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Abstract

:

Identifying the types and vertical distribution of aerosols plays a significant role in evaluating the influence of aerosols on the climate system. Based on the aerosol optical properties obtained from Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO), this study analyzed the long-term aerosol characteristics of seven cities in East Asia (Ulaanbaatar, Beijing, Lanzhou, Shanghai, Lhasa, Hong Kong, and Bangkok) from 2007 to 2021, including the spatiotemporal variations of aerosol optical depth (AOD), the vertical stratification characteristics of aerosols, and the main aerosol subtype. The results showed that, except for Lhasa, the AOD values of all cities exhibited a trend of initially increasing and then decreasing over the years. Except for Shanghai, the high values of AOD in the other cities occurred in the spring and summer seasons, while the low values occurred in the autumn and winter seasons. In all four seasons, the AOD contribution within the 1–3 km range accounted for more than 50% of the total. In the autumn and winter seasons, this proportion reached over 80%. The main types of aerosols and their contributions varied at different altitudes. Overall, dust, polluted continental/smoke, polluted dust, and elevated smoke dominated in all aerosol layers across each city. On the other hand, clean marine, clean continental, and dusty marine had very small proportions, accounting for less than 5% of all the cities’ aerosol layers.
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1. Introduction


Aerosols influence the climate system in direct and indirect ways. Aerosols directly scatter and absorb solar radiation, which has an impact on the atmosphere’s latent heating distribution and radiant energy transmission [1,2]. On the other hand, aerosols have an indirect impact on the weather and climate by acting as Cloud Condensation Nuclei (CCN) and Ice Nuclei (IN), thereby changing cloud properties and lifetimes [3,4,5]. In addition, aerosols harm human health [6], and reduce visibility and agricultural Total Factor Productivity (TFP) [7,8,9].



However, owing to incomplete knowledge concerning the optical and microphysical properties, spatiotemporal distributions, and vertical profiles of aerosols, these effects dominate the uncertainty in climate modeling [1,2]. Therefore, figuring out the aerosols’ optical and microphysical properties and identifying aerosol types and vertical profiles are of significance when evaluating aerosols’ roles in climate systems [3,4,5].



With the recognition of the importance of aerosols to the climate, satellite observations and ground-based measurements have been used to determine the optical types and vertical profiles of aerosols. Ground-based measurements provide a reliable and accurate representation of aerosol properties. However, they are limited by the number of sites [6]. Satellite passive sensors like Moderate Resolution Imaging Spectroradiometer (MODIS) and Multiangle Imaging Spectroradiometer (MISR) are frequently utilized to study the two-dimensional distribution of aerosols, but they fail to provide aerosol vertical distribution properties [7]. Whereas satellite active sensors, like the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) on board the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO), can continuously acquire a high-resolution vertical profile of aerosol properties and comprehensive three-dimensional spatial and temporal information about their distribution. Moreover, these sensors can determine the optical and microphysical characteristics of the aerosol [8].



CALIPSO has been used to get the aerosol types and vertical distribution in numerous investigations [9,10,11,12,13]. Liao et al. [14] presented the 3D vertical structure of aerosols over Southwest China using the CALIPSO Level 2 nighttime aerosol profile product. The research contributes to our understanding of the three-dimensional features of the development and dispersion of aerosols in Southwest China. Brakhasi et al. [7] found that aerosols increasing in altitude are caused by environmental heat and steam resulting from the climate or season, and revealed that CALIOP Vertical Feature Mask (VFM) time-series data can be used to analyze the vertical distribution and variation of aerosols, providing a means of monitoring the atmospheric vertical structure. Niu et al. [15] found the existence of tropospheric aerosol layers associated with the Asian summer monsoon by exploring the properties, spatial/vertical distributions, and annual evolution of tropopause aerosols over the South Asia region. Using CALIPSO data from 2006 to 2016, Song et al. [16] investigated the vertical spatiotemporal patterns for absorbing aerosols and predicted global absorbing aerosols‘ distribution by a neural network model. Gupta et al. [17] utilized long-term CALIPSO measurements to obtain dominant aerosol subtypes at different heights. Mehta et al. [18] demonstrated that vertical and columnar trends of aerosols were increasing in four seasons, and the vertical mixing of aerosols is higher in the upper Indo-Gangetic plain during the spring and monsoon seasons. Banerjee et al. [19] found that 51% and 41% of the total columnar aerosols in South Asian cities remained within 0–1 km and the planetary boundary layer (PBL), respectively.



East Asia is one of the largest aerosol precursors, which are caused by various aerosol sources [20,21]. These different aerosol sources may vary across areas that have different populations, climates, and elevations or are coastal or inland. A few studies have focused on the aerosols of East Asia and got confident results [21,22,23,24,25]. However, most of these studies have concentrated on the spatiotemporal dynamics or the aerosol components over the study area, but there is a lack of vertical structure aimed at different cities. In this study, seven cities in East Asia are selected. We studied the vertical structure and aerosol types of these cities and compared them using the data derived from CALIPSO from 2007 to 2021.




2. Data and Methods


2.1. Study Area


From Figure 1 and Table 1, the study area includes seven cities in East Asia: Ulaanbaatar, Lanzhou, Lhasa, Beijing, Shanghai, Hong Kong, and Bangkok. The seven cities range from low to high latitudes in East Asia. In regard to the geographical location on both land and sea, Ulaanbaatar, Lanzhou, Lhasa, and Beijing are inland cities, while Shanghai, Hong Kong, and Bangkok are coastal cities. They also have significant differences in elevation, with Lhasa at an altitude of nearly 4 km, Ulaanbaatar and Lanzhou at over 1 km, and Beijing, Shanghai, Hong Kong, and Bangkok ranging from a few meters to several dozen meters above sea level. Additionally, these seven cities are located in different climate zones. Among these seven cities, Ulaanbaatar, Beijing, and Bangkok are respectively the capitals of Mongolia, China, and Thailand, while the rest of the cities are all provincial capitals in China. Ulaanbaatar and Lhasa have populations of only around 1 million, while Beijing and Shanghai have populations exceeding 20 million. In summary, these cities are representative in terms of location, altitude, climate, and population.




2.2. CALIPSO


The CALIPSO satellite is the collaborative effort of the National Centre for Space Studies of France (CNES) and the U.S. National Aeronautics and Space Administration (NASA), launched as part of the A-Train satellite constellation [26]. It has a revisiting period of 16 days and covers almost the entire globe between 82° S and 82° N for the study of clouds and aerosols. The primary apparatus on board is CALIOP, which is a polarization-sensitive lidar with two distinct wavelengths that produce vertical profiles of backscatter at 532 and 1064 nm during both the day and night [27]. CALIOP offers a wealth of unique information on the vertical and geographical distributions of clouds and aerosols. Layer products, profile products, and the VFM are three categories of products for CALIOP level 2 data. The profile products provide retrieved profiles of extinction and backscatter within detected aerosol layers [28]. In the V4 profile product, tropospheric aerosols are separated into seven subtypes: dust, elevated smoke, clean continental, polluted continental/smoke, clean marine, polluted dust, and dusty marine [29]. A table on the classification of subtypes is shown in Appendix A. In the troposphere, spanning between 20 km and −0.5 km, aerosol profile products have a vertical spatial resolution of 60 m and a horizontal resolution of 5 km. In the stratosphere (above 20 km), these products have a vertical spatial resolution of 180 m and a horizontal resolution of 5 km. In this study, we obtained the V4.20 and V4.21 profile products from the NASA Goddard Space Flight Center (https://earthdata.nasa.gov/, accessed on 27 June 2023). The data available are from June 2006 to January 2022. To ensure the consistency of the annual and seasonal profile averages, profile products from 2007 to 2021 were used for this study.



In these products, we used the 532 nm extinction coefficient to calculate the daily, seasonal, and annual vertical aerosol distribution of these cities. In addition, the Atmospheric Volume Description (AVD) data product containing a feature classification flag was used to specify the aerosol type for each profile bin. With the help of the AVD characterization flag, the aerosol type was determined for each data point for aerosol extinction at various heights.




2.3. Methods


2.3.1. Cloud Screened and Quality Control (QC) of Extinction Profiles


The Cloud-Aerosol Discrimination (CAD) score was employed to clear clouds. The CAD score offers a numerical assessment of the reliability of the layer classification in the CALIOP CAD algorithm. The CAD algorithm has been adjusted to categorize these blended layers as clouds preventing cloud pollution of the aerosol dataset [26]. The standard CAD scores reported in the CALIPSO layer products range from −100 to 100. A positive CAD score indicates a cloud, while a negative score indicates an aerosol. The absolute value of the CAD score provides a level of confidence in the categorization. A higher CAD score corresponds to greater confidence in the accuracy of the categorization. Extinction profiles with CAD scores less than or equal to 20 and more than or equal to 100 were employed in this investigation [30]. To get accurate data, extinction profiles with the extinction QC flags of 0 (unconstrained retrieval, initial lidar ratio unchanged during solution process) and 1 (constrained retrieval) are included in this research [31].




2.3.2. Extinction Coefficient Arithmetic Rule


The 532 nm aerosol extinction coefficient was used to calculate the vertical distribution of the aerosols. To obtain more extinction coefficient data and to better represent the aerosol characteristics of these cities, we selected the extinction coefficient data within a 1° × 1° range centered on the coordinates of the cities to get their daily average data. We conducted analyses based on seasons and years. The months have been divided into four distinct seasons, for ease of presentation, spring is MAM (March, April, May), summer is JJA (June, July, August), autumn is SON (September, October, November), and winter is DJF (December, January, February). Furthermore, due to significant differences in altitude between the cities, we adopted the height above ground level for the vertical distribution analysis to better compare the vertical distribution of aerosols between cities. The range of nominal altitude is from −0.5 to 20.2 km above mean sea level.






3. Results


3.1. The Annual AOD and Vertical Extinction Distribution


Figure 2a displays the annual AOD and extinction coefficient of the seven cities from 2007 to 2021. The annual values of AOD for the seven cities showed a clear 3-level stepwise distribution. Hong Kong and Bangkok were at the highest level. The highest value in Hong Kong reached 0.581, while the lowest value was 0.416. In Bangkok, the highest value reached 0.584, with the lowest value being 0.397, showing more pronounced fluctuations overall. Their values in any given year were far higher than the average of the seven sites in that year. Beijing and Shanghai were at a slightly higher medium level. At this level, Shanghai had the lowest value of 0.244. The highest value in Beijing was 0.424. The fluctuations in value changes at this level were relatively small. In contrast, Ulaanbaatar, Lhasa, and Lanzhou had the lowest AOD values ranging from 0.200 to 0.357. Particularly, Lhasa was clearly at a stable low level among all cities, with AOD values consistently below 0.230. The AOD values of these three cities in recent years were much lower than the average value. As a whole, except for Lhasa, the other six cities showed an increasing and then decreasing trend, and most of the cities’ AOD values peaked between 2013 and 2016. Specifically, Hong Kong on the contrary showed decreasing and then increasing, and Bangkok has been on the rise, when all cities except Lhasa increased and then decreased from 2012 to 2014.



From Figure 2b, it can be observed that the value of the extinction coefficient had a certain relationship with the altitude. The extinction coefficient exhibited a decreasing trend with increasing altitude. Below 5 km, only Lhasa had a stable value of extinction coefficient. The height is 0.071 and a peak occurs at 1.62 km. On the contrary, the peak values of other cities were below 1 km. The peak values for Ulaanbaatar, Hong Kong, and Beijing were approximately between 0.607 and 0.816, while the peak values for Bangkok, Shanghai, and Lanzhou were 0.465 to 0.531. Above 5 km, except for Bangkok and Hong Kong, the value of the extinction coefficient for the other cities showed a significant decreasing trend. The peak values for Lhasa, Lanzhou, Ulaanbaatar, Shanghai, and Beijing were below 0.2. The fluctuation of the variation in accordance with the increase in height was negligible. The peak value for Hong Kong was 0.437. Bangkok was the most unique, with a peak value of 0.727 above 5 km.




3.2. The Seasonal AOD and Vertical Extinction Distribution


Table 2 shows the average AOD changes in the seven different cities during different seasons. Beijing, Shanghai, Hong Kong, and Bangkok had relatively high average AOD values, all above 0.36. Comparing different cities in the same season, it was found that the highest AOD values in spring, summer, and autumn were in Hong Kong, while the highest AOD value in winter was in Bangkok. However, Lhasa’s AOD for all seasons was solidly the lowest of all cities. On the other hand, comparing the four seasons within the same city, Hong Kong exhibited more pronounced fluctuations. The volatility in Hong Kong was relatively significant. Bangkok had the highest volatility. It can be observed that except for Shanghai, the highest values for all six cities occurred in the spring (Lanzhou, Lhasa, Hong Kong, Bangkok) or summer (Ulaanbaatar, Beijing), while the lowest values occurred in the autumn (Lanzhou, Bangkok) or winter (Ulaanbaatar, Lhasa, Beijing, Hong Kong). Shanghai, on the other hand, had the highest value of 0.485 in winter and the lowest value of 0.364 in spring.



Figure 3 illustrates the vertical distribution of AOD in seven different cities across the seasons. From the observation, the AOD values below 3 km exceeded 50% of the total value for all cities in all four seasons. Among them, the percentage of AOD below 2 km exceeded 40%. This proportion was even higher in autumn and winter, with more than 80% and 70% of the AOD below 3 km and below 2 km in all cities, respectively. However, the proportion of AOD below 1 km was generally lower in spring and summer. Overall, there has been a significant drop in the AOD percentage as the height has risen.



In comparison among the seven cities from the viewpoint of below 1 km, Ulaanbaatar had the highest percentage of AOD in all seasons except autumn, reaching 58% in winter. While in the autumn, the city with the highest percentage of AOD was Lhasa, reaching 55% at the same height. The lowest percentages of AOD in spring and summer were in Lanzhou and Lhasa, respectively, with only 18% and 16%. Meanwhile, in autumn and winter, Bangkok had the lowest AOD percentage at 21% and 31%, respectively. In terms of 1–2 km heights, compared to other cities, the highest percentage of Lanzhou was found in autumn and winter at 43% and 45%, respectively. The percentage of Lanzhou in spring was also relatively high, reaching 39% within the same height. Also, Shanghai had the highest proportion in summer and autumn, with 49% and 50%, respectively. Furthermore, the proportion of AOD at higher than 5 km was not greater than 10% for all cities across all seasons except summer, and especially in winter, the proportion was below 5%. However, Lhasa and Bangkok showed two distinct high values in summer, at 30% and 24%, respectively.



The seasonal mean extinction coefficients of the seven cities decreased with increasing altitude from 2007 to 2021 (Figure 4). Among them, the fluctuation of the extinction coefficients of Hong Kong and Bangkok was special. They showed a sudden increase in all seasons. Taking autumn as an example for analysis, the maximum degree of sudden increase in Hong Kong occurred at 3.54 km, when the mean sigma value was as high as 0.853. The maximum degree of sudden increase in Bangkok occurred at 7.08 km when the mean sigma value was as high as 0.511. Below 1 km, all the cities except Lhasa showed high values of extinction coefficient in all seasons. In particular, the maximum extinction coefficients for Ulaanbaatar, Lanzhou, Beijing, and Shanghai occurred below 1 km height. However, in four seasons the extinction coefficients measured at Lhasa remained consistently stable and low, always below 1.620. The only exception was a higher value of 6.60 recorded at 7 km during the summer.




3.3. The Annual AOD Subtype’s Vertical Distribution


It was found that the proportions of clean marine, clean continental, and dusty marine were very small, accounting for less than 5% of all the cities’ aerosol layers, by comparing the proportions of annual AOD (532 nm) subtype’s vertical distribution (Figure 5). Whereas dust, polluted continental/smoke, polluted dust, and elevated smoke played a dominant role in the various aerosol layers in the different cities, with more differences. In six cities except Ulaanbaatar, the proportions of dust and polluted continental/smoke in the aerosol layers showed increasing and decreasing with increasing heights, respectively. Meanwhile, in the six cities, polluted continental/smoke seemed to decrease with heights, excluding Hong Kong and Bangkok. However, elevated smoke showed a trend of rising and then falling, except for in Lanzhou and Lhasa, which always had low values. Ulaanbaatar differed from the other six cities in that the proportions of the four aerosol subtypes varied more dramatically and complexly with increasing heights.



At the same height, the percentage of aerosol subtypes varied from city to city. The four inland cities, Ulaanbaatar, Lanzhou, Lhasa, and Beijing, had significantly higher percentages of dust and polluted dust than the three coastal cities, Shanghai, Hong Kong, and Bangkok. In contrast, the three coastal cities had slightly higher percentages of polluted continental/smoke, elevated smoke, clean marine, clean continental, and dusty marine than the other four coastal cities. However, at higher heights, there are some exceptions. At heights of 4 km and above, polluted continental/smoke was largely higher in inland cities than in coastal cities. In addition, Shanghai and Bangkok had a significant spike in dust at heights above 5 km, which was equal to or higher than inland cities.





4. Discussion


4.1. Analysis of Annual AOD and Vertical Extinction Distribution


From Figure 2a, the annual mean AOD values of the seven cities showed a clear three-stage stepwise distribution. Bangkok and Hong Kong are located in coastal low-lying areas, which likely results in higher AOD values owing to the hygroscopicity of aerosols [32] and the high-humidity climate environment. Additionally, as low-altitude areas are major population centers on Earth [33], the emissions of gas are likely to be even higher. Atmospheric aerosols in low-altitude areas are more difficult to disperse because the surrounding relatively higher-altitude areas can hinder their propagation. In addition to geographical factors, anthropogenic factors such as economic development and industrial emissions in Hong Kong and Bangkok also affect their values. Particulate air pollution in Hong Kong has become increasingly serious with rapid economic development [34]. Bangkok and its surrounding area are one of the largest urban agglomerations in Southeast Asia. Rapid urbanization and industrialization have resulted in favorable economic growth, but also in deteriorating air quality [35]. Furthermore, due to the impact of the financial crisis and government policy requirements, the value of Hong Kong had intense fluctuation [36]. For Bangkok, the fluctuation has been caused by changes in the smoke layer generated from biomass burning [37].



Beijing and Shanghai’s value was relatively low. While developing their economies, they pay great attention to environmental improvement [38]. For Shanghai, since winning the hosting rights of the World Expo, the implemented environmental initiatives and comprehensive actions, with a focus on reducing air pollution, have been effective [39].



Ulaanbaatar, Lhasa, and Lanzhou are located in inland areas with relatively dry climates. The lower level of economic development and relatively low population size result in less anthropogenic emissions in the atmosphere. Furthermore, these regions have high altitudes in the kilometer range, making it difficult for external atmospheric factors to have an impact [40]. As a result, the AOD values in these areas are the lowest [41], especially in Lhasa. Lhasa has the lowest AOD because there are almost no signs of human habitation and low anthropogenic emissions in the Tibetan Plateau. Lhasa’s high altitude prevents the frequent long-range transport of aerosols from the outer reaches [42]. Another phenomenon worth discussing is that, after 2013, there has been a clear trend of decreasing AOD values in mainland Chinese cities. In 2013, China launched the first “Action Plan for the Prevention and Control of Air Pollution” and subsequently has implemented a number of measures to reduce pollution [43].



In the analysis of the Figure 2b extinction coefficient (532 nm) for seven cities, it can be observed that the extinction coefficient exhibited a decreasing trend with increasing altitude except for Bangkok and Hong Kong. Bangkok and Hong Kong show more idiosyncratic fluctuations. On the one hand, both Bangkok and Hong Kong are coastal cities located in the tropics with relatively high humidity in the surface vertical atmosphere, and the relative humidity is positively correlated with the atmospheric extinction coefficient [44]. On the other hand, the fluctuation of aerosol extinction coefficient values in Hong Kong and Bangkok in each of the four seasons is also drastic, which can be obtained by combining Section 3.2. The extinction coefficient of Ulaanbaatar, Lanzhou, Lhasa, Beijing, and Shanghai showed a decreasing trend with increasing altitude. In all seasons, it can be observed globally that the average extinction coefficient for aerosols tends to decrease as the altitude increases [45]. It can be seen that the fluctuation of aerosol extinction coefficient values in Ulaanbaatar, Lanzhou, Lhasa, Beijing, and Shanghai in each of the four seasons also largely fits the pattern. The extinction coefficients for the seven cities in four seasons will be explained in depth in Section 4.2.




4.2. Seasonal AOD Vertical Stratification and Vertical Extinction Distribution Analysis


As can be seen in Table 2, in different seasons, Beijing, Shanghai, Hong Kong, and Bangkok had relatively high average AOD values. These four cities also have relatively high levels of economic development. Beijing exhibited a relatively stable state throughout the four seasons, with little variation. Shanghai, on the other hand, showed a slow upward trend. The level of suspended particulates in the air is lower in winter than in spring and autumn due to weaker convection and surface temperatures, stronger winds, and precipitation. Coupled with the high precipitation in summer in Hong Kong, the mean dwell time of aerosols in the atmosphere is shorter, thus lowering the average AOD value [46]. This resulted in significant differences in AOD in summer and autumn. Meanwhile, from May to October, the AOD values decreased in summer and autumn and were high in spring and winter due to lower aerosol concentrations in Bangkok caused by clean air movement, dehumidification, and reduced biomass burning [47]. The variability of AOD values in Bangkok exhibits a seasonal pattern [48]. Lhasa has the lowest average AOD compared to other cities, with values below 0.1, reaching the highest value of 0.09 in spring and gradually decreasing thereafter, reaching the lowest value in winter. Notwithstanding the possibility of a modest rise in windy weather during spring, the AOD in Lhasa remains low and steady all year round [49].



From Figure 3, the proportion of AOD is significantly high in the lower atmospheric region below 3 km, across various vertical heights. Above 5 km, the proportion is small in all seasons except summer, especially winter. This is because, in various seasons across the globe, the average value of aerosols decreases with increasing altitude [45]. In urban areas situated below the 1 km altitude mark, the proportion of winter in Ulaanbaatar is significantly higher than that of other cities, while the proportion of autumn in Lhasa is significantly higher than that of other cities. Ulaanbaatar uses sulfur-rich coal for heating and cooking in the winter, and the air quality is very poor, with fine particulate matter concentrations often far exceeding the daily maximum levels set by the World Health Organization [50]. Autumn is the non-monsoon season on the Tibetan Plateau with less precipitation [51]. The cleaning effect on aerosols at this time of year is weaker with lower rainfall of autumn. Lanzhou and Lhasa have lower proportions in spring and summer than other cities. Spring and summer coincide with the monsoon period, and the low particulate matter concentrations during the monsoon period mainly reflect the dilution of atmospheric aerosols in Lhasa by precipitation [52]. In the case of Lanzhou, higher levels of turbulence and convection in the spring and summer blow the air layer to higher levels, resulting in a lower percentage below 1 km [41]. Bangkok has the lowest rate in the autumn and winter compared to other cities. Across India, AOD was significantly negatively correlated to rainfall in autumn [53]. May through October is the rainy season in Thailand [54]. This has contributed in part to Bangkok’s higher precipitation in the autumn. Bangkok is located in the southern part of the Indochina Peninsula, and Sooktawee et al. [55] studies have shown that the southern part of the Central South Peninsula receives more precipitation in winter than, for example, the mainland of the Central South Peninsula. Between 1–2 km, in autumn and winter, the aerosol extinction coefficient in Lanzhou is higher than in spring and summer. This is due to the larger amount of pollutant emissions during the comprehensive heating process and the poorer diffusion conditions in autumn and winter. The reason for the higher percentage in Shanghai in summer and autumn is that smog and marine aerosols are the main pollutants and are more polluted during these seasons [56].



Observing Figure 4, the most notable phenomenon is that the values of the extinction coefficients were higher in all seasons in the cities below 1 km except Lhasa, while the high value in Lhasa occurred at 7 km in summer. By considering the main components of dust and polluted dust in the atmospheric aerosols at altitudes higher than 5 km in Lhasa, it is possible to investigate the factors contributing to the occurrence of the maximum extinction coefficient value. Dust spreads from the deserts near northern India to the southern slopes of the Indo-Gangetic Plain in late spring and early summer. The southwestern monsoon may help to facilitate the spread of dust from the Indo-Gangetic Plain to the southern Tibetan Plateau in summer [57]. This elucidates the reasons behind the relatively high extinction coefficient during the summer season in Lhasa. By observing the extinction coefficients (532 nm) for the other six cities in four seasons above 5 km, the extinction coefficient values for Hong Kong and Bangkok showed the maximum fluctuations in spring and summer, respectively. Combined with the analysis in Section 3.3, it can be seen that the major aerosol subtype over the atmosphere above 5 km in Hong Kong was elevated smoke and in Bangkok was dust, polluted dust, and elevated smoke. The elevation of elevated smoke indicates that smoke produced by burning biomass is located above the PBL. This suggests to some extent that the thick layer of aerosols across the greater Bay Area is caused by transported smoke from biomass burning [58]. Regarding the distribution of aerosol subtypes above 5 km in Bangkok, a study of the smoke layer over Bangkok in the summer of 2011 found that a part of the smoke came from agricultural burning and fossil fuel combustion in the southern Indian subcontinent [37]. Furthermore, Gui et al. [59] study showed the dominant aerosol subtypes throughout East Asia are dust, polluted dust, and smoke, and Bangkok is no exception to this rule.




4.3. Analysis of the Annual AOD Subtype’s Vertical Distribution


The four inland cities, Ulaanbaatar, Lanzhou, Lhasa, and Beijing, had a much higher proportion of dust and polluted dust values at altitudes of 5 km and below than the three coastal cities, Shanghai, Hong Kong, and Bangkok. This may be due to the highly seasonal nature of dust aerosol production and transport in East Asia. The enormous dry and semi-arid Gobi in northern China and southern Mongolia, as well as the sandy Taklamakan area in northwest China, are the primary producers of dust in East Asia [60]. Dust from coastal areas can only be transported over long distances from continental sources, and during transportation [61]. Coastal cities have a slightly higher proportion of polluted continental/smoke, elevated smoke, clean marine, clean continental, and dusty marine, and clean marine may come from the ocean [62].



Furthermore, there were special circumstances regarding the polluted continental/smoke. Ulaanbaatar and Lhasa had a significantly higher proportion of this subtype at altitudes of 5 km and above compared to other cities. This is related to polluted continental/smoke originating from the Qaidam Basin and the Indus Ganges Basin in India. Research has shown that polluted continental/smoke originating from the basin can be transported to altitudes of 6 km or higher [14].



Overall, clean marine, clean continental, and dusty marine account for a small proportion of the seven cities, while dust, polluted continental/smoke, polluted dust, and elevated smoke dominate. This is because airborne mineral dust has been an important contributor to macro aerosols in Asia and globally [60,63]. Furthermore, Gui, et al. [59] have also demonstrated in their study that dust, polluted dust, and smoke all contributed significantly to the aerosol concentration found in the East Asian region.





5. Conclusions


Using the aerosol optical properties obtained from CALIPSO, we analyzed the long-term aerosol characteristics, including the spatiotemporal variations of AOD, the aerosol vertical stratification properties, and the main aerosol subtype in the seven cities of East Asia.



	
Except for Lhasa’s AOD which is steadily low, the AOD values of all the other cities showed an increasing and then decreasing trend during 2007–2021. The peak values occurred mostly in spring and summer, while the lowest values occurred in autumn and winter.



	
In all seasons, the proportion of AOD at the altitude of 1–3 km exceeded 50% of the total, with this proportion being even higher than 80% in autumn and winter.



	
Except for Lhasa, higher extinction coefficient values were observed below 1 km in all other cities during all four seasons. The highest extinction coefficient value in Lhasa occurred at an altitude of approximately 7 km during summer.



	
Dust, polluted continental/smoke, polluted dust, and elevated smoke played dominant roles in various aerosol layers in all cities. On the other hand, the proportions of clean marine, clean continental, and dusty marine were very small, all below 5% in all aerosol layers of all cities.
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Appendix A. AOD Subtypes in CALIPSO V4 Profile Products




 





Table A1. AOD subtypes and Denotations.






Table A1. AOD subtypes and Denotations.





	Subtype
	Denotation





	dust
	Desert dust



	polluted continental/smoke
	Urban/industrial pollution and biomass burning aerosols below 2.5 km



	polluted dust
	Episodes of dust mixed with biomass burning smoke



	elevated smoke
	Biomass burning aerosols above 2.5 km



	clean marine
	Sea salt



	clean continental
	Clean background



	dusty marine
	Mixtures of dust and marine aerosol
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Figure 1. The location of the study area. 
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Figure 2. Variations of (a) annual AOD (532 nm) and (b) extinction coefficient (532 nm) for seven cities. 
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Figure 3. The percentage of vertical distribution of AOD in seven cities during four seasons. 
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Figure 4. The extinction coefficients (532 nm) for the seven cities from 2007 to 2021 in (a) spring, (b) summer, (c) autumn, and (d) winter. 
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Figure 5. The percentage of annual AOD (532 nm) subtype’s vertical distribution for (a) Ulaanbaatar, (b) Lanzhou, (c) Lhasa, (d) Beijing, (e) Shanghai, (f) Hong Kong, and (g) Bangkok from 2007 to 2021. 
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Table 1. Information of the required stations in this study.
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	Stations
	Longitude

(°E)
	Latitude

(°N)
	Elevation

(m)
	Population

(Million)
	Climatic Zones





	Ulaanbaatar
	106.92
	47.92
	1300
	1.49
	Temperate continental climate



	Lanzhou
	103.67
	36.05
	1