the intensity of the East Asian upper-level jet is weaker, the humidity in the northern part of the region is lower, the temperature in the western part is higher, and the zonal wind in the eastern part is weaker. At this time, the concentrations of surface PMs are higher, and vice versa.






4. Conclusions and Discussion


Based on the NCEP/NCAR daily wind and vertical velocity data, as well as the surface pollutants and meteorological variables data derived from the Science Data Bank, statistical analysis methods were used to study the relationships between the East Asian upper-level jet and the high concentration areas of near-surface air pollutants in summer in this study, and the interaction mechanisms between them are preliminarily discussed. The conclusions are as follows.



	(1)

	
In summer, the average position of the East Asian upper-level jet axis is around 40° N. The EOF1 of the 200 hPa zonal wind in East Asia represents the position variation in the East Asian upper-level jet in summer. The corresponding time coefficient diagrams show that the position of the East Asian upper-level jet has a northward jump in summer. The EOF2 reflects the intensity variation in the East Asian upper-level jet in summer.




	(2)

	
In the summer, pollutants concentrate in the North China Plain and Tarim Basin. The PM2.5, PM10 and O3 are the main pollutants in the North China Plain with the average concentrations of 45.09, 70.28 and 131.27 μg·m−3, respectively. The days with concentrations exceeding the standard are 401, 461 and 488, respectively. The O3 concentration has an increasing trend during this period, while the PM concentration has a decreasing trend. The average ratio of the PM2.5 to PM10 is approximately 0.65, and the ratio shows a descending trend. The main pollutants in the Tarim Basin are the PM2.5 and PM10 with average concentrations of 45.19 and 49.08 μg·m−3, respectively. The days with concentrations exceeding the standard are 265 and 193, respectively. The interannual variation in PM concentration shows an increasing trend at first and then a decreasing trend. The average ratio of PM2.5 to PM10 in this region is about 0.9. The ratio reaches the highest in 2013 and 2014 and then decreases to and maintains at about 0.85. In June, the North China Plain locates on the left side of the upper-level jet stream entrance region, which is dominated by descending motions. The surface wind speed is relatively low, which is not conducive to the pollutant diffusion, resulting in high concentrations of pollutants, including the PM10, O3 and PM2.5. In July and August, the North China Plain locates near the right side of the upper-level jet stream exit region, and there are mainly ascending motions in the vertical direction, which lead to the lower concentrations of pollutants including the PM10, O3 and PM2.5 in July and August than those in June. However, the surface wind speed is low, and the pollutants are not effectively diffused, so the concentrations of the PM10, O3 and PM2.5 are still higher. Throughout the summer, the Tarim Basin locates on the right side of the upper-level jet stream entrance region. There are mainly ascending motions in the vertical direction caused by the upper-level jet stream, and there is mainly easterly wind in the horizontal direction. However, due to the special terrain of the Tarim Basin, the diffusion process of the PM10 and PM2.5 in horizontal and vertical directions is blocked, resulting in higher concentrations of the PM10 and PM2.5 in this region.




	(3)

	
The analysis results on the relationship between upper-level jet stream and air pollutants in East Asia indicate that the position of the upper-level jet stream in summer may be related to the PM10, O3 and PM2.5 due to the effects of the surface humidity and the meridional and zonal wind in the corresponding region of the North China Plain. When the position of the upper-level jet stream is more northward in summer, the surface humidity is higher and the meridional and zonal wind is weaker. At this time, the concentrations of the three pollutants in North China are all lower, and vice versa. Meanwhile, the intensity of the East Asian upper-level jet may have correlations with the PM10 and PM2.5 due to the interaction with the surface humidity in the northern part of the Tarim Basin, the surface temperature in the western part, and the zonal wind in the eastern part. When the intensity of the East Asian upper-level jet is weaker, the humidity in the northern part of the region is lower, the temperature in the western part is lower, the surface zonal wind in the eastern part is weaker and the PM concentration in the Tarim Basin is higher, and vice versa.







Chen et al. [17] used CESM and indicated that the regional anthropogenic aerosol caused the 200 hPa jet stream to weaken and shift southward over East Asia in summer. which is in agreement with our results, despite the different kind of aerosol. Wang et al. [28] found that the sand-dust weather often occurred in Taklimakan Desert in spring and summer. The dust particle also had an influence on the summer atmospheric boundary layer structure in Taklimakan Desert. This result can imply that the upper level jet stream has a connection with surface pollutants in Tarim Basin to some extent. Results here also show some connections between the jet and surface air pollutants in summer. Kerr et al. [21] used the global model to study the influence of the upper-level jet stream position on the surface zonal wind and meridional wind in the mid-latitude region of the northern hemisphere in summer. Their results showed that the influence of the upper-level jet stream position on the surface zonal wind mainly occurred over the sea, while its impact on the surface meridional wind occurred over both the sea and the land. Their finding is slightly different from the conclusion of this paper. The possible reason might be that the range of the study area is different. Further investigations are needed based on the regional numerical models to identify the difference.



In this study, the interactions between meteorological variables and pollutants in the vicinity of pollutant regions are not considered when analyzing the relationships between the concentrations of near-surface air pollutants and meteorological variables. In addition, the research conclusions are all obtained based on statistical methods. The rules revealed in the conclusions and the complex interaction mechanisms between the East Asian upper-level jet and surface pollutants require further verification and exploration based on the numerical models.
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Figure 1. The average climate state of the jet stream axis at 200 hPa in summer from 1989 to 2018 (scatter points and error bars indicate the average position and the variabilities of the jet stream axis, respectively). 
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Figure 2. Spatial distributions (a,c) and the time coefficients (b,d) of the EOF1 and EOF2 of the 200 hPa zonal wind in summer from 2009 to 2018. 
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Figure 3. Season mean concentrations of air pollutants (a) NO2, (b) PM10, (c) O3 (8 h maximum concentration) and (d) PM2.5 in China in summer during 2013–2018 (unit: μg·m−3, the slashed area indicates that the pollutant concentration in the area has exceeded the first-level concentration index of the Ambient Air Quality Standards in China). 
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Figure 4. Interannual variation in the average pollutant concentrations in the Tarim Basin (a,b) and the North China Plain (c–e) (unit: μg·m−3, orange lines represent the median, green triangles represent the average value, and hollow dots represent the discrete value). 
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Figure 5. Days with pollutant concentrations exceeding the national first-level environmental standard in the Tarim Basin (a) and the North China Plain (b) in summer from 2013 to 2018. 
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Figure 6. Interannual variation in the ratio of the PM2.5 to PM10 concentration in the Tarim Basin (a) and the North China Plain (b) in summer from 2013 to 2018 (orange lines represent the median, green triangles represent the mean value and black dots represent the discrete point). 
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Figure 7. Spatial distribution of the ratio of the PM2.5 to PM10 in summer from 2013 to 2018. 






Figure 7. Spatial distribution of the ratio of the PM2.5 to PM10 in summer from 2013 to 2018.



[image: Atmosphere 12 00886 g007]







[image: Atmosphere 12 00886 g008 550] 





Figure 8. Variations of the 200 hPa westerly jet stream (unit: m·s−1, a–f, contours), distributions of the monthly mean surface air pollutants (unit: μg·m−3, including PM10, O3 and PM2.5) and 1000 hPa wind fields (unit: m·s−1, g–i, vectors) in June, July and August from 2013 to 2018. The PM10, O3, PM2.5 are plotted in shaded in a–c, d–f, g–i, respectively. 
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Figure 9. The height-latitude profile of the meridional-averaged zonal wind (unit: m·s−1, contours) and vertical movement (unit: pa·s−1, shades: red indicates ascending motion, blue indicates descending motion) in different areas in July and August. (a,c,e) represent the situation in the North China Plain, and (b,d,f) represent the situation in the Tarim Basin. 
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Figure 10. The (a,c,e) left and (b,d,f) right heterogeneous correlation diagrams of the SVD1 of the surface pollutants including the PM10, O3 and PM2.5 (the left field) and the 200 hPa zonal wind field (the right field) in summer from 2013 to 2018. The slashes indicate that the results passed the 95% Monte Carlo correlation test. 
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Figure 11. The (a,c,e) left and (b,d,f) right heterogeneous correlation diagrams of the SVD2 of the surface pollutants including the PM10, O3 and PM2.5 (the left field) and the 200 hPa zonal wind field (the right field) in summer from 2013 to 2018. The slashes indicate that the results passed the 95% Monte Carlo correlation test. 
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Figure 12. The correlation coefficients between the time series of the EOF1 of the 200 hPa zonal wind and surface meteorological variables of the (a) humidity, (b) temperature, (c) surface zonal wind and (d) surface meridional wind in summer during 2013–2018. The slashes indicate that the results passed the 95% Monte Carlo correlation test. 
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Figure 13. The correlation coefficients between the time series of the EOF2 of the 200 hPa zonal wind and surface meteorological variables of the (a) humidity, (b) temperature, (c) surface zonal wind and (d) surface meridional wind in summer during 2013–2018. The slashes indicate that the results passed the 95% Monte Carlo correlation test. 
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Figure 14. Correlation coefficients between surface pollutants and corresponding surface meteorological variables in summer from 2013 to 2018. (a) PM10 and humidity, (d) PM10 and temperature, (g) PM10 and zonal wind and (j) PM10 and meridional wind. (b) O3 and humidity, (e) O3 and temperature, (h) O3 and zonal wind and (k) O3 and meridional wind. (c) PM2.5 and humidity, (f) PM2.5 and temperature, (i) PM2.5 and zonal wind and (l) PM2.5 and meridional wind. The slashes indicate that the results passed the 95% Monte Carlo correlation test. 
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Table 1. Average concentration of pollutants in the Tarim Basin and the North China Plain from 2013 to 2018 (unit: μg·m−3).
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	Area\Pollution Kind
	PM2.5
	PM10
	O3





	TB
	45.19
	49.08
	-



	NCP
	45.09
	70.28
	131.27
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Table 2. The average value of the meteorological elements and pollutant concentrations in the North China Plain (NCP) and Tarim Basin (TB) in June, July and August.
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Jun

	
Jul

	
Aug






	
NCP

	
surface wind speed (m·s−1)

	
2.48

	
2.61

	
1.36




	
200 hPa zonal wind speed (m·s−1)

	
31.77

	
17.39

	
18.60




	
vertical velocity(pa·s−1) *

	
0.009

	
−0.022

	
−0.003




	
PM2.5 (μg·m−3)

	
48.09

	
44.09

	
39.60




	
PM10 (μg·m−3)

	
75.37

	
67.21

	
62.15




	
O3 (μg·m−3)

	
141.70

	
126.13

	
123.50




	
TB

	
surface wind speed (m·s−1)

	
1.41

	
1.76

	
1.99




	
200 hPa zonal wind speed (m·s−1)

	
30.29

	
26.71

	
29.03




	
vertical velocity(pa·s−1) *

	
−0.037

	
−0.056

	
−0.061




	
PM2.5(μg·m−3)

	
35.56

	
44.51

	
43.43




	
PM10(μg·m−3)

	
39.32

	
48.21

	
47.41








* The vertical velocity is the average value of the vertical velocity below the 200 hPa level.
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Table 3. The average concentration of the air pollutants in North China Plain (NCP) and the Tarim Basin (TB) in different East Asian jet periods in summer from 2013–2018. (units:μg·m−3).
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PM2.5

	
PM10

	
O3






	
NCP

	
Southward

	
48.09

	
75.37

	
141.70




	
Northward

	
41.54

	
64.5

	
125.01




	
Average

	
43.92

	
68.25

	
130.44




	
TB

	
strong

	
36.30

	
38.88

	
-




	
weak

	
53.24

	
59.04

	
-




	
Average

	
41.17

	
44.98

	
-
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