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Abstract

:

The optical and physical characteristics of the aerosol vertical layers over Northeastern China (NEC) are investigated using the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) Level 2 layer products from 2007 to 2014. To better examine the spatial and temporal variations in the characteristics of aerosols over NEC, the region is divided into three parts (Heilongjiang province, Jilin province, and Liaoning province) to analyze the inter-annual and seasonal variations of nine selected aerosol parameters in each part during night and day times. The results reveal that the values of aerosol optical depth (AOD) increase year by year, over the whole NEC, being relatively high over the Liaoning (LN) province; this might be induced by higher levels of economic development and agricultural activity. The highest AOD values appear in summer, which is plausibly related to the temperate monsoon climate in NEC. Higher AOD values exist during the daytime than at night; this is intuitively the result of higher daytime anthropogenic activities. The base altitude of the lowest aerosol layer (BAL) and the top altitude of the highest aerosol layer (TAH) varied significantly due to the topography of NEC. The number of aerosol layers (N) is relatively large over LN, which might be caused by a relatively stronger atmospheric convection over this landscape. The thickness of the lowest aerosol layer (TLL) bore little relationship with the topography of NEC. The AOD proportion of the lowest aerosol layer (PAODL) is high (0.70 to 0.85 for the entire NEC), indicating that aerosols are mainly concentrated in the lowest layer of the atmosphere. The volume depolarization ratio of the lowest aerosol layer (VDRL) is large during spring and winter due to the presence of dust aerosols. The color ratio of the lowest aerosol layer (CRL) is large during the day due to relatively more human activities taking place than at night. Moreover, there is a significantly positive linear correlation between N and TAH, and a negative logarithm correlation between N and PAODL over NEC. The results of this study could provide researchers and the government departments with detailed and certain optical and physical information about aerosol layers over NEC, to help in the treatment of air pollution over NEC.
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1. Introduction


Atmospheric aerosols have scattering and absorption effects on solar radiation, which can significantly change the solar radiation energy reaching the surface, affecting the radiation budget of the whole earth-atmosphere system and, in turn, causing climate and environmental changes [1,2,3,4,5,6]. The optical and physical characteristics of atmospheric aerosols are key factors in the objective evaluation of aerosol radiation forcing and climate effects [7,8,9]. Therefore, observation of the optical and physical characteristics of atmospheric aerosols has become a research hotspot in the field of atmospheric environment and climate change [10,11,12,13,14]. With more frequent haze pollution episodes occurring over most areas of China in recent years, the study of aerosol properties was first conducted over economically developed areas, such as Beijing-Tianjin-Hebei, the Yangtze River Delta, and the Pearl River Delta [15,16]. However, research in developing Northeastern China (NEC) is relatively less. In recent years, due to a fast-developing economy and urban-scale expansion in NEC, energy consumption has also increased rapidly, leading to frequent air pollution events [17,18]. The deterioration of the ecological environment seriously restricts the development of the economy and threatens human health in NEC [19,20,21]. NEC is a vast territory with complex topography and landforms, coupled with differences in the aerosol distribution in time and space. Therefore, it is of great practical significance to study the long-term optical and physical properties of aerosols over NEC.



To observe changes in atmospheric aerosols, NASA has established a network of ground-based solar photometer observations around the world (known as AERONET) for long-term monitoring of aerosol characteristics [22,23,24]. China has also established a ground-based aerosol observation network, CARSNET [11]. Although ground-based aerosol observation accuracy is high, the site distribution is sparse. CARSNET, for example, currently has only 40 observation sites in mainland China and cannot offer large scale aerosol spatial distribution characteristics for the whole country. Satellite remote sensing can provide aerosol plane information over a wide range, thereby making up for the lack of aerosol spatial distribution from in situ, ground-level observations [24,25,26,27]. Satellite remote sensing data (such as Aqua-Moderate Resolution Imaging Spectroradiometer, MODIS) were used to conduct aerosol observation experiments [26,28,29,30]. As a typical sensor mounted on a remote sensing satellite, MODIS can detect the global distribution information of atmospheric physical and optical characteristics of aerosols, which makes up for the limitations of ground-based remote sensing and has outstanding advantages. At present, a large number of scholars have researched aerosol observations, based on MODIS, and many representative results have been achieved [26,31]. However, satellite-borne MODIS yields passive observations, data gaps at times. Although it overcomes the geographical limitation of ground-based observation, it cannot provide aerosol distribution information at the vertical levels in the atmosphere.



LiDAR remote sensing is an active remote sensing method. CALIPSO cloud-aerosol LiDAR and inferred pathfinder satellite observation is the first active satellite-borne polarization LiDAR capable of providing continuous aerosol observations [32,33]. The cloud-aerosol with orthogonal polarization (CALIOP) on CALIPSO can provide vertical distribution information for clouds and aerosols on a global scale, which is usually difficult to obtain by passive remote sensing. CALIPSO has been widely used in researching the optical and physical properties of aerosols [34,35,36]. However, the NEC region is mainly covered by a bright background of snow from November to May [25], making difficult the inversion of aerosol characteristics. The inversion of aerosol spatio-temporal distribution characteristics in NEC, based on traditional passive remote sensing, has experienced great limitations [18]. However, CALIPSO can overcome the influence of the bright surface background caused by snow on the inversion of aerosol optical depth (AOD) [37]. To our knowledge, a few studies on the vertical distributions of aerosol physical and optical properties have been conducted over NEC, especially based on CALIPSO data. Therefore, the motivation of the present study is to investigate the vertical distribution of the aerosol physical and optical properties using CALIPSO data. In this research, we investigate the inter-annual and seasonal variations of the optical and physical properties of aerosols’ vertical layers over NEC from 2007–2014. The outline of the manuscript is as follows: Section 2 presents the study area and methodology, and Section 3 presents the results and discussions. In the end, a brief conclusion is laid out.




2. Study Area and Methodology


2.1. Description of the Study Area


As shown in Figure 1, NEC is located in the northeast of China (115° E–135° E, 38° N–55° N) and includes three provinces. From northeast to the southwest, there are Heilongjiang province (HLJ), Jilin province (JL), and Liaoning province (LN). HLJ is the northernmost and easternmost province in China. It borders Russia in the east and north, Inner Mongolia Municipality in the west, and JL in the south. Northwest HLJ comprises the northeast-southwest trending Greater Khingan mountains, North HLJ is the northwest-southeast trending Lesser Khingan Mountains, and Southeast HLJ comprises the northeastern-southwest trending Changbai Mountain. Northeastern HLJ is the Sanjiang Plain and Songnen Plain forms the western part of HLJ. The HLJ province is rich in forest resources and sparsely populated, with a temperate continental monsoon climate [18,19]. The topography of JL is inclined from southeast to northwest and is divided into two landform areas: The eastern mountain and the central-western plain. The eastern, mountainous region comprises the Changbai Mountains and low hilly areas. The plain area is composed of a large part of the Songnen Plain and a small part of the Liaohe Plain. JL is an important industrial city in China and its manufacturing industries are relatively developed. LN is mountainous in its eastern and western parts, with the Liaohe Plain running through the middle. It is the most economically developed and most populated area in NEC. The three northeastern provinces belong to economically developing regions, although the economic gap between East China, South China, and other coastal cities is obvious. However, it is undeniable that, in recent years, the cities in NEC have developed quite well, e.g., Dalian, Shenyang, Changchun, and Harbin. NEC is China’s largest commercial grain production base and has some of China’s earliest-developed industrial towns and urban agglomerations. The level of economic development can be ranked: LN > JL > or = HLJ.




2.2. Material and Methods


The CALIPSO satellite carries three payloads: Dual-wavelength polarized LiDAR CALIOP; an infrared image detector (IIR); and a wide-angle camera (WFC). At an orbiting height of 705 km, three-dimensional information on global aerosols and clouds is acquired every 16 days. CALIOP emits laser pulses at 532 and 1064 nm, and the three receiving channels measure the orthogonal polarization components of the backscatter signals at 1064 and 532 nm, respectively. By collecting the aerosol and cloud attenuation scattering in two bands and the polarization backscatter of 532 nm, the vertical profiles of clouds and aerosols are obtained. The specific aerosol retrieval algorithms can be found in the relevant literature [33,35,36].



CALIOP can provide multiple levels of data, including Level 0, Level 1A, Level 1B, Level 2, Level 3, and Level 4. Level 2 data products include aerosol profile products, aerosol layer data products, and vertical feature mask data products [37]. The layer products provide information on the intra-layer integration of the detected aerosols and clouds, and the profile products represent extinction and backscatter profile information in the layers. CALIPSO’s L2 datasets are obtained by removing the cloud from the L1 data [36].



The data employed in this paper are aerosol layer products at Level 2, with a horizontal resolution of 5 km. To better analyze the vertical optical and physical characteristics of the aerosol layers, we analyzed the characteristics of the whole aerosol layers and the lowest aerosol layers. The variables studied include the AOD of all the aerosol layers (AODA); the base altitude of the lowest aerosol layer (BAL); the top altitude of the highest aerosol layer (TAH); the number of aerosol feature layers (N); the AOD of the lowest aerosol layer (AODL); the thickness of the lowest aerosol layer (TLL); the AOD proportion of the lowest aerosol layer (PAODL); the volume depolarization ratio of the lowest aerosol layer (VDRL); and the color ratio of the lowest aerosol layer (CRL).



In this study, null values and values less than or equal to zero were eliminated and the data were resampled to a 1° × 1° grid. The dataset comprised both day and night in cloud-free conditions for the region including HLJ, JL, and LN in NEC. The CALIPSO satellite passes NEC from south to north during the day at 4:10 local time, and from north to south during the night at 18:05 local time. The seasons are divided into spring (March to May), summer (June to August), autumn (September to November), and winter (December to February of the following year). The annual and seasonal mean values of multiple variables of the aerosol layers during the day and night in NEC were calculated from 2007 to 2014. Then, we analyzed the annual and seasonal variation characteristics of the optical and physical properties of aerosol layers in NEC.





3. Results and Discussion


3.1. Inter-Annual Variation Characteristics of Aerosol Layers over NEC


Annual mean values of AODA were analyzed over NEC HLJ, JL, and LN (Figure 2a and Figure 3a). During each year (from 2007 to 2014), the annual mean AODA were the highest over LN (day: 0.27 to 0.35, night: 0.25 to 0.30) followed by JL (day: 0.20 to 0.30, night: 0.18 to 0.25) and HLJ (day: 0.20 to 0.27, night: 0.17 to 0.22). It can be seen from the spatial distribution maps (Figure 4 and Figure 5) that there is a banded high-value center in the annual mean AODA distribution, which is mainly composed of Dalian, Shenyang, Changchun, and Harbin cities, and runs from northeast to southwest. The banded high-value range keeps expanding and increasing year by year. This may be related to the topography and economic development of NEC. The area is surrounded by mountains on three sides and has a plain in the middle. Of the provinces studied, LN is close to the Beijing-Tianjin-Hebei region and, therefore, has a comparable level of industry and economic activity. Therefore, pollutant emissions are relatively large, resulting in high AODA values [33,38]. At the same time, from 2007 to 2014, the urban scale within JL and HLJ has increasingly witnessed an increase in human activities, and accentuated vehicle exhaust pollution, resulting in the increase of aerosol emissions in these two regions, accompanied by an expanding trend in annual mean AODA values. Moreover, the AODA annual mean values are higher during the day than at night, which might be caused by the larger number of pollutants discharged into the atmosphere by anthropogenic activities during the day than night [31].



The CALIOP aerosol layer data provides the top and base altitudes of each aerosol layer. We studied the base altitude of the lowest aerosol layer (BAL) and the top altitude of the highest aerosol layer (TAH). Figure 2b and Figure 3b show that the annual mean values of BAL are similar in the three regions (day 0.2 to 1.3, night 0.8 to 1.8). In terms of spatial distribution (Figure 4 and Figure 5), the BAL has a relatively high correlation with the topography, i.e., low values on the plain area and high values in mountainous areas. Similarly, the TAH values also showed a greater correlation with the topography (Figure 2c and Figure 3c, Figure 4 and Figure 5). These results are also similar to a study on the Yellow River Basin [39,40]. In general, the BAL and TAH values in HLJ are slightly higher than those of the other two regions, and values for the mountainous area are higher than those for the plains.



Figure 2d and Figure 3d depict that the values of N were high over the LN (daytime: 1.6 to 1.8, evening: 1.9 to 2.2) compared to JL (day: 1.4 to 1.6, night: 1.7 to 1.9) and HLJ (day: 1.4 to 1.6, night: 1.7 to 1.9). A plausible reason could be that LN is located in the southernmost part of the three regions and belongs to the temperate continental monsoon climate. The temperature is relatively high; the atmospheric vertical motion is relatively strong; and the atmospheric aerosol loadings are relatively large, which might lead to stronger aerosol vertical stratification in the atmosphere [14,41]. Moreover, the spatial distribution of the annual mean values of N shows that values were higher over the Liao River Plain, Songnen Plain, and Sanjiang Plain, while values in the surrounding mountains are lower (Figure 4 and Figure 5). This might be due to the lower temperature, lower atmospheric convection, and lower atmospheric aerosol loadings in mountainous regions, compared with plain regions, resulting in weak, relatively vertical stratification of the atmosphere.



AODL is the AOD of the lowest aerosol layer and is strongly related to human activities [39,42]. Annual mean values of AODL (Figure 2d and Figure 3d) present a similar space-time variation with AODA, and values of LN (day: 0.20 to 0.25, night: 0.1 to 0.22) are still higher than those for JL (day: 0.15 to 0.22, night: 0.13 to 0.18) and HLJ (day: 0.15 to 0.2, night: 0.12 to 0.16). The values of TLL in three regions had no significant difference: 0.9 to 1.1 for daytime, and 0.9 to 1.2 for nighttime. PAODL represents the proportion of AODL in AODA and the values of the three regions are not significantly different (day: 0.75 to 0.85, night: 0.77 to 0.8), being higher in the daytime than at nighttime. This revealed that aerosols are mainly concentrated in the lowest atmospheric layers. In the overall spatial distribution results (Figure 4 and Figure 5), the PAODL values are higher over the mountains and lower over the plains, which show that the lowest aerosol layers mostly occur due to weak vertical convection and atmospheric stratification [43,44].



The aerosol volume depolarization ratio (VDR) is the ratio of the vertical depolarization backscatter coefficient of 532 nm aerosol to the parallel depolarization backscatter coefficient of 532 nm, and it reflects the nonspherical properties of aerosols. The smaller the depolarization ratio value, the more spherical the shape of the aerosol particles. The annual mean values of VDRL (Figure 2h and Figure 3h) over LN (day: 0.08 to 0.10, night: 0.06 to 0.08) and JL (day: 0.07 to 0.09, night: 0.04 to 0.07) are slightly higher than those for HLJ (day: 0.06 to 0.09, night: 0.04 to 0.06), which might be because LN and JL are dominated by heavy industry, leading to significant nonspherical effects of aerosol emissions; the VDRL values are relatively high [42,45]. The spatial distribution maps in Figure 4h and Figure 5h show that the VDRL values are also relatively high (day ~0.15, night ~0.1) in western NEC (the Mongolian pastoral area) because this region often experiences sand dust in its atmosphere. Moreover, the VDRL values are higher during the day than during the night, which could be attributed to the increase of nonspherical particles in the atmosphere, caused by various human activities during the day. Figure 2i and Figure 3i show the annual mean variation of the aerosol color ratio of the lowest layer (CRL) over the three regions of NEC. The CRL reflects the size of the aerosol particles. The higher the CRL, the larger the aerosol particle size [13,39,42,43]. The CRL values of the three regions are not significantly different (day 0.6 to 0.9, night 0.5 to 0.8) and the CRL values are slightly higher in the daytime than at night, which might be due to decreased aerosol loadings due to sedimentation at night.




3.2. Seasonal Variation Characteristics of Aerosol Layers over NEC


Seasonal variations in AODA were also analyzed over the three provinces of NEC (Figure 6a, Figure 7a, Figure 8 and Figure 9, and Table 1 and Table 2). The AODA values increased from spring (day: 0.24 to 0.32, night: 0.20 to 0.28) to summer (day: 0.26 to 0.35, night: 0.23 to 0.35) and decreased in autumn (day: 0.22 to 0.30, night: 0.18 to 0.23) over the whole NEC. In July, the monthly average was the highest during the day (HLJ 0.33, JL 0.36, and LN 0.41), see Table 3 and Table 4. In terms of spatial variation, during spring and summer, the AODA values decreased gradually from southwest to northeast NEC. In autumn and winter, the high AODA values appeared in the middle parts of LN and JL. NEC belongs to a continental monsoon climate with less precipitation and more sandy weather in spring. Some studies have pointed out that high AOD values have a good correlation with dust aerosols during frequently dusty weather [46,47], resulting in high AOD values in spring. Moreover, the AODA values are higher in summer than spring, which might also be related to the increase of relative humidity in summer [48,49]. The increase in relative humidity will promote the growth of aerosol hygroscopicity and the transformation of gas particles, thus increasing the aerosol AOD values. The air in autumn is relatively dry and, under the influence of a monsoon climate, causing the pollutants to diffuse and settle quickly; the overall air quality is relatively high, resulting in the decline of AODA values in summer [31,32,33]. Moreover, the AODA values are higher in the daytime than at night, which is mainly due to the release of various pollutants into the atmosphere by various anthropogenic activities in the daytime.



Figure 6b and Figure 7b and Table 1 and Table 2 illustrate that the BAL seasonal mean values are higher in spring and summer (day: 0.9 to 1.5, night: 1.2 to 1.7) than in autumn and winter (day: 0.6 to 0.9, night: 0.8 to 1.5) for the entire NEC. As can be seen from Table 3 and Table 4, the monthly average is highest in May. This might be because the temperature in spring and summer is higher than that in autumn and winter, and the vertical convection is correspondingly stronger, resulting in increasing BAL values. The BAL values for HLJ (day: 0.9 to 1.5, night: 1.1 to 1.7) are slightly higher than JL (day: 0.9 to 1.2, night: 1.0 to 1.6) and LN (day: 0.6 to 1.1, night: 0.8 to 1.4), which might be due to topography. From the spatial distribution maps (Figure 8 and Figure 9), it can also be seen that the BAL values are lower in plain areas (day ~1, night ~2), whereas higher in mountain areas (day ~2, night ~3). The TAH seasonal mean values vary little across the NEC. The results depict a decreasing seasonal trend from spring and summer (day: 3 to 4, night: 4 to 5) to autumn and winter (day: 2 to 3, night: 3 to 4). The trends of the TAH values are similar to the BAL variation, which is probably due to the enhancement of vertical convection, caused by seasonal temperature, resulting in the heightening of the lowest aerosol layer [49,50]. On the other hand, straw burning is often carried out in the spring and summer, which could lead to an increase in aerosol emissions and TAH values [51,52].



The seasonal mean values of N over the three provinces exhibit a gradual decline from spring; the monthly average being highest in April (evening value of 2.16), followed by summer, autumn, and then winter. Spring values for LN (day ~2.2, night ~2.6) are much higher than for the other two regions. The results might be caused by high temperatures and strong vertical convection in spring, leading to obvious aerosol stratification [44]. Overall, the values for LN (day: 1.5 to 1.7, night: 1.8 to 2.3) are slightly higher than JL (day: 1.4 to 1.6, night: 1.7 to 2.0) and HLJ (day: 1.4 to 1.5, night: 1.7 to 2.0). Figure 8 and Figure 9 demonstrate that high N values are mainly concentrated in central LN and JL. Such high values can be attributed to two plausible reasons: Firstly, this region comprises a largely plain terrain and has a developed economy with pronounced daily industrial production, automobile exhausts, and other pollutant emissions are high; secondly, this region experiences the temperate monsoon climate and the vertical movement of the air is strong, resulting in obvious vertical stratification of the atmosphere and, hence, increased aerosol stratification [34,35].



The seasonal variation of AODL values is similar to their variation in time and space distribution over the NEC. The seasonal mean values of TLL are largest in spring, followed by summer, autumn, and winter. This might explain the dry air and dusty weather in the spring. Moreover, the TLL values in the daytime are higher than those in the evening, plausibly affected by human activities, such as industries and other life-sustaining functions [40,53,54]. The seasonal mean values of PAODL generally increased from spring and summer (day: 0.75 to 0.83, night: 0.65 to 0.75) to autumn and winter (day: 0.80 to 0.85, night: 0.75 to 0.80), which might be related to the magnitude of the N values discussed earlier [44,55,56]. The N values from spring and summer are larger than those from autumn and winter, following the pattern that the values of PAODL increase from spring and summer (0.77 to 0.83 during the day, 0.67 to 0.75 at night) to autumn and winter (day: 0.80 to 0.85, night: 0.76 to 0.80). From the spatial distribution map, it can also be seen that PAODL has a certain correlation with N. The larger the N values, the smaller the PAODL values. In addition, the PAODL values are higher during the day than at night, which might be the reason why the lowest layers of aerosols are dominated by dust [38,39]. Needless to state that during the day, human activities are conventionally rather frequent, which results in higher PAODL values.



The seasonal mean values of VDRL are higher in spring and winter (day: 0.09 to 0.11, night: 0.05 to 0.08) than in summer and autumn (day: 0.06 to 0.07, night: 0.04 to 0.06), which might be caused by the relatively severe dust events in these two seasons, resulting in the atmospheric characteristics seen in the lowest aerosol layers. The VDRL values for LN are slightly higher than JL and HLJ, probably related to the level of economic development and specific industry types, resulting in higher contents of sand aerosols in LN and, thus, a larger VDRL value. The seasonal mean values of VDRL are higher during the day than at night, which could be caused by various industrial activities during the day, and also pollutants released by automobile exhausts [47,48]. The value of CRL did not change significantly with the seasons, however, the difference between day and night in autumn and winter are found higher than the difference in spring and summer; this may be caused by the cold autumn and winter in NEC, leading to the heavy use of coal-powered heating at night and, therefore, the discharge of pollutants into the atmosphere [19,20].




3.3. The Correlation of Aerosol Properties over NEC


To better appreciate the temporal and spatial distribution characteristics of aerosols over NEC, we studied the correlations among the aerosol parameters of HLJ, JL, and LN in the spring, summer, autumn, and winter. The correlation between AODL and TLL in these three regions is shown in Figure 10. The relationship between AODL and TLL reflects the aerosol concentrations to some extent. If the correlation between AODL and TLL is strong, it signifies high aerosol loadings [33,39]. Figure 10 demonstrates that the TLL and AODL over the three regions have a weak, positive correlation, but not so significant (R2 < 0.5), indicating that the aerosol concentration is not substantial. For all the four seasons, the three regions have the highest correlation in winter, which might be due to the winter coal-fueled heating and burning of gas in NEC. Consequently, pollutants emitted into the atmosphere relatively enhance the aerosol concentration in its bottom layer.



Figure 11 depicts that TAH has a strong positive correlation with N. That is, the larger the values of N, the greater the values of TAH. This is consistent with the logical presumption that the more the aerosol layers (N), the thicker the atmosphere, resulting in higher TAH. These results are also similar to the results reported by studies of the Tibetan Plateau [39] and the Yellow River Basin [33].



Figure 12 reveals a negative correlation between PAODL and N over the three provinces: The larger the value of N, the smaller the PAODL. This is because PAODL represents the proportion of AODL in AODA. These results are also similar to the results by [39] and [33].



Figure 13 exhibits the scatter distribution graph between VDRL and CRL over NEC (HLJ, JL, and LN). It can be seen that most of the scattered points are in the range of CRL 0–1 and VDRL 0–1, being particularly concentrated in the range for VDRL: 0.0 to 0.2 and CRL: 0.5 to 1.0. This indicates that, in the lowest aerosol layer over NEC, the particle sizes are smaller with nonspherical shapes. The values of VDRL in HLJ are more dispersed than those in LN and JL, however, the average is slightly smaller. Compared with JL and HLJ, CRL and VDRL in LN are more concentrated and smaller. This might be due to the higher levels of pollution in LN, where pollutant particles tend to be smaller and nonspherical. Moreover, there are rather large CRL values at night than during the day, probably due to the residual large aerosol particles being transported to higher altitudes during the nighttime.





4. Conclusions


The optical and physical properties of the aerosol layers over Northeast China (NEC) have been investigated in this study using CALIPSO Level 2 layer products, from 2007 to 2014. The inter-annual and seasonal variations of AODA, BAL, TAH, N, AODL, TLL, PAODL, VDRL, and CRL during day and night are expressly examined. The main conclusions are:




	
Relatively large values of AODA are observed over the LN province, as LN hosts a robust industrial economy and, thereby, experiences extreme pollution. Seasonally, the values of AODA rose from spring to summer and decreased in autumn, which is caused by NEC’s temperate monsoon climate. Moreover, due to industrial units and various anthropogenic activities in the daytime, the AOD values are higher than that in the nighttime.



	
The values of BAH and TAH demonstrate a correlation with topography. Moreover, higher BAH and TAH values are observed in the spring and summer compared to autumn and winter.



	
High values of N are observed over LN. N values gradually decreased from spring to summer to autumn and winter. This might be due to the influence of the temperate monsoon climate, where the vertical movement of the atmospheric constituents is characteristically stronger in spring, leading to a significant vertical stratification of the atmosphere.



	
The values of TLL and PAODL in the three provinces are not significantly different from each other. The values in the daytime are higher than that in the evening, which might be induced by high aerosol concentrations in the bottom layer from anthropogenic activities in the daytime.



	
The values of VDRL and CRL are higher in the daytime because of human activities.



	
It is observed that AODL and TLL are weakly exponentially correlated; N and TAH are strongly linearly correlated, and N and PAODL are negatively correlated throughout the whole NEC.








Overall, these results provide a detailed and substantive scientific insight into the optical and physical properties of the aerosol layer over the Northeast of China. This knowledge would help frame a strategy for the management and treatment of air pollution over the NEC region.
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Figure 1. The geographical location of Northeastern China (NEC). The color bar represents the altitude (elevation). 






Figure 1. The geographical location of Northeastern China (NEC). The color bar represents the altitude (elevation).



[image: Atmosphere 11 00501 g001]







[image: Atmosphere 11 00501 g002 550] 





Figure 2. Inter-annual variations in the optical and physical properties of aerosol layers over NEC (Heilongjiang province (HLJ), Jilin province (JL), and Liaoning province (LN)) in the daytime from 2007 to 2014. (a) The AOD of all the aerosol layers (AODA), (b) the base altitude of the lowest aerosol layer (BAL), (c) the top altitude of the highest aerosol layer (TAH), (d) the number of aerosol feature layers (N), (e) the AOD of the lowest aerosol layer (AODL), (f) the thickness of the lowest aerosol layer (TLL), (g) the AOD proportion of the lowest aerosol layer (PAODL), (h) the volume depolarization ratio of the lowest aerosol layer (VDRL), and (i) the color ratio of the lowest aerosol layer (CRL). 
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Figure 3. Inter-annual variations in the optical and physical properties of aerosol layers over NEC (HLJ, JL, and LN) in the nighttime from 2007 to 2014. (a) AODA, (b) BAL, (c) TAH, (d) N, (e) AODL, (f) TLL, (g) PAODL, (h) VDRL, and (i) CRL. 
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Figure 4. Inter-annual spatial distributions of AODA, BAL, TAH, N, AODL, TLL, PAODL, VDRL, and CRL over NEC (HLJ, JL, and LN) in the daytime, from 2007 to 2014. 






Figure 4. Inter-annual spatial distributions of AODA, BAL, TAH, N, AODL, TLL, PAODL, VDRL, and CRL over NEC (HLJ, JL, and LN) in the daytime, from 2007 to 2014.



[image: Atmosphere 11 00501 g004]







[image: Atmosphere 11 00501 g005 550] 





Figure 5. Inter-annual spatial distributions of AODA, BAL, TAH, N, AODL, TLL, PAODL, VDRL, and CRL over NEC (HLJ, JL, and LN) in the nighttime, from 2007 to 2014. 
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Figure 6. Seasonal variations in the optical and physical properties of aerosol layers over NEC (HLJ, JL, and LN) in the daytime, from 2007 to 2014. (a) AODA, (b) BAL, (c) TAH, (d) N, (e) AODL, (f) TLL, (g) PAODL, (h) VDRL, and (i) CRL. 
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Figure 7. Seasonal variations in the optical and physical properties of aerosol layers over NEC (HLJ, JL, and LN) in the nighttime, from 2007 to 2014. (a) AODA, (b) BAL, (c) TAH, (d) N, (e) AODL, (f) TLL, (g) PAODL, (h) VDRL, and (i) CRL. 
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Figure 8. Seasonal spatial distributions of AODA, BAL, TAH, N, AODL, TLL, PAODL, VDRL, and CRL over NEC (HLJ, JL, and LN) in the daytime. 
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Figure 9. Seasonal spatial distributions of AODA, BAL, TAH, N, AODL, TLL, PAODL, VDRL, and CRL over NEC (HLJ, JL, and LN) in the nighttime. 
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Figure 10. The correlation between AODL and TLL over NEC. Where, (a,d) represent HLJ, (b,e) represent JL, and (c,f) represent LN. 
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Figure 11. The correlation between TAH and N over NEC. Where, (a,d) represent HLJ, (b,e) represent JL, and (c,f) represent LN. 
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Figure 12. The correlation between PAODL and N over NEC. Where, (a,d) represent HLJ, (b,e) represent JL, and (c,f) represent LN. 
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Figure 13. The correlation between CRL and VDRL over NEC. Where, (a,d) represent HLJ, (b,e) represent JL, and (c,f) represent LN. 
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Table 1. Seasonal mean and standard deviation values of nine variables in the daytime over NEC (HLJ, JL, and LN).
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Variables

	
Spring

	
Summer

	
Autumn

	
Winter




	
HLJ/JL/LN

	
HLJ/JL/LN

	
HLJ/JL/LN

	
HLJ/JL/LN






	
AODA

	
0.24 ± 0.31

	
0.26 ± 0.29

	
0.32 ± 0.36

	
0.26 ± 0.33

	
0.29 ± 0.31

	
0.35 ± 0.37

	
0.22 ± 0.29

	
0.24 ± 0.30

	
0.30 ± 0.35

	
0.23 ± 0.32

	
0.24 ± 0.30

	
0.28 ± 0.34




	
BAL (km)

	
1.45 ± 1.72

	
1.20 ± 1.41

	
1.07 ± 1.44

	
0.95 ± 1.28

	
0.95 ± 1.10

	
0.90 ± 1.11

	
0.93 ± 1.34

	
0.89 ± 1.12

	
0.60 ± 0.83

	
0.93 ± 1.17

	
0.87 ± 1.01

	
0.61 ± 0.96




	
TAH (km)

	
3.69 ± 2.97

	
3.37 ± 2.72

	
3.15 ± 2.01

	
2.94 ± 2.23

	
2.92 ± 2.31

	
2.86 ± 2.55

	
2.39 ± 1.79

	
2.43 ± 1.99

	
2.32 ± 1.49

	
2.28 ± 1.95

	
2.07 ± 2.14

	
2.02 ± 1.63




	
N

	
1.49 ± 0.70

	
1.52 ± 0.67

	
1.69 ± 0.84

	
1.50 ± 0.72

	
1.58 ± 0.75

	
1.68 ± 0.82

	
1.45 ± 0.69

	
1.47 ± 0.68

	
1.63 ± 0.78

	
1.48 ± 0.69

	
1.43 ± 0.66

	
1.55 ± 0.77




	
AODL

	
0.17 ± 0.22

	
0.18 ± 0.21

	
0.21 ± 0.25

	
0.18 ± 0.21

	
0.20 ± 0.22

	
0.24 ± 0.26

	
0.17 ± 0.23

	
0.18 ± 0.23

	
0.21 ± 0.27

	
0.18 ± 0.25

	
0.18 ± 0.24

	
0.20 ± 0.26




	
TLL (km)

	
1.31 ± 0.82

	
1.33 ± 0.74

	
1.23 ± 0.78

	
1.29 ± 0.73

	
1.20 ± 0.67

	
1.05 ± 0.64

	
0.99 ± 0.63

	
1.01 ± 0.59

	
1.06 ± 0.54

	
0.82 ± 0.63

	
0.74 ± 0.46

	
0.86 ± 0.52




	
PAODL

	
0.83 ± 0.27

	
0.80 ± 0.28

	
0.77 ± 0.29

	
0.82 ± 0.27

	
0.80 ± 0.28

	
0.79 ± 0.28

	
0.85 ± 0.25

	
0.85 ± 0.25

	
0.79 ± 0.28

	
0.84 ± 0.26

	
0.85 ± 0.25

	
0.82 ± 0.27




	
VDRL

	
0.09 ± 0.09

	
0.10 ± 0.07

	
0.11 ± 0.08

	
0.06 ± 0.05

	
0.06 ± 0.05

	
0.07 ± 0.05

	
0.06 ± 0.06

	
0.06 ± 0.05

	
0.07 ± 0.05

	
0.10 ± 0.10

	
0.10 ± 0.26

	
0.09 ± 0.08




	
CRL

	
0.72 ± 1.45

	
0.70 ± 0.74

	
0.74 ± 0.65

	
0.73 ± 0.75

	
0.74 ± 0.54

	
0.68 ± 0.41

	
0.62 ± 0.70

	
0.65 ± 0.84

	
0.67 ± 0.90

	
0.71 ± 2.86

	
0.65 ± 1.15

	
0.74 ± 1.66
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Table 2. Seasonal mean and standard deviation values of nine variables in the nighttime over NEC (HLJ, JL, and LN).
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Variables

	
Spring

	
Summer

	
Autumn

	
Winter




	
HLJ/JL/LN

	
HLJ/JL/LN

	
HLJ/JL/LN

	
HLJ/JL/LN






	
AODA

	
0.20 ± 0.32

	
0.22 ± 0.32

	
0.28 ± 0.36

	
0.23 ± 0.34

	
0.28 ± 0.35

	
0.35 ± 0.43

	
0.18 ± 0.30

	
0.18 ± 0.31

	
0.23 ± 0.38

	
0.18 ± 0.31

	
0.18 ± 0.28

	
0.18 ± 0.27




	
BAL (km)

	
1.73 ± 2.10

	
1.55 ± 1.97

	
1.20 ± 1.70

	
1.49 ± 2.32

	
1.47 ± 2.25

	
1.42 ± 2.39

	
1.54 ± 2.25

	
1.33 ± 1.84

	
1.05 ± 1.58

	
1.05 ± 1.53

	
1.02 ± 1.42

	
0.75 ± 1.18




	
TAH (km)

	
4.90 ± 2.56

	
4.68 ± 2.61

	
4.70 ± 2.61

	
5.07 ± 4.10

	
5.14 ± 4.15

	
4.95 ± 3.97

	
3.81 ± 3.03

	
3.57 ± 2.69

	
3.15 ± 2.33

	
2.95 ± 2.13

	
2.69 ± 2.02

	
2.73 ± 2.03




	
N

	
2.00 ± 1.06

	
2.04 ± 1.02

	
2.26 ± 1.14

	
1.90 ± 0.95

	
2.02 ± 1.03

	
2.10 ± 1.05

	
1.68 ± 0.86

	
1.76 ± 0.91

	
1.78 ± 0.87

	
1.67 ± 0.83

	
1.69 ± 0.82

	
1.82 ± 0.87




	
AODL

	
0.13 ± 0.24

	
0.14 ± 0.24

	
0.18 ± 0.30

	
0.15 ± 0.27

	
0.19 ± 0.30

	
0.27 ± 0.38

	
0.13 ± 0.25

	
0.14 ± 027

	
0.18 ± 0.34

	
0.14 ± 0.27

	
0.14 ± 0.25

	
0.14 ± 0.24




	
TLL (km)

	
1.24 ± 0.90

	
1.22 ± 0.90

	
1.26 ± 1.01

	
1.24 ± 0.84

	
1.19 ± 0.85

	
1.10 ± 0.77

	
0.99 ± 0.72

	
0.88 ± 0.61

	
0.95 ± 0.66

	
0.87 ± 0.68

	
0.77 ± 0.58

	
0.80 ± 0.60




	
PAODL

	
0.70 ± 0.32

	
0.69 ± 0.33

	
0.68 ± 0.32

	
0.72 ± 0.33

	
0.71 ± 0.33

	
0.75 ± 0.29

	
0.79 ± 0.29

	
0.77 ± 0.30

	
0.79 ± 0.28

	
0.80 ± 0.29

	
0.81 ± 0.27

	
0.77 ± 0.29




	
VDRL

	
0.05 ± 0.06

	
0.06 ± 0.06

	
0.08 ± 0.05

	
0.04 ± 0.03

	
0.04 ± 0.03

	
0.05 ± 0.03

	
0.05 ± 0.06

	
0.06 ± 0.05

	
0.06 ± 0.04

	
0.07 ± 0.14

	
0.08 ± 0.12

	
0.08 ± 0.07




	
CRL

	
0.57 ± 1.54

	
0.74 ± 2.96

	
0.77 ± 2.96

	
0.68 ± 1.90

	
0.61 ± 1.85

	
0.58 ± 1.85

	
0.66 ± 2.36

	
0.65 ± 1.88

	
0.53 ± 1.88

	
0.64 ± 1.94

	
0.62 ± 2.01

	
0.69 ± 2.01
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Table 3. Monthly mean and standard deviation values of nine variables in the daytime over NEC (HLJ, JL, and LN). For each variable, the top row is the value over HLJ, the middle row is the value over JL, and the bottom row is the value over LN.
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Variables

	
Jan

	
Feb

	
Mar

	
Apr

	
May

	
Jun

	
Jul

	
Aug

	
Sep

	
Oct

	
Nov

	
Dec




	
M/σ

	
M/σ

	
M/σ

	
M/σ

	
M/σ

	
M/σ

	
M/σ

	
M/σ

	
M/σ

	
M/σ

	
M/σ

	
M/σ






	
AODA

	
0.23 ± 0.29

	
0.25 ± 0.31

	
0.27 ± 0.35

	
0.26 ± 0.27

	
0.18 ± 0.19

	
0.23 ± 0.25

	
0.33 ± 0.39

	
0.20 ± 0.20

	
0.16 ± 0.19

	
0.27 ± 0.30

	
0.21 ± 0.28

	
0.23 ± 0.31




	
0.25 ± 0.28

	
0.28 ± 0.29

	
0.30 ± 0.33

	
0.27 ± 0.25

	
0.22 ± 0.21

	
0.26 ± 0.23

	
0.36 ± 0.34

	
0.21 ± 0.22

	
0.20 ± 0.19

	
0.29 ± 0.35

	
0.20 ± 0.22

	
0.23 ± 0.30




	
0.29 ± 0.33

	
0.28 ± 0.31

	
0.27 ± 0.31

	
0.34 ± 0.31

	
0.32 ± 0.33

	
0.31 ± 0.29

	
0.41 ± 0.38

	
0.36 ± 0.35

	
0.31 ± 0.34

	
0.32 ± 0.33

	
0.27 ± 0.33

	
0.28 ± 0.34




	
BAL

	
0.81 ± 1.03

	
0.95 ± 1.14

	
1.361.34

	
1.34 ± 1.65

	
1.56 ± 1.73

	
1.05 ± 1.26

	
0.84 ± 0.98

	
0.98 ± 1.28

	
1.15 ± 1.48

	
0.871.07

	
0.911.23

	
1.051.25




	
0.78 ± 0.74

	
0.75 ± 0.70

	
1.41 ± 1.35

	
1.01 ± 1.04

	
1.24 ± 1.39

	
0.91 ± 0.74

	
1.02 ± 0.95

	
0.97 ± 1.14

	
0.98 ± 1.09

	
0.94 ± 1.03

	
0.84 ± 0.86

	
1.00 ± 0.94




	
0.61 ± 0.89

	
0.65 ± 0.96

	
0.84 ± 0.91

	
0.98 ± 1.31

	
1.33 ± 1.54

	
1.03 ± 1.02

	
1.04 ± 0.92

	
0.70 ± 0.92

	
0.68 ± 0.84

	
0.61 ± 0.75

	
0.61 ± 0.85

	
0.59 ± 0.77




	
TAH

	
2.03 ± 1.74

	
2.30 ± 1.78

	
3.63 ± 3.39

	
3.58 ± 2.58

	
3.62 ± 1.91

	
3.22 ± 1.70

	
2.77 ± 1.96

	
2.76 ± 1.99

	
3.07 ± 2.00

	
2.40 ± 1.50

	
2.05 ± 1.55

	
2.51 ± 1.86




	
2.00 ± 1.79

	
2.22 ± 1.98

	
3.29 ± 2.35

	
3.17 ± 1.87

	
3.57 ± 2.19

	
3.21 ± 1.74

	
3.00 ± 1.84

	
2.54 ± 1.23

	
2.71 ± 1.52

	
2.59 ± 1.49

	
2.06 ± 1.77

	
2.05 ± 1.24




	
2.12 ± 1.42

	
2.09 ± 1.62

	
2.45 ± 1.56

	
3.20 ± 1.31

	
3.63 ± 1.83

	
3.14 ± 1.99

	
2.96 ± 2.37

	
2.40 ± 1.59

	
2.64 ± 1.33

	
2.40 ± 1.56

	
2.09 ± 1.20

	
1.86 ± 1.05




	
N

	
1.42 ± 0.64

	
1.46 ± 0.60

	
1.44 ± 0.63

	
1.51 ± 0.66

	
1.47 ± 0.69

	
1.48 ± 0.66

	
1.54 ± 0.75

	
1.40 ± 0.59

	
1.38 ± 0.59

	
1.53 ± 0.69

	
1.38 ± 0.63

	
1.52 ± 0.68




	
1.42 ± 0.62

	
1.43 ± 0.60

	
1.42 ± 0.63

	
1.55 ± 0.62

	
1.50 ± 0.65

	
1.71 ± 0.80

	
1.62 ± 0.73

	
1.40 ± 0.57

	
1.40 ± 0.59

	
1.56 ± 0.71

	
1.37 ± 0.57

	
1.44 ± 0.66




	
1.66 ± 0.80

	
1.51 ± 0.71

	
1.50 ± 0.69

	
1.77 ± 0.87

	
1.78 ± 0.87

	
1.73 ± 0.73

	
1.65 ± 0.76

	
1.59 ± 0.75

	
1.64 ± 0.69

	
1.64 ± 0.73

	
1.58 ± 0.77

	
1.49 ± 0.64




	
AODL

	
0.18 ± 0.22

	
0.18 ± 0.23

	
0.20 ± 0.26

	
0.18 ± 0.20

	
0.14 ± 0.15

	
0.17 ± 0.18

	
0.21 ± 0.24

	
0.15 ± 0.14

	
0.12 ± 0.14

	
0.20 ± 0.25

	
0.17 ± 0.22

	
0.18 ± 0.25




	
0.20 ± 0.23

	
0.21 ± 0.23

	
0.21 ± 0.22

	
0.19 ± 0.19

	
0.15 ± 0.16

	
0.17 ± 0.15

	
0.24 ± 0.23

	
0.16 ± 0.18

	
0.15 ± 0.14

	
0.21 ± 0.25

	
0.16 ± 0.18

	
0.17 ± 0.25




	
0.20 ± 0.23

	
0.21 ± 0.24

	
0.19 ± 0.21

	
0.23 ± 0.24

	
0.21 ± 0.23

	
0.21 ± 0.20

	
0.30 ± 0.29

	
0.25 ± 0.26

	
0.22 ± 0.24

	
0.23 ± 0.27

	
0.20 ± 0.26

	
0.21 ± 0.27




	
TLL

	
0.75 ± 0.55

	
0.87 ± 0.60

	
1.14 ± 0.69

	
1.39 ± 0.81

	
1.34 ± 0.83

	
1.46 ± 0.80

	
1.22 ± 0.67

	
1.22 ± 0.65

	
1.24 ± 0.72

	
0.99 ± 0.59

	
0.83 ± 0.51

	
0.84 ± 0.65




	
0.70 ± 0.43

	
0.80 ± 0.43

	
1.16 ± 0.63

	
1.42 ± 0.74

	
1.41 ± 0.72

	
1.30 ± 0.63

	
1.09 ± 0.60

	
1.17 ± 0.59

	
1.27 ± 0.70

	
1.06 ± 0.55

	
0.80 ± 0.37

	
0.71 ± 0.44




	
0.80 ± 0.51

	
0.88 ± 0.44

	
1.01 ± 0.55

	
1.38 ± 0.83

	
1.29 ± 0.83

	
1.13 ± 0.71

	
0.88 ± 0.46

	
1.06 ± 0.57

	
1.15 ± 0.62

	
1.06 ± 0.46

	
0.94 ± 0.45

	
0.89 ± 0.47




	
PAODL

	
0.85 ± 0.24

	
0.84 ± 0.26

	
0.85 ± 0.25

	
0.81 ± 0.27

	
0.84 ± 0.25

	
0.83 ± 0.25

	
0.82 ± 0.27

	
0.84 ± 0.25

	
0.87 ± 0.22

	
0.83 ± 0.26

	
0.87 ± 0.23

	
0.84 ± 0.25




	
0.85 ± 0.24

	
0.83 ± 0.24

	
0.84 ± 0.27

	
0.79 ± 0.28

	
0.81 ± 0.27

	
0.76 ± 0.29

	
0.79 ± 0.26

	
0.85 ± 0.25

	
0.87 ± 0.23

	
0.84 ± 0.24

	
0.86 ± 0.25

	
0.85 ± 0.24




	
0.80 ± 0.27

	
0.83 ± 0.26

	
0.84 ± 0.25

	
0.74 ± 0.30

	
0.76 ± 0.30

	
0.78 ± 0.27

	
0.81 ± 0.24

	
0.81 ± 0.27

	
0.76 ± 0.29

	
0.79 ± 0.27

	
0.82 ± 0.26

	
0.84 ± 0.25




	
VDRL

	
0.09 ± 0.08

	
0.11 ± 0.10

	
0.11 ± 0.11

	
0.08 ± 0.08

	
0.07 ± 0.06

	
0.06 ± 0.04

	
0.06 ± 0.05

	
0.06 ± 0.06

	
0.06 ± 0.05

	
0.05 ± 0.04

	
0.07 ± 0.07

	
0.11 ± 0.09




	
0.10 ± 0.10

	
0.11 ± 0.26

	
0.11 ± 0.09

	
0.09 ± 0.06

	
0.09 ± 0.06

	
0.06 ± 0.04

	
0.06 ± 0.05

	
0.06 ± 0.04

	
0.07 ± 0.04

	
0.06 ± 0.04

	
0.06 ± 0.06

	
0.10 ± 0.10




	
0.08 ± 0.06

	
0.09 ± 0.07

	
0.11 ± 0.08

	
0.10 ± 0.06

	
0.11 ± 0.07

	
0.07 ± 0.04

	
0.06 ± 0.04

	
0.07 ± 0.05

	
0.07 ± 0.05

	
0.07 ± 0.04

	
0.07 ± 0.05

	
0.11 ± 0.09




	
CRL

	
0.60 ± 0.44

	
0.64 ± 0.49

	
0.68 ± 0.60

	
0.81 ± 1.46

	
0.65 ± 0.40

	
0.71 ± 0.56

	
0.73 ± 0.44

	
0.77 ± 0.75

	
0.68 ± 0.48

	
0.58 ± 0.44

	
0.59 ± 0.64

	
0.80 ± 1.87




	
0.76 ± 1.27

	
0.64 ± 0.40

	
0.72 ± 0.75

	
0.62 ± 0.27

	
0.71 ± 0.42

	
0.70 ± 0.30

	
0.78 ± 0.47

	
0.78 ± 0.57

	
0.73 ± 0.38

	
0.60 ± 0.52

	
0.65 ± 0.88

	
0.59 ± 0.35




	
0.63 ± 0.42

	
0.91 ± 1.41

	
0.79 ± 0.70

	
0.77 ± 0.53

	
0.70 ± 0.38

	
0.68 ± 0.32

	
0.63 ± 0.34

	
0.70 ± 0.40

	
0.68 ± 0.38

	
0.77 ± 0.82

	
0.58 ± 0.46

	
0.65 ± 0.54
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Table 4. Monthly mean and standard deviation values of nine variables in the nighttime over NEC (HLJ, JL, and LN). For each variable, the top row is the value over HLJ, the middle row is the value over JL, and the bottom row is the value over LN.
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Variables

	
Jan

	
Feb

	
Mar

	
Apr

	
May

	
Jun

	
Jul

	
Aug

	
Sep

	
Oct

	
Nov

	
Dec




	
M/σ

	
M/σ

	
M/σ

	
M/σ

	
M/σ

	
M/σ

	
M/σ

	
M/σ

	
M/σ

	
M/σ

	
M/σ

	
M/σ




	
AODA

	
0.18 ± 0.30

	
0.19 ± 0.30

	
0.17 ± 0.29

	
0.26 ± 0.35

	
0.18 ± 0.27

	
0.24 ± 0.31

	
0.23 ± 0.32

	
0.21 ± 0.32

	
0.14 ± 0.23

	
0.20 ± 0.32

	
0.18 ± 0.28

	
0.18 ± 0.31




	
0.16 ± 0.23

	
0.17 ± 0.28

	
0.20 ± 0.30

	
0.27 ± 0.32

	
0.21 ± 0.29

	
0.31 ± 0.35

	
0.29 ± 0.33

	
0.23 ± 0.28

	
0.16 ± 0.25

	
0.21 ± 0.31

	
0.18 ± 0.29

	
0.20 ± 0.31




	
0.17 ± 0.23

	
0.21 ± 0.31

	
0.28 ± 0.35

	
0.24 ± 0.33

	
0.31 ± 0.35

	
0.37 ± 0.44

	
0.37 ± 0.43

	
0.30 ± 0.36

	
0.25 ± 0.31

	
0.26 ± 0.42

	
0.17 ± 0.27

	
0.18 ± 0.25




	
BAL

	
1.05 ± 1.47

	
1.12 ± 1.58

	
1.54 ± 1.93

	
1.49 ± 1.86

	
2.17 ± 2.31

	
1.55 ± 2.11

	
1.48 ± 2.16

	
1.46 ± 2.01

	
1.72 ± 2.29

	
1.77 ± 2.30

	
1.19 ± 1.52

	
1.00 ± 1.41




	
1.05 ± 1.32

	
1.05 ± 1.40

	
1.59 ± 2.01

	
1.25 ± 1.51

	
1.92 ± 2.13

	
1.67 ± 1.88

	
1.40 ± 2.18

	
1.35 ± 2.04

	
1.54 ± 1.95

	
1.41 ± 1.83

	
1.22 ± 1.34

	
1.00 ± 1.33




	
0.70 ± 0.96

	
0.84 ± 1.23

	
1.10 ± 1.51

	
1.23 ± 1.68

	
1.26 ± 1.66

	
1.38 ± 1.77

	
1.70 ± 2.30

	
1.08 ± 1.67

	
1.22 ± 1.57

	
1.05 ± 1.55

	
1.00 ± 1.23

	
0.74 ± 1.08




	
TAH

	
2.78 ± 2.04

	
3.41 ± 2.14

	
4.16 ± 2.34

	
4.95 ± 2.34

	
5.58 ± 2.55

	
4.79 ± 2.95

	
5.43 ± 3.36

	
4.64 ± 2.98

	
4.53 ± 3.16

	
4.01 ± 2.72

	
2.96 ± 2.22

	
2.67 ± 1.97




	
2.81 ± 1.94

	
3.02 ± 1.96

	
3.99 ± 2.39

	
4.75 ± 2.29

	
5.33 ± 2.50

	
5.24 ± 2.72

	
5.38 ± 3.09

	
4.23 ± 2.94

	
4.48 ± 2.91

	
3.65 ± 2.24

	
2.81 ± 2.03

	
2.64 ± 1.81




	
2.64 ± 1.95

	
3.03 ± 2.04

	
4.20 ± 2.23

	
4.84 ± 2.41

	
5.20 ± 2.46

	
5.46 ± 3.24

	
5.29 ± 3.23

	
3.92 ± 2.31

	
3.86 ± 2.45

	
3.09 ± 2.19

	
2.71 ± 1.87

	
2.58 ± 1.79




	
N

	
1.63 ± 0.83

	
1.78 ± 0.88

	
1.83 ± 0.92

	
2.16 ± 1.11

	
1.98 ± 1.02

	
1.92 ± 0.97

	
1.86 ± 0.89

	
1.86 ± 0.90

	
1.73 ± 0.86

	
1.71 ± 0.87

	
1.56 ± 0.75

	
1.58 ± 0.75




	
1.69 ± 0.76

	
1.81 ± 0.87

	
1.84 ± 0.90

	
2.18 ± 1.00

	
2.05 ± 0.98

	
2.12 ± 1.06

	
1.99 ± 0.93

	
1.86 ± 0.89

	
1.83 ± 0.94

	
1.82 ± 0.88

	
1.57 ± 0.71

	
1.64 ± 0.77




	
1.81 ± 0.88

	
1.88 ± 0.85

	
2.15 ± 0.97

	
2.24 ± 1.10

	
2.38 ± 1.17

	
2.16 ± 1.01

	
2.02 ± 0.97

	
2.05 ± 0.98

	
1.91 ± 0.95

	
1.77 ± 0.83

	
1.68 ± 0.75

	
1.77 ± 0.82




	
AODL

	
0.14 ± 0.26

	
0.14 ± 0.26

	
0.12 ± 0.23

	
0.16 ± 0.27

	
0.11 ± 0.20

	
0.15 ± 0.25

	
0.16 ± 0.27

	
0.14 ± 0.25

	
0.09 ± 0.18

	
0.15 ± 0.26

	
0.15 ± 0.24

	
0.15 ± 0.27




	
0.12 ± 0.21

	
0.13 ± 0.24

	
0.14 ± 0.25

	
0.16 ± 0.23

	
0.12 ± 0.19

	
0.20 ± 0.28

	
0.22 ± 0.28

	
0.17 ± 0.23

	
0.10 ± 0.18

	
0.17 ± 0.27

	
0.15 ± 0.25

	
0.17 ± 0.28




	
0.13 ± 0.19

	
0.15 ± 0.26

	
0.20 ± 0.31

	
0.16 ± 0.27

	
0.19 ± 0.28

	
0.27 ± 0.37

	
0.29 ± 0.38

	
0.24 ± 0.34

	
0.19 ± 0.26

	
0.21 ± 0.37

	
0.13 ± 0.23

	
0.15 ± 0.23




	
TLL

	
0.82 ± 0.65

	
0.94 ± 0.69

	
1.08 ± 0.75

	
1.29 ± 0.91

	
1.33 ± 0.95

	
1.37 ± 0.91

	
1.20 ± 0.77

	
1.12 ± 0.74

	
1.15 ± 0.82

	
0.96 ± 0.66

	
0.86 ± 0.61

	
0.84 ± 0.66




	
0.76 ± 0.49

	
0.77 ± 0.54

	
1.11 ± 0.76

	
1.27 ± 0.91

	
1.28 ± 0.93

	
1.35 ± 0.99

	
1.15 ± 0.71

	
1.06 ± 0.64

	
1.01 ± 0.64

	
0.91 ± 0.62

	
0.74 ± 0.48

	
0.82 ± 0.63




	
0.76 ± 0.54

	
0.83 ± 0.62

	
1.18 ± 0.80

	
1.34 ± 1.05

	
1.30 ± 1.07

	
1.16 ± 0.85

	
1.08 ± 0.66

	
1.02 ± 0.67

	
1.02 ± 0.62

	
1.02 ± 0.72

	
0.81 ± 0.54

	
0.83 ± 0.56




	
PAODL

	
0.82 ± 0.28

	
0.75 ± 0.31

	
0.74 ± 0.30

	
0.67 ± 0.33

	
0.69 ± 0.32

	
0.70 ± 0.32

	
0.74 ± 0.31

	
0.73 ± 0.31

	
0.74 ± 0.32

	
0.80 ± 0.29

	
0.84 ± 0.26

	
0.82 ± 0.27




	
0.80 ± 0.25

	
0.76 ± 0.28

	
0.74 ± 0.30

	
0.66 ± 0.32

	
0.68 ± 0.32

	
0.68 ± 0.33

	
0.74 ± 0.31

	
0.74 ± 0.31

	
0.72 ± 0.32

	
0.77 ± 0.29

	
0.84 ± 0.24

	
0.84 ± 0.24




	
0.77 ± 0.28

	
0.74 ± 0.29

	
0.70 ± 0.30

	
0.69 ± 0.31

	
0.66 ± 0.33

	
0.73 ± 0.30

	
0.78 ± 0.27

	
0.77 ± 0.28

	
0.76 ± 0.29

	
0.80 ± 0.28

	
0.81 ± 0.26

	
0.80 ± 0.26




	
VDRL

	
0.07 ± 0.13

	
0.07 ± 0.12

	
0.06 ± 0.07

	
0.05 ± 0.05

	
0.05 ± 0.05

	
0.04 ± 0.03

	
0.03 ± 0.03

	
0.04 ± 0.03

	
0.05 ± 0.03

	
0.04 ± 0.04

	
0.06 ± 0.08

	
0.08 ± 0.11




	
0.07 ± 0.11

	
0.08 ± 0.12

	
0.06 ± 0.06

	
0.06 ± 0.05

	
0.07 ± 0.05

	
0.04 ± 0.03

	
0.04 ± 0.03

	
0.04 ± 0.03

	
0.05 ± 0.03

	
0.05 ± 0.04

	
0.06 ± 0.06

	
0.08 ± 0.08




	
0.07 ± 0.05

	
0.09 ± 0.08

	
0.08 ± 0.06

	
0.08 ± 0.04

	
0.08 ± 0.05

	
0.05 ± 0.03

	
0.05 ± 0.03

	
0.04 ± 0.03

	
0.05 ± 0.03

	
0.06 ± 0.03

	
0.07 ± 0.05

	
0.09 ± 0.07




	
CRL

	
0.59 ± 1.61

	
0.61 ± 1.37

	
0.59 ± 1.55

	
0.58 ± 1.33

	
0.53 ± 0.75

	
0.65 ± 1.12

	
0.73 ± 1.69

	
0.66 ± 1.70

	
0.75 ± 2.00

	
0.64 ± 1.92

	
0.62 ± 1.81

	
0.69 ± 2.02




	
0.63 ± 1.56

	
0.62 ± 1.40

	
0.60 ± 1.32

	
0.70 ± 1.80

	
0.92 ± 2.43

	
0.58 ± 0.71

	
0.68 ± 1.47

	
0.54 ± 0.60

	
0.57 ± 0.88

	
0.66 ± 1.36

	
0.63 ± 1.28

	
0.65 ± 1.49




	
0.62 ± 1.22

	
0.75 ± 1.71

	
0.79 ± 1.85

	
0.69 ± 1.14

	
0.81 ± 2.06

	
0.53 ± 0.46

	
0.55 ± 0.67

	
0.63 ± 1.06

	
0.54 ± 0.60

	
0.50 ± 0.54

	
0.55 ± 0.88

	
0.76 ± 1.53
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