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Abstract

:

A special period in Beijing from 6 August to 17 September 2015, during which the World Athletics Championships and Victory Day military parade took place, and which involved measures to restrict traffic and reduce factory emissions, was selected to analyze the aerosol optical properties and the impact of meteorological conditions on pollution levels. The study was based on AERONET observational and retrieval data, particulate matter measurements (TEOM 1405), meteorological data, and then the HYSPLIT model was used to analyze the pollution sources. The study period was divided into three sub-periods according to the different stages of implementation of the control measures, and the main conclusions can be summarized as follows. During the period in which the restrictive measures were applied, the air quality improved significantly, with the average value of the AOD being 0.34 ± 0.20, about 69% less than before. Meanwhile, the average Ångström exponent was about 9.5% higher than before, with an average value of 1.38 ± 0.25, indicating that the main pollutants were fine particles. Single scattering albedo decreased as wavelength increased, being higher than in the other two stages (mean value of 0.944 ± 0.045). This showed that the strong scattering capacity and absorption aerosol optical depth was at its lowest, at about 0.008 ± 0.009. The peaks of aerosol volume concentration in the fine and coarse mode were significantly reduced. Meteorological conditions also had a certain effect on the aerosol optical properties, with the blowing of clean and dry wind and the occurrence of precipitation contributing to the overall improvement in air quality.






Keywords:


aerosols; optical properties; restrictive measures; meteorological conditions








1. Introduction


Aerosol particles play an important role in global and regional climate because particulate matter (PM) can scatter or absorb solar radiation, depending on the particles’ composition, size and spatio-temporal distribution [1]. Furthermore, they can indirectly influence cloud physics, e.g. the lifetime of clouds, their albedo, and precipitation, and they can cause environmental and public health problems [2]. Despite recent progress in modeling [3] and observation techniques, including passive [2,4] and active remote sensing [5,6], in-situ measurements [7] and combinations of these [8], aerosols remain one of the largest sources of uncertainty in current assessments and predictions of global climate change [9,10]. One of the main reasons is the large temporal and spatial variability—this is particularly true for regional air quality studies.



With its rapid economic development in the past three decades, China has experienced obvious changes, characterized by expanding industrialization and urbanization, explosive growth in vehicle numbers, and intense human activity. These changes have resulted in high aerosol particle loading levels [10,11,12] and reductions in visibility [13,14], solar radiation [15] and air quality [16], especially in areas of eastern China such as the Jing-Jin-Ji (Beijing, Tianjin and Hebei) region [17]. Studying the optical properties of aerosols is a prerequisite for furthering our understanding of atmospheric pollution. However, the absorption and scattering properties of aerosols of different types and different particle sizes vary considerably at different wavelengths [18,19,20,21,22], and the changes in aerosol optical properties in different regions are also very complex.



At present, most research into aerosol optical properties focuses mainly on the aerosol optical depth (AOD), Ångström exponent (AE, α), single scattering albedo (SSA), and complex refractive index [23,24,25]. In recent years, a number of studies on aerosol optical properties over the Beijing region have been conducted. Che et al. analyzed the data from seven stations located in the North China Plain in 2013 [26]. They determined that the AOD at 500 nm (AOD500nm) during non-pollution periods at all these stations was lower than 0.30 and increased significantly to greater than 1.00 as pollution events developed. The AOD500nm averages increased from north to south during both polluted and non-polluted periods at the three urban sites in Beijing. Eck et al. [27] analyzed the aerosol optical properties of mixed coarse and fine particles in Beijing, and reported that the AOD reached its maximum in June with an average value of 1.3, whereas winter featured lower values (0.45~0.55).



Beijing held the 15th World Athletics Championships during 22–30 August 2015, and then a Victory Day military parade took place shortly afterwards on 3 September 2015. A number of pollution control measures were taken to ensure the smooth running of these two major events. Specifically, from 20 August to 3 September, cars on the capital’s roads had to strictly observe an “odd-even” traffic restriction policy, not only in Beijing, but also in Tianjin, Hebei, Shanxi, Inner Mongolia, Shandong and Henan as shown in Figure 1. Unified implementation of interim measures to strengthen the reduction of emissions took place with the aim of reducing major pollutant emissions by more than 30% during this period based on the government’s comprehensive consideration of the environment and economy.



The purpose of the present study was to investigate the aerosol optical properties in Beijing during the period of the World Athletics Championships and Victory Day military parade in August and September 2015, based on comprehensive analysis of ground-based observation data, PM concentrations, and weather conditions. The intention was to improve understanding of the nature of aerosol optical properties during special events/periods in the Beijing region, particularly the contribution of measures to restrict traffic and reduce emissions [28,29,30,31].




2. Site, Instruments, and Data Method


The observation site is located on the roof of the Chinese Academy of Meteorological Sciences building (39.56°N, 116.19°E, 106 m), where the main pollution source is likely derived from urban activities.



The aerosol optical properties observation data of level 1.5 were obtained from the Aerosol Robotic Network (AERONET), which is a ground-based aerosol monitoring network, established by NASA (http://aeronet.gsfc.nasa.gov/) [26]. The instrument used by AERONET is the automatic Cimel-318 sun and sky scanning radiometer (Cimel Electronique, Paris, France) [26]. The CE-318 has a 1.2° full field-of-view and eight channels: four observation channels at 440 nm, 670 nm, 870 nm and 1020 nm; three 870-nm polarization channels; and a 940-nm water vapor channel. Measurements at 440 nm, 670 nm, 870 nm and 1020 nm are used to retrieve the AOD, and measurements at 940 nm are used to obtain the total precipitable water content in cm [32,33]. The total uncertainty of each optical depth measurement is about 0.01–0.02 [34].



The hourly PM data for Beijing during the study period were measured by TEOM 1405 (accuracy: ±2.0 µg/m3, resolution: 0.1 µg/m3, 1-h average) and these data were obtained from the China National Environmental Monitoring Centre. The surface meteorological data were obtained from the CMA (China Meteorological Administration). Version 4 of the Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model [35], which is a professional model for calculating and analyzing the transport and diffusion of atmospheric pollutants, was used, and the input data were obtained from the NCEP (a comprehensive analysis of observation data set, established by the National Centers for Environmental Prediction and National Center for Atmospheric Research).



This study used the period of 6 August to 17 September 2015, within which three sub-periods were defined: 6–19 August as stage 1 (S1 for short), when there were no restrictive measures; 20 August to 3 September as stage 2 (S2 for short), when the restrictive measures were employed; and 4–17 September as stage 3 (S3 for short), when there were no emission limitations.




3. Results and Analysis


3.1. Daily Average AOD and PM Concentration


The daily mean values of the observed AOD data and PM measurements are shown in Figure 2; the missing AOD data are due to cloud accumulation and precipitation, and the error bars represent the standard deviation (as do all error bars shown in the following figures). In S1, apart from 10, 15 and 16 August, AOD440nm was more than 0.50, with an average value of 1.11 ± 0.82 and a large variational range. The extent of the PM2.5 variation was large and greater than 50 μg/m3, except on 15 and 16 August, with an average value of 70 ± 25 μg/m3. On 7 August, the weather was moderate rain and the AOD was the highest (2.99), which was possibly affected by the hygroscopic growth of aerosol particles [36]. On 13 August, pollution was more serious: AOD440 was 1.53, PM2.5 was greater than 125 μg/m3. On 18 August, aerosol particles activated cloud droplets or hygroscopic growth due to rainfall [36,37], which possibly led to a decrease in particles of 2.5 microns or less and an increase in AOD440. That is to say, the AOD440 on this day was high (~2.04) for the period, whereas the PM2.5 level was not as high, ~55 μg/m3. In S2, the overall level of AOD440 was less than that of S1. The majority (75%) of the AOD440 values were less than 0.5, and the mean value was 0.34 ± 0.20. The PM2.5 value was lower than 40 μg/m3, apart from 20 August (41 μg/m3). The mean value was 23 ± 12 μg/m3 with little variation, which was about 67% less than in S1. During this period, the total amount of PM was reduced likely because of the effective restriction. In S3, the overall level of AOD440 was higher than that of S2 but lower than that of S1, with an average value of 0.62 ± 0.59, possibly due to large quantities of PM that were carried down to the ground by two precipitation processes [36,37] in Beijing (4–5 and 9–10 September). In this period, the change trends of PM2.5 and AOD440 were similar, characterized by low values after precipitation. This would then cause a gradual increase. The mean value of PM2.5 was 52 ± 12 μg/m3. This may have been due to the combined action of the end of the restrictive measures and the precipitation. They would cause a sharp increase and decrease in PM2.5, respectively. In summary, fine particles caused by human activities during the restrictive period (S2) were the main aerosol component in the atmosphere. The variation of AOD440 and PM2.5 was small and the overall values were low, illustrating that the restrictive measures were highly effective [37,38]. Meanwhile, Figure 3 shows the linear fitting for PM2.5 and PM10 with AOD440 for all days that were considered. It can be seen that the PM2.5 (R = 0.72) had a better correlation than PM10 (R = 0.65) with AOD440. When the AOD440 was lower than 0.7, the PM2.5 point deviated less with the results of the linear fit than when the AOD440nm was higher than 0.7. The PM10 showed a smaller deviation when AOD was lower than 0.4 and when the AOD440 was higher than 0.5, the deviation was bigger. However, the PM concentration data reflected the situation at the surface and are dominated by local emissions. The AERONET observations covered the total column, including the dust in the free troposphere, but was dominated by local aerosols as well as long-range transport of pollution. This may be one of the reasons for the mismatch in the figure.




3.2. Aerosol Optical Properties


Figure 4 shows the daily variation of AOD440nm and AE440–870nm observed by AERONET. In S1, the AOD440 was at the highest level on 7 August and then sharply decreased due to the precipitation. The AOD440 fluctuated from 8 to 13 August and then began to decrease from 13 to 15 August when it reached its lowest level. A slight AOD440 increase occurred on 16 August, and then a sharp increase occurred on 17 August. The value of AOD varied from 1.18 to 1.90. It then reached a high level on 18 August (2.04), when a thunder shower occurred. Before the precipitation, the high relative humidity led to the strong hygroscopic effect of particles and thus the AOD increased. After the precipitation, effected by the wet removal, the AOD decreased sharply. Compared to the significant changes in AOD440, the change in AE was not as sharp: the mean value was 1.26 ± 0.27, indicating the main particles of air pollution in S1 were fine particles. In S2, the overall level of AOD440 was lower than that in S1. Almost all values were less than 1.00 and 82% were less than 0.50. However, AE showed greater variation, with a mean value of 1.38 ± 0.25. The AE reached its lowest value of 0.08 on 24 August, and then increased continuously until 28 August, with a maximum value of 1.87. In S2, AE values > 1.50, and > 1.00 were 56% and 84%, respectively. This indicates that coarse particles produced by factories were significantly reduced following the restrictive measures. In addition, the air quality was more affected by the generation of fine particles, such as vehicle exhaust and secondary aerosol formation. In S3, AOD440 was affected by the wet removal of two precipitation processes. The overall level was lower than the S1 stage but higher than the S2 stage due to the end of restrictive measures. The AE was most >1.00, and the mean value was 1.58 ± 0.11. Therefore, before the restrictive measures were introduced, air pollution was more serious than during the period when attempts were being made to control air pollution. Following the end of the measures, AOD440 remained at a low level due to the beneficial weather conditions [36,37,38,39].



The SSA, single scattering albedo, reflects the proportion of aerosol particle scattering in the total extinction, which is calculated by the equation    SSA =   σ  s c     σ  s c   +  σ  a b        (σsc and σab stands for the scattering coefficient and absorption coefficient, respectively). A low variation of aerosol particles has a great influence on this property, which is important to evaluate the effects of aerosols on climate. Dubovik et al. [40] showed that the spectral properties of SSA are not only determined by the category of aerosol but also by the size of the aerosol. Figure 5 shows the average SSA in the three stages of the present study. It can be seen that the SSA in each stage decreased gradually with wavelength. The SSA of all the bands was more than 0.90, reflecting the strong scattering effect of aerosol particles during the study period. In S2, the SSA was relatively greater than in the other two stages: the mean value of all wavelengths was 0.944 ± 0.045 (S1 = 0.932 ± 0.043; S3 = 0.927 ± 0.046), and aerosol particles showed strong scattering capacity. This may have been due to the main pollutants such as sulfur or nitrogen oxides in the Beijing area resulting from anthropogenic activities (e.g., vehicle exhaust) in the restrictive period. The rate that these hygroscopic particles converted into sulfate and nitrate was enhanced [41]. The SSA increased because sulfate, nitrate and other secondary aerosols have strong scattering capacities. The SSA in S1 was between 0.92 and 0.95 for all bands, while S3 featured the lowest SSA level for all bands, with all values falling between 0.91 and 0.95.



Absorption AOD (AAOD) reflects the proportion of aerosol particles absorbing in the total extinction, which is calculated by the equation AAOD = AOD × (1 − SSA). As Figure 6 shows, AAOD decreased with wavelength in each stage. In S1, AAOD was significantly greater than in the other stages and AAODs were more than 0.01 at all wavelengths. In particular, AAOD at 440 nm exceeded 0.03, reflecting the higher content of absorbing aerosol particles in the atmosphere. The AAOD level in S2 was the lowest, with a mean value between 0.005 and 0.015, indicating that emissions of air pollutants during this period of restriction were greatly reduced and the air quality improved. Although the AAOD in S3 was lower than that in S1, it was still greater than in S2 (0.010–0.030). This suggests that although the wet removal effect was beneficial to the reduction of pollutants in the atmosphere, the emissions of pollutants and their content in the atmosphere still increased. These results fully verify the importance of restrictive measures to improve air quality. The above discussion could allow a deeper understanding of the scattering and absorption capacity of aerosols.



Figure 7 shows the imaginary part of the complex refractive index for each wavelength in S1, S2 and S3. It is apparent that the imaginary part of each wavelength had a tendency to decrease with wavelength during the whole period. The imaginary part in S2 was the smallest, with a mean value of 0.0051 ± 0.0048, indicating that absorption ability during S2 was lowest. The imaginary part for each wavelength in S1 was the highest and most were more than 0.006, indicating the serious pollution before the restrictive measures. The imaginary part of each wavelength in S3 was around 1.20 times that of the imaginary part in S2. This indicates that atmospheric aerosol absorption increased after the end of the restrictive measures.



Table 1 displays the statistical parameters (mean and standard deviation) of the aerosol optical properties. It can be seen that the AOD440nm in S1 was the highest of these three stages. When the restrictive measures were taken, the AOD440 in S2 was about 69% lower than before with the value of 0.34. The α440–870 in S2 was about 9.5% higher than in S1, indicating the component of coarse particle was decreased. In addition, this was also reflected in a Cf/Cc ratio that was about 6.4% larger than S1. The effective radius of coarse particles in S2 (2.27 ± 0.46) was the smallest in these three stages, about 13.4% and 8.5% smaller than S1 and S3, respectively.



The aerosol particle size distribution was obtained from the AERONET observation data, and the results are shown in Figure 8. It can be seen that during the study period, the aerosol size distribution showed an obvious double-peak distribution. In S1, the peak value of fine-mode particles on 13 August was significantly higher than at other times, ~0.15 μm3/μm2 with a radius of 0.35 μm (effective radius of 0.26 μm). The coarse-mode particle peak was also higher than at other times, reaching 0.10 μm3/μm2 (effective radius reaching 2.79 μm). These data imply that air pollution was relatively more serious on these days. During 16–17 August, fine-mode particles peaked in the range of 0.06 μm3/μm2 to 0.13 μm3/μm2. The particle radius corresponding to the peak value increased as did the number of fine-mode particles with a radius between 0.20 μm and 1.00 μm on 17 August. It was much higher than on 16 August, possibly due to the occurrence of precipitation. The precipitation led to collision and/or coalescence growth of fine particles. In S2, the peak value of fine-mode particles on 29 August was significantly higher than that on other days, exceeding 0.09 μm3/μm2. The radius corresponding to the peak value increased from 0.15 μm to 0.19 μm and the effective radius reached 0.18 μm. This showed that there were many fine particles affected by collision and coalescence growth, resulting in the peak concentration and corresponding increase in radius. Meanwhile, at other times in S2, the fine or coarse mode particle quantities were both less than 0.05 μm3/μm2, significantly lower than in S1—reflecting the important role of the air pollution restrictive measures. The peak value of fine particles in S3 exceeded 0.16 μm3/μm2 and 0.20 μm3/μm2 on 15 and 16 August, respectively. However, the overall level on other days was lower than in S1, with the value basically below 0.08 μm3/μm2.



Figure 8d shows the average particle size distribution of the three stages. Clearly, the S1 size distribution curve is higher than that of S2, indicating a higher aerosol particle content. The peak concentrations of fine particles reached 0.063 μm3/μm2, ~97% higher than in S2. The volume median radius in S1 was 0.19 ± 0.05 μm, which was slightly larger than in S2 (about 0.18 ± 0.04 μm) and much larger than in S3 (about 0.16 ± 0.02 μm). The effective radius of S1 was 0.32 ± 0.08 μm, also larger than in S2 and S3, which had values of about 0.28 ± 0.09 μm and 0.30 ± 0.09 μm, respectively. Meanwhile, the coarse-mode particle concentration in S1 was obviously larger than that in S2 and S3, with the peak concentration reaching about 0.050 μm3/μm2, which was 1.5 times higher than in S2 and 0.5 times higher than in S3. The volume median radius of coarse-mode particles in S1 was 3.14 ± 0.24 μm, which was slightly larger than that in S3 (about 3.06 ± 0.41 μm) and much larger than that in S2 (about 2.81 ± 0.38 μm). The largest effective radius of coarse-mode particle was still in S1, at about 2.62 ± 0.22 μm, followed by S3 (2.48 ± 0.35 μm) and S2 (2.26 ± 0.34μm). Therefore, we can see from the above that before the restrictive measures, the atmospheric aerosol content was higher, and the air pollution was more serious. With the implementation of the restrictive measures, the concentration of aerosol was significantly reduced, and the air quality notably improved. After the end of the measures, the aerosol concentration was still at a low level and showed improved air quality due to the beneficial weather conditions.




3.3. The Effect of Meteorological Conditions on Aerosol Optical Properties


Meteorological factors and weather conditions have a certain effect on AOD and in terms of the transportation of air pollutants, near-surface wind velocity and the vertical shear of horizontal wind in the lower troposphere will also affect this property. To examine this in the context of the present study, we analyzed some meteorological factors and the weather situation related to the changes in AOD.



Figure 9, Figure 10 and Figure 11 show the respective surface weather situation (including temperature, pressure, cloudiness and wind direction and speed), 850-hPa wind field (the length of arrows represents the wind speed) and vertical velocity field (40°N) at 08:00 on 16–18 August, 14:00 on 26–28 August (the data from 8:00 on 26–28 August were missing and so we used the 14:00 values instead), and 08:00 on 11–13 September in the Beijing area. During 16–18 August in S1, the Beijing area was affected by a low pressure system. On 16 August, the horizontal wind speed was low and the vertical velocity of the whole layer was slow, which was conducive to the accumulation of pollutants rather than a rapid dispersal. On 17 August, the prevailing southerly winds transported pollutants produced in Hebei province to Beijing, while the vertical velocity slightly decreased and large areas of vertical velocity were zero, reflecting the formation of a steady weather system and resulting in further accumulation of pollutants. Through this continuous accumulation, the AOD reached a maximum value on 18 August, and then, due to the passage of a cold front, vertical velocity increased, resulting in decline in AOD. During 26–28 August in S2, Beijing was located in the bottom part of a high pressure center and the back of a low pressure center, with prevailing northerly winds. Dry and clean wind from the north was conducive to the dispersion of pollutants and, together with the restrictive measures, helped the air quality level in Beijing to greatly improve. During 11–13 September in S3, Beijing was located in the front of a high pressure center and the back of a low pressure center. Dry and clean northerly wind and strong vertical convective movement were not conducive to the accumulation of pollutants; rather, they favored their dispersal. Generally speaking, despite the restrictive measures ending and pollutant emissions increasing compared with S2, the AOD in S3 remained at a low level. This was due to the Beijing area being controlled by a high pressure system, along with the pollutant diffusion effect of dry and clean northerly wind. In summary, the meteorological conditions certainly had an influence on AOD. Horizontal wind was conducive to the dispersion of pollutants and their transmission but, due to the different prevailing directions, may have caused local pollutant input or output effects, and weak vertical movement was conducive to the accumulation of pollutants.




3.4. Backward Trajectory Analysis


Aerosol backward trajectory simulation can not only explain the sources of pollutants and air mass movement direction, but is also closely related to the AOD, SSA and gas column water content. Xia et al. [42] analyzed five years of pollution data in the Beijing area and pointed out that slow-moving aerosol tracks usually possess high AOD and SSA, as well as a high water content. For the present study, Figure 12 shows 72-h simulation results at three heights (100 m, 500 m, 1000 m) in Beijing local time at 08:00 on 18 August, 08:00 on 28 August, and 08:00 on 12 September, and the resolution of HYSPLIT in this case is 1° × 1°. It can be seen that for the more serious pollution on 18 August, at the three different heights, the air mass crossed the northern part of Jiangsu province, Henan province, Hebei province from the southwest of Beijing, and then travelled to the center of Beijing. Along this route are highly polluted areas, meaning such southerly flow easily transports pollutants originating from these regions to Beijing. During the restrictive period, air quality was quite good. On 28 August, the simulation showed the air mass at the three different heights moved mainly from the northeast direction of Beijing. The 500-m and 1000-m air masses moved mainly from the Inner Mongolian province and then crossed the Liaoning province and Hebei province, while the air mass at 100 m was derived from the Hebei province. However, the traffic and emissions measures that were introduced greatly reduced the emissions of pollutants in and around Beijing. The air quality improved under these combined effects. Following the end of the restrictive measures, it can be seen that the air mass on 12 September at the three different heights came from the northwest. Although the control measures had ended, the diffusion conditions for pollutants turned positive because of the dry clean air. This, together with the wet removal effect of precipitation, caused the air quality in Beijing during this period to remain improved.





4. Conclusions


This study used AERONET observations and inversion data together with ground PM measurements to analyze aerosol optical properties in the Beijing area from 6 August to 17 September 2015, a period when control measures were introduced to curb factory and vehicle emissions because of the occurrence of the World Athletics Championships and the Victory Day military parade. The influence of meteorological conditions on aerosol optical properties was also considered by using NCEP reanalysis data. Lastly, the pollutant sources were analyzed using the HYSPLIT model.



The main conclusions can be summarized as follows. The sources of pollutants in Beijing were mainly associated with human activity. When the restrictive measures came into force, air quality improved significantly. A decreased AOD of ~69% and an increased proportion of fine particles of ~9.5% were measured. The aerosol size distribution showed an obvious double peak distribution, and the peak value of fine and coarse particles reached their highest levels before the restrictive measures were introduced. During the period of restrictive measures, the AAOD was at its lowest (about 0.008 ± 0.009), but the SSA was at its highest (about 0.944 ± 0.045), indicating a strong scattering property.



Meteorological conditions certainly also had an effect on the aerosol optical properties. The high horizontal wind speed and the direction of dry and clean wind at particular times were beneficial to the diffusion of pollutants locally, which allowed the air quality to improve. However, the relatively low vertical velocity at other times was beneficial to the accumulation of pollutants. According to the backward trajectory analysis, air masses in the period of serious pollution derived mainly from polluted cities located to the south of Beijing. When the air quality was improved, this was mainly a result of air masses transported from the northwest.



Finally, precipitation also had a pronounced effect on improving the air quality. Precipitation can carry air pollutants down to the ground through the process of wet removal, enabling the air quality to improve and making the meteorology the dominant factor at times. Indeed, the overall improvement in air quality at certain times during this study period was a combined result of human intervention (i.e., the introduction of pollution control measures) and meteorological factors. This study revealed the facts of the observation during the restrictive period. But the precise contributions of meteorological factors and restrictive measures need to be evaluated in greater detail by numerical models combined with the analysis of precipitation to allow for a better overall understanding of the relative influences.
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Figure 1. Key regions in China where restrictive measures were implemented. The red star represents the Beijing measurement site. 
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Figure 2. Daily mean values of AOD440nm and PM2.5. 
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Figure 3. Linear fitting of PM2.5 (a) and PM10 (b) with AOD440. 
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Figure 4. Daily variation (a) and Daily averages (b) of AOD and AE. 
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Figure 5. Variation of mean SSA at different wavelengths. 
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Figure 6. Variation in mean AAOD at different wavelengths. 
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Figure 7. Variation of the imaginary part of the complex refractive index at different wavelengths. 
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Figure 8. Daily average and stage average aerosol volume distribution. 
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Figure 9. Surface weather situation at 08:00 (a–c) on 16–18 August; 14:00 (d–f) on 26–28 August; and 08:00 (g–i) on 11–13 September in the Beijing area. 
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Figure 10. Wind field at 850 hPa at 08:00 (a–c) on 16–18 August; 14:00 (d–f) on 26–28 August; and 08:00 (g–i) on 11–13 September in the Beijing area. The red star represents the Beijing measurement site. 
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Figure 11. Cross-section of vertical velocity along the latitude of 40°N at 08:00 (a–c) on 16–18 August; 14:00 (d–f) on 26–28 August; and 08:00 (g–i) on 11–13 September in the Beijing area. 






Figure 11. Cross-section of vertical velocity along the latitude of 40°N at 08:00 (a–c) on 16–18 August; 14:00 (d–f) on 26–28 August; and 08:00 (g–i) on 11–13 September in the Beijing area.



[image: Atmosphere 07 00047 g011]







[image: Atmosphere 07 00047 g012 1024] 





Figure 12. The 72-h backward air trajectories arriving at three hights in Beijing local time at (a) 08:00 on 18 August; (b) 08:00 on 28 August; and (c) 08:00 on 12 September. 
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Table 1. Parameters of aerosol optical properties (r* is effective radius; r is volume median radius, F is fine mode fraction; Cf/Cc is the ratio of fine mode volume concentration to coarse; k440nm is the imaginary part of the complex refractive index at 440 nm).
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Parameter

	
Optical Properties




	
AOD440nm

	
α440nm–870nm

	
SSA440nm

	
r*, rf (μm)

	
r*, rc (μm)

	
F

	
Cf/Cc

	
k440nm






	
S1

	
Mean

	
1.11

	
1.26

	
0.94

	
(0.17, 0.19)

	
(2.62, 3.14)

	
0.86

	
1.41

	
0.0076




	
SD

	
0.82

	
0.27

	
0.03

	
(0.04, 0.05)

	
(0.22, 0.23)

	
0.09

	
1.07

	
0.0047




	
S2

	
Mean

	
0.34

	
1.38

	
0.95

	
(0.16, 0.14)

	
(2.27, 2.81)

	
0.82

	
1.50

	
0.0061




	
SD

	
0.20

	
0.25

	
0.04

	
(0.03, 0.04)

	
(0.46, 0.50)

	
0.15

	
0.92

	
0.0050




	
S3

	
Mean

	
0.62

	
1.58

	
0.93

	
(0.15, 0.16)

	
(2.48, 3.03)

	
0.85

	
1.23

	
0.0078




	
SD

	
0.59

	
0.11

	
0.04

	
(0.02, 0.02)

	
(0.35, 0.40)

	
0.09

	
0.72

	
0.0054










© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons by Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).
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