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Abstract

:

With the fast development of the economy and expansion, a large number of people have concentrated in Beijing over the past few decades, leading to the result that Beijing has become home to one of the most complex mixtures of aerosol types in the world. The various aerosol types play different roles in the determination of global climate change, visibility, and human health. However, to the best of our knowledge, research has rarely analyzed the correlation between aerosol types and air quality index (AQI) in Beijing (urban and suburban) over a long-term series of observations. Therefore, in this study, we aim to identify and discuss the different aerosol types and AQI in Beijing from 2004 to 2015. The aerosol types are classified into six categories: dust, mixed, highly-absorbing, moderately-absorbing, slightly-absorbing, and scattering by a multiple clustering method with the fine mode fraction (FMF) and single scattering albedo (SSA) data of retrievals from the global Aerosol Robotic Network (AERONET) sun photometer sites. The AQI levels: are good (0–50); moderate (51–100); unhealthy for sensitive groups (101–150); unhealthy (151–200); very unhealthy (201–300); and hazardous (>300). The results show that a significant FMF variability occurred among different seasons in Beijing, with maximum values present in spring and minimum values in winter. The SSA values exhibit variation, with small fluctuations from season to season. In the case of BJ station, the scattering aerosols are more frequent in summer (39%) and less in winter (1%), while the coarse particles (dust) are more frequent in spring (18%) and less in autumn (6%). In contrast, the absorbing aerosols (especially slightly-absorbing) are more frequent in summer (35%) and winter (15%). However, the mixed aerosol types are more frequent in spring (38%) and less in summer (8%). There is a similar seasonal variation in XH. In the past 12 years, the slightly-absorbing aerosol type in Beijing has increased by approximately 14%, which is believed to be due to the rapid development of industrial cities. In addition, comparing the urban and suburban regions, the slightly-absorbing aerosol type is the dominant aerosol type in both areas. Furthermore, to identify the dominant aerosol types which lead to air pollution, a related analysis was carried out by analyzing different aerosol types and the relationship between aerosol types and AQI. The results indicate that the air pollution was strongly correlated to slightly-absorbing aerosols, in which the percentage of slightly-absorbing aerosols was about 49% during the hazardous days in 2013–2015, and the correlation between AQI and aerosol types is also strong (R2 = 0.76 and 0.97, in Beijing and Xianghe).
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1. Introduction


Various aerosol types play significant roles in the determination of global climate change, air quality, and public health, which have been become important indicators in atmospheric environmental change detection [1,2,3]. Previous studies showed that aerosols affect the tendencies of the variations of air quality [4,5]. Additionally, different aerosol types originate from several sources with diverse physical and optical properties, and from various atmospheric impacts [6,7,8,9,10]. Each aerosol type has a different climatic effect due to their size and absorptive and scattering nature, such as dust particles having large sizes and sulfate aerosols having a scattering nature, whereas nitrate particles with small sizes have absorbing tendencies [7,8,11,12,13,14,15,16]. Consequently, long-term measurements of aerosol optical properties and aerosol types at a large scale are necessary to interpret the aerosol climatic effect [17,18].



Beijing is influenced by the duality of the natural climate and anthropogenic activities due to its dense population and high pollution emissions, resulting in many severe environmental problems [19,20,21,22]. Heavy air pollution hazes largely caused by high aerosol loading have frequently occurred in Beijing [23,24,25]. Meanwhile, the heavy air pollution is reflected in an especially sharp increase in respiratory diseases [19,20,26]. Therefore, it is essential to understand the impact of aerosol types on air quality through the study of aerosol optical properties for long periods in Beijing [18,20,27,28].



Numerous previous studies provide abundant information to the discussion of the seasonal aerosol types by using ground-based and satellite-based measurements in Beijing [24,27,29,30,31,32,33,34,35,36,37]. In spring, the majority of heavy aerosol pollution is associated with dust. Dust storms occur annually during the spring season, and large quantities of dust are occasionally transported to Beijing from the deserts in Western China [24,33]. By contrast, in summer and autumn, the contribution of photochemical secondary aerosol formation and biomass burning are high. In the case of a severe pollution event in June in Beijing, it has been shown that burning plays a significant role in exacerbating the air quality [38]. Meanwhile, the aerosol scattering coefficient increased significantly and showed a different spatial distribution under different conditions during haze events [39]. Thus, biomass burning in the Beijing region is an important pollution factor that cannot be neglected in the summer and autumn [18,37,40,41]. Moreover, in winter, the occurrence of haze episodes is more frequent and severe, due to the increased pollutant emissions from coal combustion for house heating and unfavorable meteorological conditions [19,37,42]. Li et al. [28] investigated two haze events in Beijing which occurred in winter and retrieved aerosol chemical composition fractions.



Although many studies have been made on the seasonal aerosol types in the past two decades in Beijing, only a few studies have distinguished the various aerosol types over a long-term. For example, Yan et al. [39] found that four general aerosol types (polluted, relatively polluted, clean, and relatively clean) are associated with different sources and emission mechanisms by the hygroscopic growth function of the aerosol scattering coefficient, ƒ(RH). However, Li et al. [43] identified sulfate, nitrate and dust as the three aerosol types based on the differences in visibility and relative humidity during the two types of haze episodes. Eck et al. [44] distinguish the fine mode pollution aerosols, coarse mode aerosols and mixtures of fine and coarse aerosols, as the three aerosol types as determined by the FMF, absorption Ångström exponent (AAE) and aerosol absorption optical depth (AAOD). Wang et al. [45] studied the seasonal changes in the main types (dust sulfate aerosols; fine-mode aerosols; mixed aerosols) of aerosol over northern China by using the Ångström exponent (AE) and AOD. Meanwhile, Eck et al. [44] and Wang et al. [45] evaluate the changes of aerosol optical properties in coarse/fine modes by discussing the aerosol types. Yu et al. [46] presented the dominance of fine particles, which are more scattering particles, by studying the characteristics of aerosol optical properties in spring during 2001–2014 over urban Beijing. Wang et al. [47] pointed out that nitrates and sulfates were the major aerosol types on haze days in Beijing, which is consistent with the conclusion draw by Li [28]. Li et al. [48] and Chen et al. [49] analyzed the aerosol properties variations over a long-term via AERONET ground-based observations in Beijing and Xianghe stations. Meanwhile, a summary of aerosol optical properties of major aerosol types has been recorded in urban and suburban environments [48,49].



From our literature review, we found that most of the abovementioned studies were limited to urban study sites [39,43,44]. There are only a few studies focusing on the distinction of aerosol types over urban and suburban sites in Beijing [28,49]. Particularly, the time span of previous studies were mostly for short-term characteristics of aerosols, while fewer studies focused on the long-term (over 10 years) characteristics in aerosol optical properties [23,49]; particularly, the correlation between aerosol types and air quality over Beijing remain a knowledge gap in the existing literature. Therefore, the objectives of this study are three-fold: (1) categorize atmospheric aerosols into six abovementioned types according to the optical properties, and the dominant aerosol type in different seasons and stations was identified; (2) investigate the change of the aerosol type over a long-term period (2004–2015); and (3) use the air quality index (AQI) to analyze the relationship between aerosol types and air quality over urban and suburban Beijing.




2. Materials and Methods


2.1. Study Sites


Beijing is located at 39.92°N, 116.46°E, which is on the North China Plain. It covers an area of 16,410 km2, and its terrain is characterized as mountainous in the northwest and plains in the southeast (Figure 1). Beijing shows the typical characteristics of a temperate-zone land climate with four distinctive seasons. The annual precipitation is approximately 640 mm, which mainly occurs during summer [50]. As a diversified and fast-developing city, Beijing has a dense population and serious atmospheric pollution. The vast amount of atmospheric pollutants primarily originates from major pollution sources, such as air discharges from vehicles and coal burning. In this study, two ground-based observation stations in Beijing are used (Beijing (BJ) and Xianghe (XH)) (Table 1). These stations represent different locations and land cover, i.e. urban and suburban regions (Figure 1). Beijing can be divided into two districts geographically: urban and suburban. The population in urban is larger than suburban. The urban area accounts for 8.44% of the total area in Beijing, while the population accounts for 62.6% of the total population, and the population density is up to 5882 people/km2, which is higher than the average population density of Beijing (848 people/km2). The suburban area accounts for 91.85% of the total area in Beijing. The suburban population accounts for 37.32% of the total population, and the population density is 346 people/km2, which is less than half of the average population density of Beijing [51].




2.2. AERONET Data


AERONET is a ground observation network comprised of a group of ground-based remote-sensing aerosol sites established by NASA to detect the global atmospheric aerosol (http://aeronet.gsfc.nasa.gov) [52]. It covers more than 800 sites in the world, but only few of the AERONET stations in China perform long-term measurements. There are four sites in Beijing [53]. The program provides a long-term, continuous, and readily-accessible public database of optical, microphysical, and radiative aerosol properties for aerosol research [7,13,54,55,56,57,58]. The products retrieved from AERONET include aerosol optical depth, Ångström exponent, aerosol size distribution, single scattering albedo (SSA), fine mode fraction (FMF), refractive indices and asymmetry factor, which use standardized instruments, calibration, processing, and distribution, verifying the accuracy of the satellite remote sensing inversion results, and are used as ground observation values by global researchers [3,14,59,60,61]. The central wavelengths of the French-made Cimel 318 radiometer are 340 nm, 380 nm, 440 nm, 670 nm, 870 nm, 940 nm, 1020 nm and 1640 nm. The accuracy is 0.01–0.02 in the absence of unscreened clouds for validating satellite-derived Aerosol Optical Depth (AOD) values in the visible and near-infrared ranges [8]. Meanwhile, AERONET provides AOD, SSA, FMF, aerosol size distribution, refractive indices, and other products, which can represent the absorptivity, fine particle ratio, aerosol volume distribution, scattering direction and other aerosol optical and physical properties [59]. The products provided by AERONET at a temporal resolution every 15 min are categorized in three levels: Level 1.0 (unscreened), Level 1.5 (cloud-screened), and Level 2.0 (cloud-screened and quality-assured).



In this study, the product (SSA and FMF) of Level 1.5 was selected, which was acquired from two ground-based observation stations (BJ and XH). The level 1.5 data enable cloud screening and additional quality control, including quality checks, stability criterion check and standard deviation check, and have continuous long-term observations for more than ten years [62]. Although the level 2.0 data provide more accurate products than level 1.5, they provide significantly fewer data points. Therefore, in long-term observations, the level 1.5 products of BJ and XH stations were chosen for analyzing the optical properties in urban and suburban regions owing to the long-term coverage.




2.3. Aerosol Classification Methods


Aerosols can be classified into six major types because the optical properties of aerosols show obvious distinctions [15]. In this study, two important microphysical properties (SSA and FMF) that which represent the radiation absorptivity and consider the size of aerosol are used for classification [9]. FMF is defined as the ratio of the AOD of the fine particles to the total AOD, which is used to represent the contribution of fine particles (Equations (1) and (2)). Therefore, FMF at 550 nm is used to determine the dominant size mode. SSA is one of the most significant optical parameters for climate change, which is defined as the ratio of the scattering coefficient to the extinction coefficient of the total aerosol column (Equation (3)).


   FMF =  τ m  /  (   τ m  +  τ c   )    
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where     τ m     is the fine AOD;     τ c     is the coarse AOD; t is the vertical atmospheric depth;     k  (  λ , h  )     is the extinction coefficient; h is the per unit distance;      δ  s c      is the total scattering coefficient; and     δ  a b      is the total absorbing coefficient.



Therefore, the SSA at 440 nm is used to distinguish absorbing from non-absorbing aerosols. Subsequently, to determine the aerosol types by using the classification algorithm with FMF and SSA from AERONET, the threshold for FMF and SSA have been determined as follows: The FMF >0.6 means that the fine particles contribute more to AOD and the FMF <0.4 means that the coarse particles contribute more to AOD. The mixed aerosol is considered between 0.4 and 0.6, which is a mixture of coarse and fine particle aerosols. The contribution of fine and coarse particle to total AOD is almost equal. The SSA is used to distinguish absorbing and scattering aerosols, while 0.95 is the threshold [9,63]. The absorbing aerosols are further divided into highly-absorbing, moderately-absorbing and slightly-absorbing types by SSAs (Figure 2). Thus, the combination of SSA and FMF can provide the particle size and radiation absorptivity. The classification method is shown in Figure 2 [9]. Consequently, these aerosol types are dust, mixed, highly-absorbing, moderately-absorbing, slightly-absorbing, and scattering. In addition, the indeterminate type is less than 2%, which is not involved in our discussion.





3. Results and Discussion


3.1. Optical Characteristics of Different Aerosol Types


To analyze the annual and seasonal optical properties of various aerosol types, the change of annual and seasonal mean FMF and SSA has been discussed.



3.1.1. Seasonal Variation of Different Aerosol Optical Properties


In this study, the season is simply divided into four periods: winter (December to February), spring (March to May), summer (June to August), and autumn (September to November). With weather conditions and human activity factors varying during different seasons, the optical properties of aerosol particles also vary with the seasons. The average values of FMF and SSA were calculated by the data over a 12-year period in each season. Figure 3 illustrates seasonal changes of FMF and SSA, which were collected for BJ and XH stations from 2004 to 2015. From the view of the FMF, the dominant fine particles are significant in summer and autumn, as compared to spring and winter, where the reverse is the case. Similarly, the SSA has a similar seasonal variation with less fluctuation. In spring, FMF was at the lowest point (0.56 in BJ and 0.62 in XH), because of frequent dust storms in the north. However, during the summer period the FMF and SSA increase dramatically to 0.80 and 0.93 in BJ, respectively, because the improvement of oxygen conversion of particles will rise greatly in summer with the higher temperature which is a possibility that cannot be excluded. Conversely, the values of autumn declined, and significantly degraded to 0.67 and 0.89 possibly due to rainfall. A similar variation during the winter period exists, with the FMF and SSA degrading to 0.61 and 0.87 in BJ, respectively. There is a similar seasonal variation in XH.




3.1.2. Annual Variation of Different Aerosol Optical Properties


Figure 4 compares the change of two different kinds of optical properties, namely, FMF and SSA during a 12-year period from 2004 to 2015 in Beijing. The annual averages of FMF and SSA were calculated using 12 years of data. With respect to the fraction of FMF, it dropped by 0.04 from 2004 to 2006, bottoming at 0.60, and then there was a slight increase from 2012 to 2015 in BJ. In contrast, the bottom of XH is 0.69 in 2006 and then there was an increase until 2009. Meanwhile, there was an inconspicuous decrease in the SSA over the period. Moreover, it witnessed inconsiderable fluctuations from 2009 (0.91) to 2015 (0.91) in BJ, but there was an increase from 2009 (0.71) to 2015 (0.79) in XH. To sum up, FMF decreased during 2004–2006 and then followed with slight increase, while the fraction of SSA was stable. The pollution of fine particles was very serious because of the anthropogenic pollution, such as industrial emissions, automobile exhaust, and construction dust.




3.1.3. Optical Properties of Different Aerosol Types


In terms of the FMF of different types (Figure 5), the FMF of dust is small due to the large particle radius (the mean of FMF is 0.30), and the mean FMF of mixed types is 0.52, which is significantly higher than that of dust. The FMF of scattering was the highest, at 0.88. The FMF values of the three absorbing types were similar, with means of 0.80, 0.75, and 0.73. In general, the fine particles were produced by human activities which led to high values of FMF, relatively, and the characteristics of the composition and physicochemistry of atmospheric particles have differences in spatial distribution [26]. In contrast, compared with the SSA of different types (Figure 5), the value of the scattering type is the highest (at 0.97); the second are dust and mixed types; with average values of 0.87 and 0.88. It is worth noting that the scattering properties of the mixed type are related to the mineral composition [64]. The SSA of slightly-absorbing, moderately-absorbing, and highly-absorbing types increases gradually, which are 0.92, 0.88 and 0.81, respectively. Moreover, the amplitude between the maximum and minimum is 0.16 (about 16%).





3.2. Comparison of Aerosol Types in Urban and Suburban Regions


3.2.1. Seasonal Variation of Different Aerosol Types in BJ and XH


In terms of weather conditions in different seasons, the monthly and seasonal variations of aerosol types between urban and suburban regions in Beijing have been calculated. In comparison with the percentage of different aerosol types, the mixed type is dominant in spring (March, April, and May), but the percentage in BJ is nearly double that in XH. The slightly-absorbing remains the highest throughout all of the seasons in both stations, especially in summer (Figure 6). Moreover, the variation of slight-absorbing shows a decrease from about 35% in summer (June, July, and August,) to around 15% in winter (December, February, and January) in BJ. Similarly, the scattering degrades from 39% in summer (June, July, and August,) to 1% in winter (December, February, and January) in BJ. It may be related to the meteorological conditions of summer. The surface ground received more energy to complete the atmospheric turbulence because of the long duration of sunshine. It creates the advantaged conditions for pollutant dispersion and secondary aerosol generation. In addition, the southern winds are prevailing in summer. Hence, the regional transport may contribute more to aerosol pollution in Beijing. In contrast, the moderately-absorbing and highly-absorbing types are significant in winter with approximately 26% and 16%, then drop to less than 13% and 3% in the summer in BJ. There is a similar seasonal variation in XH.



To summarize the variations of overall aerosol types, the monthly percentage of slightly-absorbing aerosols in both stations were higher than other aerosol types in recent years (12-year period), and the monthly percentage of dust is minimal. As an illustration, agricultural crop residue burning mostly occurred in the period of May to September in North China [32]. The aerosols that were released from the surrounding farmland increased the slightly-absorbing type in summer [40]. Furthermore, high humidity during monsoons leads to more moisture absorbing aerosol and contributes to air pollution [65]. Fine particles will increase in the case of high temperature and humidity [45]. Therefore, the average temperature and average humidity both seem to be other important factors that should be considered. It can be concluded that fine particle aerosols were the dominant type during the summer and autumn.




3.2.2. Average Proportion of Aerosol Types over 12 Years in BJ and XH


Figure 7 shows a similar distribution of six main aerosol types by comparing the distributions of the annual mean aerosol types between BJ and XH stations from 2004 to 2015. At the BJ station, the slightly-absorbing aerosol type is 22%, which was possibly caused by too much industrial emission and vehicle exhaust. The other absorbing aerosol types (highly- and moderately-absorbing types) annually constitute 9% and 19%, respectively. A further 28% of aerosol types is mixed, which is due to overly-complex air pollution. Dust accounts for only 10%, collectively. In addition, the scattering aerosols contributed to 12% of the aerosol types. In the case of XH station, the percentage of aerosol types in the suburban region is similar with that of the urban region. The proportion of slightly-absorbing aerosols is also the highest, and it is more than the urban region, by around 6%. A slight difference of the other aerosol types between urban and suburban regions also exists (dust, 4%; moderately-absorbing, 3%; highly-absorbing, 4%; and scattering, 2%). The apparent gap for the mixed types between stations is especially large at 11%.



To summarize, the slightly-absorbing aerosol type is the main type in the BJ and XH stations, which were mainly caused by heating in winter, automobile exhaust, aggravation of the incomplete burning of coal, and other factors. Based on previous research, it is known that particles of coal have the high absorbing ability and the stable meteorological conditions are beneficial for coal particles to accumulate. Additionally, as shown in the Figure 7, the absorbing aerosol types (highly-absorbing, moderately-absorbing, and slightly-absorbing) account for 50% in the urban region, and these account for 63% in the suburban region. This result is consistent with the conclusion drawn by Li et al. [28] that the dominant aerosol types are absorbers, and the weak absorption aerosol type mainly occurs in the summer.




3.2.3. Annual Variation of Different Aerosol Types in BJ and XH


Figure 8 shows the annual percentage of the aerosol types in BJ and XH from 2004 to 2015. In the case of the BJ urban station, the mixed and slightly-absorbing aerosols are the dominant aerosol types throughout this period, with the highest points at 40% and 33% (Figure 8) in 2012 and 2014, respectively. The mixed aerosols overtook the slightly-absorbing type in 2004, becoming the highest since then. However, the gap between mixed and slightly-absorbing types narrowed considerably in 2007, and the gap increased gradually until 2013.



Despite the scattering aerosols having some fluctuation, the highest value between 2004 and 2015 occurred in 2013 with the highest point at 21% since 2004. Dust, and moderately-absorbing and highly-absorbing aerosols are similar, remaining stable over the period with slight fluctuation (under 30%). Conversely, the slightly-absorbing type is still higher than the others from 2005 at the XH station and the period 2004–2015 witnessed a decrease of the mixed type from 21% to 9%, whereas the scattering type fell back to 10% from 2008 to 2015 after initially rising. Overall, the slightly-absorbing types are still the dominant aerosol types in the period of 12 years, which is relatively significant compared with the remaining types (it increased by approximately 14%).



Previous research has demonstrated that absorbing aerosols (including black carbon) play an important role in urban environments [21]. Therefore, we hypothesize that the reason for the annual variation of aerosol types in Beijing is related to black carbon emissions. Chen et al. [66] found that the black carbon emission variations fluctuated from 2005 to 2012 (increasing from 2005 to 2007, and then decreasing in 2008). After 2008, BC emissions rose again in 2009, and then declined slightly in 2012 because of air pollution control plans for the 2008 Olympic Games and natural gas was widely used instead of coal in urban households [67]. Through the results of the aerosol type classification in this study, the variations of black carbon emissions and the slight-absorbing aerosol type are consistent, which probably indicates that black carbon is a component of the slight-absorbing aerosol type. Future work could explore how the black carbon emissions may affect the variation of aerosol types in Beijing.





3.3. Correlation between AQI and Aerosol Types


The relationship between air quality and aerosol types for the BJ and XH stations over a period of three years (2013–2015) was analyzed, based on the surface monitoring data air quality index (AQI) in Beijing. The surface monitoring data (AQI) were downloaded from the Beijing Municipal Environmental Monitoring Center service system (http://www.bjmemc.com.cn/). China’s AQI is a sophisticated and widely used index to communicate the health risk of ambient concentrations [68]. Since 1 January 2013, the Beijing Municipal Environmental Protection Bureau (BMEPB) published the daily AQI instead of the API (Air Pollution Index). This is typically a numerical scale which includes indices for O3, PM, CO, SO2 and NO2 and it is intended to convey the health impact of air pollution. The range of AQI is from 0 to 300+, which includes good (0–50); moderate (51–100); unhealthy for sensitive groups (101–150); unhealthy (151–200); very unhealthy (201–300); and hazardous (>300) levels.



3.3.1. The Incidence of each Aerosol Type at Specific AQI


The recorded days of the aerosol types in 2013–2015 are shown in Figure 9. The aerosol type shown in Figure 9 was the dominant one on each day. In this study, AQI and aerosol types were matched by time, and the portions in bold represent the dominant aerosol types in the various AQI level (Table 2 and Table 3). Moreover, the number of days for each aerosol type and the proportion of major aerosol types were calculated by using AQI as the standard pollution levels. Table 2 and Table 3 are the days of the different aerosol types at specific air quality levels. The unhealthy for sensitive groups level is the most populous among the six air quality levels. It was dominant with 315 days in the two sites over three years. The moderate level is the second with 293 days, followed by good, unhealthy, very unhealthy, and hazardous. The hazardous day level was the least populous (66 days), but it hurts human health seriously, and can cause many respiratory diseases. The primary aerosol type in the hazardous category is the slightly-absorbing types (approximately 49%).



In Table 2 and Table 3, the days of slightly-absorbing types have the largest percentage when the AQI is greater than 150 (Unhealthy (151–200), Very Unhealthy (201–300) and Hazardous (>300)), which increased from 31% to 48% in BJ and 34% to 49% in XH. It is nearly twice as much as the other aerosol types. Particularly, the average proportion rises up to 49% when the AQI is greater than 300 (hazardous) both in BJ and XH. With increasing AQI, the proportion of days in the different AQI class with slightly-absorbing aerosols increased in BJ and XH (Table 2 and Table 3). In contrast, the proportion of days in the different AQI class with mixed aerosols decreased with the increasing of the AQI in BJ (Table 2). The proportion of days in the different AQI class with highly-absorbing aerosols also decreased with increasing of the AQI in XH (Table 3). Overall, the occurred days of slightly-absorbing types remain the highest percentage throughout the polluted period (AQI > 150), which is up to 49%.




3.3.2. The Relationship between Aerosol Types and AQI


As shown in Table 2 and Table 3, the incidence of each aerosol type has been obtained for the six air pollution levels, respectively. During these three years, the air quality of Beijing usually remains in the moderate and unhealthy for sensitive group levels, or even unhealthy levels, with AQI ranging from 50 to 200. In order to discuss the correlation between aerosol types and AQI, this study used the percentage of the days of different aerosol types at specific air quality levels in the three years at BJ and XH stations. Simultaneously, a correlation relationship between aerosol types and air quality was established (Figure 10). Figure 10 shows that there was an apparent relationship between aerosol type and AQI. The Pearson correlation statistics method was conducted by IBM SPSS statistics 20 [69]. The linear correlation coefficients were calculated to quantitatively examine the correlation between AQI and aerosol types. The symbols are the percentage of aerosol types at different AQI levels. There were significant differences (p < 0.05) between AQI and slight-absorbing (both in BJ and XH), mixed (in BJ), and highly-absorbing (in XH). This indicates that these aerosol types are closely related to AQI.



The results show that there is an excellent correlation between the slightly-absorbing aerosol types and AQI with a linear correlation coefficient of 0.76 and 0.97 in BJ and XH sites, respectively. The high correlation (0.97) between AQI and slightly-absorbing types possibly indicates that the primary air pollution source are the fine particles of vehicle emissions and industrial emissions, since the massive black carbon particles and inorganic salts may be the major components of the slightly-absorbing types [70,71]. Meanwhile, the highest linear correlation coefficient (0.83) of the mixed types was found at the BJ station, and the high linear correlation coefficient (0.73) of the highly-absorbing types was found at the XH station. Moreover, the slope is positive for slightly-absorbing aerosols but negative for the mixed aerosols. This indicates that the proportion of days in the slight-absorbing class is increased with increasing AQI. In contrast, the proportion of days in the mixed class in BJ and the proportion of days in the strong-absorbing class in XH are decreased with increasing AQI. Although the primary aerosol types are similar at BJ and XH stations, the other secondary aerosol types are different because of the regional environment. Therefore, the relationship between AQI and aerosol types also confirms that aerosol types may act as useful indicators of air quality.



In a previous study, the air pollution distribution had notable regional features in Beijing, where heavy pollution is mainly concentrated in the urban region [68]. However, in recent years, the primary atmospheric pollutant in suburban regions is PM2.5, such as in Fangshan, Daxing, and Tongzhou. The daily maximum PM2.5 concentration frequently exceeds 250 μg m−3, and the AQI is up to 300, which indicates that the pollution of suburban regions has become more and more serious from 2013 to 2015. Since the start of the 21st century, the Chinese government has implemented major measures to improve air quality in Beijing. For instance, in order to directly reduce air pollution, Beijing has effectively controlled resource-based industries and vigorously expanded high-tech industries. Meanwhile, the traffic and industrial emissions have been significantly reduced by strict standards. However, a large number of factories’ emissions have exerted considerable influence on air quality in suburban regions. Obviously, the air quality of suburban regions is a potential risk. Simultaneously, meteorology can play a huge role, e.g., by bringing pollutants through long-range transport and improving photochemical processing. The wind and air pressure can bring more energy to complete the atmospheric turbulence, which could create advantageous conditions for pollutant dispersion and secondary aerosol generation. Moreover, the fine particles could increase in the case of temperature and humidity. The strong linear correlation between slightly-absorbing aerosol types and AQI has shown that the contribution of slightly-absorbing aerosols was likely more important than other aerosol types in the hazardous period. Thus, Beijing must continue to persevere with respect to the control of air pollution. In the future, the synergetic development of regions is the best way to drastically improve the regional air quality in densely-populated areas.






4. Conclusions


This study analyzed the characteristic annual and seasonal variations of aerosol types from AERONET observations between 2004 and 2015 via the comparison of two stations (BJ and XH). We discussed the relationship between the various aerosol types (dust, mixed, highly-absorbing, moderately-absorbing, slightly-absorbing and scattering) and the different AQI levels (good, moderate, unhealthy for sensitive groups, unhealthy, very unhealthy and hazardous).



The results found that the dominant aerosol of seasonal variations is similar in BJ and XH. Dust is significant in spring. The slightly-absorbing aerosols remain the highest throughout all of the seasons in both stations, especially in summer. The moderately-absorbing and highly-absorbing aerosols are significant in autumn. The mixed and highly-absorbing aerosols are dominant in winter, but the percentage of mixed aerosols in BJ was nearly double that in XH. It is illustrated that season has a very important influence on the variation of aerosol types. From the view of the last 12 years, the slightly-absorbing aerosols remain the main aerosol types in BJ and XH stations. They are mainly caused by vehicle exhaust, industry emissions, aggravation of the incomplete burning of coal, and other factors. In summary, the aerosol types of urban sites are similar to those in suburban sites in the long-term (2004–2015). In the period of 2013–2015, the slightly-absorbing aerosols remain the highest percentage throughout the polluted period. The average proportion of days in the hazardous class with slightly-absorbing aerosols was 49%. A correlation relationship between aerosol types and air quality was established, and the results show that there is an excellent correlation between the slightly-absorbing aerosols and AQI with linear correlation coefficients of 0.76 and 0.97 in BJ and XH stations, respectively. Hence, the changes of dominant aerosol types are generally a factor in the changes in air quality over both urban and suburban regions.



Unfortunately, there are practical limitations in analyzing the characteristics of aerosol types in Beijing (including urban and suburban regions) because three years of air quality data are too short to represent the tendencies in the long-term. In future work, other methods are needed to supplement the air quality data. Although there is a strong correlation between AQI and slightly-absorbing aerosols, other meteorological factors need to be considered to estimate the air quality in the future. Additionally, the data of aerosol optical properties were collected from just two stations. Therefore, additional AERONET stations (such as Beijing-CAMS and Beijing-RADI) operating over long periods would be desirable to support studies of the regional air quality.
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Figure 1. AERONET sites in Beijing. 
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Figure 2. The flowchart of the aerosol classification algorithm created by using FMF and SSA from AERONET: N (Dust) = 382; N (mixed) = 1061; N (highly-absorbing) = 530; N (moderately-absorbing) = 995; N (slightly-absorbing) = 1246; and N (scattering) = 628 (Ns are the totals for both BJ and XH sites). 
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Figure 3. Seasonal variation of the aerosol types in BJ and XH. 
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Figure 4. Annual average variation characteristics of the optical properties in BJ and XH. 
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Figure 5. Average optical properties of different aerosol types (FMF and SSA). 
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Figure 6. Monthly and seasonal percentage of aerosol types at different stations in BJ and XH (N = 2336 and N = 2554, respectively). 
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Figure 7. Distribution of different aerosol types at BJ and XH sites. 
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Figure 8. A time series of the aerosol types in BJ and XH stations in the past 12 years. 
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Figure 9. The recorded days of aerosol types in 2013–2015. 
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Figure 10. Linear regression of the air quality index (AQI) and the proportion of aerosol types at BJ and XH stations (2013–2015). 
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Table 1. AERONET sites.
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	Sites
	Lng E/Lat N
	Observation Time
	Sample Number





	Beijing (Urban)
	116.381/39.977
	September 2004–December 2015
	2336



	Xianghe (Suburban)
	116.962/39.754
	September 2004–December 2015
	2554
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Table 2. The percentage of aerosol types in different air quality levels (2013–2015) by the range groups of the daily average of AQI at the BJ site. N = 575 (the values in bold are the days of the dominant aerosol types).
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	AQI
	Dust
	Mixed
	Highly-Absorbing
	Moderately-Absorbing
	Slightly-Absorbing
	Scattering
	Total
	Dominant Aerosol Type %





	Good (0–50)
	6
	52
	5
	25
	21
	14
	123
	42



	Moderate (51–100)
	11
	35
	2
	23
	40
	12
	123
	33



	Unhealthy for Sensitive Groups (101–150)
	18
	36
	9
	30
	33
	31
	157
	23



	Unhealthy (151–200)
	12
	8
	2
	13
	29
	28
	92
	31



	Very Unhealthy (201–300)
	2
	2
	2
	15
	24
	6
	51
	47



	Hazardous (>300)
	1
	3
	1
	5
	14
	5
	29
	48



	total
	50
	136
	21
	111
	161
	96
	575
	28
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Table 3. The percentage of aerosol types in different air quality level (2013–2015) by the range groups of the daily average of AQI at the XH site. N = 615 (the values in bold are the days of the dominant aerosol types).
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	AQI
	Dust
	Mixed
	Highly-Absorbing
	Moderately-Absorbing
	Slightly-Absorbing
	Scattering
	Total
	Dominant Aerosol Type %





	Good (0–50)
	1
	5
	24
	32
	15
	2
	79
	41



	Moderate (51–100)
	7
	17
	46
	43
	38
	19
	170
	27



	Unhealthy for Sensitive Groups (101–150)
	8
	23
	17
	40
	50
	20
	158
	32



	Unhealthy (151–200)
	8
	16
	11
	21
	36
	14
	106
	34



	Very Unhealthy (201–300)
	5
	4
	9
	17
	25
	5
	65
	38



	Hazardous (>300)
	0
	3
	3
	7
	18
	6
	37
	49



	total
	29
	68
	110
	160
	182
	66
	615
	30
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