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Abstract

:

Accurately determining the atmospheric boundary layer height (ABLH) is needed when one is addressing the air quality-related issues in highly urbanized areas, as well as when one is investigating issues that are related to the emission and transport of dust aerosols over the source region. In this study, we propose a new ABLH retrieval method, which is named ADEILP (ABLH that is determined by polarization lidar); it is based on the short-term polarized lidar observation that took place during the intensive field campaign in July 2021 in Tazhong, the hinterland of Taklimakan Desert. Furthermore, we conducted comparisons between the ABLH that was identified using a radiosonde (ABLHsonde), the ABLH that was identified by ERA5 (ABLHERA5) and the ABHL that was identified by ADELIP (ABLHADELIP), and we discussed the implications of the dust events. The ADELIP method boasts remarkable advancements in two parts: (1) the lidar volume linear depolarization ratio (VLDR) that represented the aerosol type was adopted, which is very effective in distinguishing between the different types of boundary layers (e.g., mixing layer and residual layer); (2) the idea of breaking up the entire layer into sub-layers was applied on the basis of the continues wavelet transform (CWT) method, which is favorable when one is considering the effect of fine stratification in an aerosol layer. By combining the appropriate height limitations, these factors ensured that there was good robustness of the ADELIP method, thereby enabling it to deal with complex boundary layer structures. The comparisons revealed that ABLHADELIP shows good consistency with ABLHsonde and ABLHERA5 for non-dust events. Nevertheless, the ADELIP method overestimated the stable boundary layer and underestimated the heights of the mixing layer. The dust events seem to be a possible reason for the great difference between ABLHERA5 and ABLHsonde. Thus, it is worth suggesting that the influence that is caused by the differences of the vertical profile in the ERA5 product should be carefully considered when the issues on dust events are involved. Overall, these findings support the climatological analysis of the atmosphere boundary layer and the vertical distribution characteristics of aerosols over typical climatic zones.
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1. Introduction


The atmospheric boundary layer (ABL) is defined as the lowest part of the atmosphere that is directly associated with and strongly affected by Earth’s surface. It plays a crucial role in the exchanges of energy and material between the free atmosphere and Earth’s surface that take place [1]. Based on the thermodynamic stability in the lower atmosphere, the ABL can be classified into three dominant types: (1) the stable boundary layer (SBL); (2) the neutral boundary layer (NBL); (3) the convective boundary layer (CBL, also a mixing layer that is derived from a tracer) [2,3,4]. Over land, diurnal surface heating produces a clear cycle in the ABL height [4]. After sunrise, the surface heating drives convective processes that generate labile conditions to form the CBL, which can be as high as 5 km under extreme conditions [5,6]. After sunset, ground cooling induces the SBL. Due to the reduced solar input and decaying buoyancy, the CBL degrades and decouples from the ground during this period and converts to the residual layer (RL) that is located above the SBL. The ABL height (ABLH) is a meteorological variable that is commonly used to characterize the vertical extent of near-surface transport and the process of dispersion, as well as the height at which the exchange with the free troposphere takes place [7,8]. Therefore, ABL is also a key parameter in weather, climate and air quality models [7,9,10]. Typically, the ABLH affects the available volume that anthropogenic pollutants which are emitted at the surface can occupy, thereby affecting their concentration, and consequently, the air quality [11]. For this reason, a shallow ABLH leads to an increase in the air pollutants, meanwhile, the understandable rise of the ABLH induces the decline of the pollutants [12]. In addition, the ABLH is involved in many predictive and diagnostic methods and models that assess pollutant concentrations [7,12,13]. Over the dust source regions, the variation in the ABLH deeply impacts the emission and transport of dust aerosols [14]. For instance, the development of the ABLH transports aerosol particles of various sizes in a vertical direction, while the small-sized aerosol particles remain at high altitudes and are transported horizontally with the free atmosphere; the larger particles finally fall back to the ground [15]. Therefore, accurately determining the ABLH is needed for one to tackle air quality-related issues in highly urbanized area and investigate the emission and transport of dust aerosol issues over the dust source regions.



The ABLH can be determined using the different measurements, which are based on various physical basics. The traditional approach for the identification of the ABLH is conducted using in situ observations of the air temperature, humidity and wind using a radiosonde [7], and subsequently, the ABLH can be identified according to the thermodynamic vertical structure. The ABLH, which is retrieved using a radiosonde, has been considered as a reference for evaluating the results from other measurements and models [16]. The regular radiosondes are often launched only twice a day [7], although these instruments can be used up to eight times per day during the intensity observation period; the spatial coverage and temporal resolution of the radiosonde is usually limited for revealing the ABLH temporal-spatial variability [17]. Ground-based remote sensing equipment is widely used to determine the ABLH, owing to their high-resolution of temporal data and good vertical spatial resolution. According to the different modes of detection of the physical quantities, these instruments can be divided into three categories: (1) thermodynamic observation, such as Raman lidar, radio-acoustic sounding systems and radiometers, which are used to identify the ABLH by the brightness temperature, the potential temperature and the humidity; (2) Dynamics or turbulence observation, such as sodar, radar wind profiler and Doppler wind lidar, which are used to identify the ABHL by the velocity components of the wind vector and turbulent kinetic energy, etc.; (3) Tracer observations, e.g., aerosol lidar, which are used to identify the ABHL using a backscatter coefficient, a depolarization ratio or a color ratio [3]. The Slope Detection and Ranging (SLODAR) technique [18] can also been used to develop methods to identify the ABLH by detecting turbulence variation [19]. It should be noted that the ABLHs that are defined by these three types of physical quantities are different. Beyrich and Leps [20] realized that there were systematic differences among the three types of ABLH as the result of turbulent inhomogeneity of the SBL. Similarly, it is common in studies that the CBL height from the aerosol-based methods peaks up to 2 h later than that which was diagnosed from the turbulence data [21,22].



Among the aforementioned methods, aerosol lidar is the most commonly used one to detect the ABLH. There are two foundations that the lidar-derived method for ABLH retrieval is predominately based on: (1) Aerosol particles are concentrated in the boundary layer, which are significantly more concentrated than the particles in the free atmosphere are [23]. (2) In the transition zone between the boundary layer and the free atmosphere, the entrainment process involves the upper dry and clean atmosphere into the boundary layer, thereby resulting in an obvious time fluctuation in the aerosol concentration locally, moreover, the lidar signal shows a strong time variation, that is to say that a large variance exists in the time domain [24]. On this basis, five classical methods have been developed using the lidar return signal profile: (1) The gradient method considers that the height where the extremum exists as the ABLH, including the first-order gradient method [25,26], the inflection point method [27], the logarithm gradient method [28] and the cubic root gradient method [12]. (2) The threshold method generally defines the ABLH as the height of the lidar backscattering signal or the signal gradient exceeding the certain threshold [23,29,30]. (3) The ideal profile method, also known as the curve fitting method, constructs the ideal signal profile to fit the measured lidar signal profile [31,32], and subsequently, the gradient method, or other ones, are applied to this ideal profile to retrieve the ABLH. (4) The variance method defines the height of the maximum variance which appears in the vertical profile of the variance or standard deviation as the ABLH [24,33,34]. (5) The continuous wavelet transform (CWT) method has already been proved to be a suitable tool for an automatic and minimal supervised identification of the ABLH [35,36]. The wavelet transform coefficients in this method can quantify the similarity between the lidar signal and the wavelet profile to examine the ABLH. Often, the wavelet functions of Haar [37] and Mexican hat (MHAT) [36,38] are used because their shapes are similar to that of the lidar signal profile. In addition to the five classical methods, more developed methods have been proposed to deal with the ABLH retrieval of complex aerosol structures, such as the newly announced MR-IP (multilayer recognition and idealized-profile) method, which divides the ABL aerosols from the non-ABL aerosols by identifying multiple extremes in the backscattering derivative [39] and backscattering-based image processing [11,40]. As mentioned above, the lidar backscatter signal is only highlighted among the existing literature. However, other variables (e.g., the depolarization ratio) provided by lidar are rarely considered.



The volume linear depolarization ratio (VLDR), which can indicate the shape of atmospheric particles, is a key parameter to distinguish the aerosol types. It is defined as the ratio of the perpendicular component to the parallel component in the lidar return signals. The lower the VLDR is, then the more regular (or spherical) the particle shape is; the higher the VLDR is, then the more irregular (or elongated shape) the particle shape is. Occasionally, to a certain extent, the size of aerosol particles can also contribute to the VLDR. For example, the study that was conducted by Kandler et al. [15] showed that the larger aerosol particles tended to be acicular or irregular over the Sahara Desert, which reflects a higher VLDR, while the smaller aerosol particles tended to be spherical or regular in shape, which resulted in a lower VLDR. The different aerosol types exhibit a clear difference in the VLDR, moreover, the VLDR of a particular aerosol also varies, depending on how long it remains in the atmosphere [41,42,43,44,45]. Because of this, the VLDR can be considered to determine the ABLH, together with the lidar return signal. Firstly, it is generally difficult to identify weak aerosol layers using the lidar return signal, while the VLDR is capable of clearly capturing the temporal-spatial variation of the weak aerosol layers and the fine stratification of the aerosol layer. Secondly, the aerosol particles in the CBL are fresher than those in the RL because there is a longer suspension time for the aerosol particles in the RL than there is for the CBL. The length of the suspended duration will affect the aerosol ageing process, which can be indicated by the particle shape. Thus, this difference of VLDR in the mixing layer and RL provides favorable conditions for the ABLH retrieval, especially when the mixing layer has developed vigorously. As shown by the previous study, a novel method called POLARIS, which combines the lidar return signal and the VLDR, was initially developed to estimate the ABLH of the respective case in Granada, Spain [46]. The same technique was also used to study the ABLH in Beijing [16]. Owing to the limitations of the algorithm basis and the application scenarios, the POLARIS method can be ambiguous when it is utilized to determine the ABLH in the scenarios of complex aerosol vertical structures, especially over dust sources. Therefore, it is necessary to develop a new approach of accurately determining the ABLH using extra variables to meet the needs of dealing with complicated situations.



In addition, the desert region is one of the major emission sources of global dust aerosol particles, and the evolution of the ABLH over this region significantly affects the emission and transport of dust aerosols [14,15]. However, due to the relatively scarce meteorological observation activities over desert areas, our understanding of the characteristics of the ABL in these regions is very limited. Usually, the reanalysis dataset products are used to replace the radiosonde measurements. Consequently, the accuracy of the reanalysis dataset becomes very important. As pointed out by a previous study that evaluated four reanalysis products and investigated the global climatology of the ABLHs, there were great differences in the ABLH which was provided by the reanalysis products and the radiosonde measurements over the arid and semiarid regions of China (e.g., Taklimakan desert dust source) when it was compared with that of other climatic zones [47]. Additionally, Huang et al. [42] revealed a large error near the ground between the radiosonde and the reanalysis dataset products. However, as of yet, studies have not focused any attention on the cause that produces these differences in these studies. Thus, the study of the ABL, based on the observations over desert or dust regions, is critical to improve the understanding of issues that are associated with it.



Based on the above, a new approach was developed using the ground-based polarization lidar measurement that was taken during a field observation period at Tazhong, the hinterland of the Taklimakan Desert. The evaluation and validation of the new approach were also conducted using the radiosonde data and the ERA5 reanalysis product. Furthermore, the potential cause of the differences between the ABLH that was identified using ERA5 (ABLHERA5) and the ABLH that was identified using the radiosonde (ABLHsonde) is given. In Section 2, the overviews of the campaign, the instruments that were used, as well as the new method are described. The description of the effects of each method on the different types of cases, the validation of new methods and the main results are also included in Section 3. Finally, the discussion and summary are stated in Section 4.




2. Data and Methods


2.1. Field Campaign


As shown in Figure 1, Tazhong is located in the center of the Taklimakan Desert, which is the second largest mobile desert in the world. The maximum temperature that was observed during our campaign was 44.2 ℃, while the minimum temperature was 18.6 ℃. The observation station is mainly surrounded by mobile sand dunes with almost no vegetation cover.



With the aim of investigating the aerosol vertical distribution in the dust source area, the field campaign was carried out from 1 July 2021 to 31 July 2021. The major instruments included ground-based dual-wavelength polarization lidar, a radiosonde, an automatic weather station and an unmanned aerial vehicle (UAV) platform that was loaded with multiple atmospheric composition sensors. The lidar was installed at the Tazhong meteorological station, which is about 7 km away from the location where the radiosonde and UAV observation were executed. In this study, the observations from the lidar and radiosonde were only used to develop the ABLH identification algorithm.




2.2. Instruments


2.2.1. Radiosonde


The GPS radiosonde system was manufactured by Beijing Changfeng Microelectronics Technology Co., Ltd., Beijing, China. The system mainly consists of GPS radiosonde, model CF-06, and a ground antenna receiving system. The frequency of data acquisition was 1 Hz, and the average speed of the sounding balloon was 300 m/min. The meteorological elements that were provided by the system included air temperature, air pressure, relative humidity, and wind speed/direction. The sounding observation was carried out every 6 h between 1 July and 31 July in Beijing time: 01:15, 07:15, 13:15 and 19:15. In addition, the intensive observations were also carried out at 04:15 and 22:15 between 6 July and 15 July and at 10:15 and 16:15 between 12 July and 21 July. In this study, the data were aggregated and they were averaged with the vertical resolution of 10 m.




2.2.2. Lidar


The dual-wavelength polarization lidar that was used here was developed by Lanzhou University. It can be used for the long-term continuous automatic and unattended detection of the vertical profiles of aerosols and clouds. The system emits laser pulses at 532 nm and 1064 nm wavelengths, and collects the return signals from the atmosphere in the vertical direction; the parallel and perpendicular components at a 532 nm wavelength in addition to the total return signal at a 1064 nm wavelength were, respectively, detected. The maximum detection altitude was 20 km, and the temporal and spatial resolutions were 3 min and 7.5 m, respectively. The blind area of the system was 225 m in height. According to the methods that were recommend by previous studies [48,49,50], a series of corrections including a background noise correction, an overlap correction, and a range square correction were conducted. The effects of gain ratio of the two channels on the VLDR was also corrected. Then, the attenuated backscattering coefficient (ABC) was calculated to avoid the effects of the differences among the profiles of the backscatter signal due to the variation in the emitting laser energy. Thus, ABC is a more suitable option for the identification of the ABLH. Unfortunately, the observation data at a 532 nm wavelength from 11 July to 17 July 2021 were only used due to the lack of observations at the other time points in this study. The detailed parameters of the lidar are shown in Table 1.




2.2.3. ERA5


ERA5 was released in 2017 by ECMWF, which was a new and updated global reanalysis. Compared with it being 79 km in ERA-I, the horizontal resolution of ERA5 was 0.25° × 0.25°, which also makes it one of the reanalysis databases with the highest horizontal accuracy when it is compared with those of MERRA-2, JRA-55 and NCEP-2. In addition, the vertical resolution was increased from 60 to 137 model levels, which is up to 0.01 hPa. In addition to this, ERA5 can provide reanalysis data with a 1-h resolution. As suggested by previous studies, the ERA5 reanalysis products match the radiosonde observations well and the ABLH, which is provided by ERA5, is the least affected by the complexity of the terrain, and it is also the close to the ABLH that is retrieved using radiosonde data [42,47]. For this reason, the ERA5 reanalysis data were incorporated in our study.





2.3. Determination of ABLH


2.3.1. Richardson Number Method


Using the Richardson number (Ri) method has been demonstrated to be one of the best ways to conduct an analysis of the ABLH climatology [51]. This method considers the first height as the ABLH when the Ri is usually equal to 0.25 [52]. The Ri represents the ratio of the atmospheric static stability to the vertical wind shear, which is expressed as:


  R i  z  =      𝛳  v s    g     𝛳  v z   −  𝛳  v s       z −  z s           u z  −  u s     2  +      v z  −  v s     2  + b  u * 2     



(1)




where  z  represents the height above the ground and  s  represents the surface,    𝛳 v    represents the virtual potential temperature,  u  and  v  represent the component wind speeds.    u *    represents the surface friction velocity. The value  b  is a coefficient that is to be determined. Due to the fact that the bulk wind shear term ( u  and  v ) is much larger than    u *   , the term of   b  u * 2    was often ignored [52], and according to Seidel et al. [51], the surface wind was set to zero. It was suggested that 0.25 was optimum in ABLH estimation by contrasting three Ri values of 0.20, 0.25 and 0.30 [53]. The comprehensive effects of temperature, humidity, air pressure and wind were considered in this method. Therefore, it can identify the ABLH according to the thermodynamic characteristics to the greatest extent. In this study, 0.25 for Ri was applied to retrieve the ABLH.



The surface-based inversion (SBI) is the most accurate criterion for judging the SBL height at night [1,54]. When the SBI is carried out, the top height of the inversion layer is defined as the SBL height. As shown in Figure 2b, the ABLHs were derived from the SBI and Ri methods, respectively, and they have been compared. The difference between the ABLHs is 5 m in Figure 2a. We made a comparison of the SBL height in all of the SBI cases that occurred during our campaign. The Ri method reveals that there is a good agreement with an R2 of 0.67. These also confirmed the reliability of the Ri method to identify the ABLH.




2.3.2. CWT Method


The CWT has been used widely because the advantage of its automatic operation and because it is less affected by the signal-to-noise ratio. The CWT processes the profile data with different wavelet functions to generate the convoluted data with different scales. Here, the CWT with the MHAT wavelet function is calculated as:


  g     z − b  a    =   1 −       z − b  a     2     e  −  1 2        z − b  a     2     
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where  g  represents the MHAT wavelet functions, which is defined as the second derivative of the Gaussian function [36,38],  a  represents the dilation of the MHAT wavelet and b represents translation factor.   f  z    represents the first-order gradient of the signal profile and    w f    represents the wavelet coefficient. The shape of the MHAT wavelet reveals that is has a significant similarity to that of the lidar return signal when the cloud and aerosol layers are present [36]. Compared with the Haar wavelet function, the CWT with the MHAT wavelet function is more suitable to be used to differentiate the sub-layers within the aerosol layer [55], and this is the significant foundation of our new method in this study that we have presented. Notice that the selection of the  a  value is not easy in the context of the ABLH determination. The smaller the  a  value that is selected is, then the changes that are reflected in the wavelet coefficient profile are more subtle. On the contrary, when the  a  value is greater, it can lead to one missing the fine structures. The covariance of wavelet coefficient profile has been defined to find the optimal  a  value [56]. According to the result of the wavelet profile, the choice of the values of  a  (such as 1 km and 32 times of (32×) height resolution, while if the height resolution was 10 m, then 32× height resolution for a was 320 m) were made in some previous research studies [6,57]. Additionally, the three  a  values of 420 m, 435 m and 450 m were simultaneously used to retrieve the ABLH and calculate an average value [58]. In this study, we chose a 16x height resolution as the  a  value based on our actual observations.



Within the frame of the CWT method, almost all of the studies emphasized the most significant feature of the wavelet coefficient profile. Furthermore, some fine stratifications within the thick aerosol layer were often given less attention. Thus, the influences of the residual aerosol layer and the elevated aerosol layer will have a pronounced disruption of the retrieval of the ABLH. This may not identify the ABLH well in complex aerosol vertical structure scenes, especially over the desert region.




2.3.3. New Algorithm: ADELIP


The combination of the advantages of the different methods is more conducive to the determination of the ABLH. In this study, the ADELIP method (the ABLH that is determined by polarization lidar) was developed on the basis of the following four considerations: (1) The height limit: the ABLHs which are retrieved by the POLARIS method are more suitable when we were representing the aerosol-derived boundary layer heights in our practical operation. This method can effectively exclude the effects of the elevated aerosol layer above the ABL during the subsequent processes of identifying the ABLH. So, these ABLHs can be used as the upper limit for the potential ABLHs. (2) The aerosol sub-layer: when the CWT with the MHAT wavelet function was applied to the first-order gradient profile of the normalized attenuated backscattering coefficient (NAB), all of the aerosol sub-layers between the blind area height and the limited height were marked by the maximum and the minimum in the CWT profile. Here, the maximum and the minimum correspond to the bottom and top of the aerosol sub-layer on a fine scale, respectively. In addition, the zones range from the blind area to the extremum, with the lowest height and range from the extremum, and where the highest height to the upper limited height were considered as the bottom-most and top-most sub-layers, respectively. (3) The aerosol type: NAB and VLDR can characterize the aerosol loading and type, respectively. The gradient profiles can sharpen the variation of the NAB and VLDR profiles on a fine scale. That is to say that there were obvious variations in the gradient profiles of NAB and VLDR once they met other aerosol layer. Meanwhile, the assumption of the homogeneous aerosol type was considered within one aerosol sub-layer. Therefore, the variance and mean values of the first-order gradients of NAB and VLDR were calculated for each aerosol sub-layer. (4) The diurnal cycle: in order to ensure that the final ABLHs are reasonable, it is necessary to constrain the preliminary ABLHs again by setting the upper limits to the diurnal cycle of the observation location.



As for the response relating to the lidar return signal and to the atmosphere particles, there are two main patterns in the ABC profile that were considered when we were formulating this new algorithm. The first pattern is that the ABC increases with the height when the elevated aerosol layer appears (e.g., in Figure 3a). In this situation, the bulge in the ABC profile will lead to a large range of positive gradients. The second pattern occurs in most cases in the lidar profiles where the ABC decreases with the height, without the elevated aerosol layer existing. In fact, due to the different vertical distributions of the aerosols, there are more complex sub-types in the second pattern. As shown in Figure 3, the profile represents the uniform mixing of the aerosols in the mixing layer (Figure 3b), the residual aerosol layer (with simple structure above the SBL) (Figure 3d), the coexistence of mixing layer and the RL (Figure 3e), the decoupling of the mixing layer and the stable boundary layer around the time of the sunset (Figure 3c), as well as the smooth exponential declining profile during a dust storm (Figure 3f), respectively. Regarding the first pattern, as POLARIS could already eliminate most of the elevated aerosol layer, the positive gradient represents the bottom of the fine aerosol layer below the ABLHPOLARIS. It suggests that the actual ABLH should be lower than or equal to the bottom of the fine aerosol layer. Although almost all of the aerosol particles that are observed in the desert are dominated by dust aerosols, notably the aerosol types, concentrations, residence time in the air, as well as other physical properties in mixing layer are significantly different from those that are in the RL. These differences are exhibited in the NAB and VLDR profiles. For example, the mixing layer and the RL are seen to coexist; Figure 3e shows the small derivative variance in the VLDR profile within the mixing layers as a result of the sufficient convective mixing of the aerosols that were transported vertically from the surface, meaning that a larger variance occurred above the mixing layer. In addition, dust events of different intensities will cause a varying degree of interference too with the lidar signals. During severe dust storms, the lidar laser beam may be incapable of penetrating the dense dust layer. The maximum value of the wavelet coefficient on the NAB derivative represents the top of the dust layer.



Unless it is otherwise specified, the following processes are bottom-up scanning ones. As shown in the flow chart in Figure 4, the ABLH was retrieved according to the following rules:



A positive gradient was detected in the first-order gradient of the NAB profile within the sub-layer. If the variance of the first-order gradient was greater than the threshold was, then the bottom of the sub-layer was considered as the ABLH, otherwise the top of the sub-layer was considered as the ABLH.



There was no positive gradient in the first-order gradient of the NRB profile within the sub-layer. This situation ensures the decrease in the NAB profile according to the height. Hence, the variance of VLDR derivatives was further applied. As shown in Figure 4b and Figure 5e, a large variance within the sub-layer reveals a distinct difference between the aerosol particle types. So, the bottom of the sub-layer was considered as the ABLH. This case is a hybrid, with the mixing layer having been separated with the SBL as seen in Figure 3c, thus, the bottom of the sub-layer was considered as the ABLH.



Dust events were considered separately. As shown in Figure 3f, below 2 km, if the VLDRs are greater than the dust threshold is (thresdust), then the height of the maximum value in the wavelet coefficient profile of the NAB signal was selected as the ABLH. That is, the maximum height of the dust layer thickness can be detected by lidar.



To further constrain the retrieved ABLHs, the height limitation was again set. The max height between 10:00 and 22:00 was 4.5 km, while the max height for the remaining times of the day was 1.5 km.



In addition, ADELIP sets double thresholds, the cloud bottom/top threshold and the cloud maximum threshold, to identify the base height of the middle and high clouds, which can be used to remove the influences from the clouds. As shown in Figure 6b, the dust plumes in the mixing layer could affect the temporal consistency of the ABLH during the daytime. This is because these intermittent dust plumes resulted in poor mixing within the mixing layer when they were transported vertically by the strong convective process. Therefore, the ABLH that was derived from the procedures above was further filtered and smoothened to ensure that there is temporal consistency. Each ABHL should be compared with their adjacent points to eliminate the interference from the extreme values.






3. Result and Discussion


3.1. Case Studies


Although there we only took short-term lidar measurements during the campaign, we were fortunate enough to capture the different weather conditions. Here, the three typical cases are given to evaluate the ADELIP method.



3.1.1. Case 1: A Clear Day


From the ground-based polarization lidar perspective, cases that are similar to that which is shown in Figure 5 are common over deserts and Gobi areas. The advantage of VLDR when one is representing the atmosphere boundary layers were fully exhibited, and they were even clearer than the ABC ones. As shown in Figure 5, the RL was almost maintained within 2 km until the development of the mixing layer completely disrupted the height of the RL at about 14:00. At the beginning of the mixing layer’s development, the clear boundary between the mixing layer and the RL was captured based on the difference of their VLDRs during the times between 10:00 and 14:00. Additionally, an elevated dust layer coexisted from about 2.5 to 4.5 km in height between 02:00 and 14:00, but it decoupled with the RL. After 14:00, the mixing layer that was mixed with the elevated dust layer and lasted until nearly 21:00. During this period, the maximum temperature and minimum relative humidity were also measured (Figure 5c). After sunset, there was no obvious vertical dust plumes which was shown by VLDR; moreover, an aerosol layer with a higher VLDR remained between 2 and 3 km. Clearly, the advection transport fine aerosol layers in the RL at night and the vertical transported dust plume within the mixing layer and the weak aerosol layer remained at a high altitude due to the stagnation of the mixing layer’s development. The entire aerosol evolution process can be represented more intuitively by the VLDR rather than by the ABC method.



Referring to the POLARIS’ principle, it merely reflected the most prominent signal part of the backscattering and VLDR profiles. As a result, this method almost only identified that the top of the RL before 14:00 and the upper boundary of the elevated dust layer after about 17:00 were the ABLHs. Certainly, the POLARIS method more accurately captured the development of the mixing layer from 14:00 to 17:00. In this case, the ABLHPOLARIS was the highest one among that of four approaches that were used throughout the day. Below the ABLHPOLARIS, the ADELIP method effectively avoided the influence of the fine structures in the RL (shown in Figure 5b). During the night, the highest ABLHADELIP value of 607 m was determined at nearly 04:00, and it was about 363 m higher than the adjacent ABLHsonde and ABLHERA5 ones. During other times, the ABLHADELIP and ABLHERA5 showed a good agreement with each other, however, the ABLHsonde at 01:00 was 230 m lower than these. Compared with those that were observed during the night, the differences among the ABLH methods were larger during the daytime. The ABLHADELIP and ABLHERA5 could stimulate the development process of the mixing layer during the morning, but ABLHERA5 seemed to be systematically lower than ABLHADELIP and ABLHsonde when the mixing layer was mixed with the elevated dust layer. The highest values of ABLHADELIP and ABLHsonde reached about 3.16 km and 3.42 km, respectively. While the highest values of ABLHERA5 was only 2.37 km. After about 21:00, the ABLHADELIP had a mean height of 345 m, which was slightly lower than that of ABLHERA5 (mean height of 530 m). Notably, ABLHsonde was recorded as 525 m whilst ABLHPOLARIS had a mean height of 2.26 km.




3.1.2. Case 2: Cloudy Day


As shown in Figure 6, a rare precipitation process over the desert was captured during the time from 4:00 to 9:00, and the relative humidity had changed greatly during this day (Figure 6c). The appearance of the maximum relative humidity value after 9:00 was probably because sunrise increases the rate of evaporation. The temperature also decreased slightly during the whole day. In this case, there was a more complex aerosol vertical structure owing to the multiple elevated dust layers and several fine layer structures, for example, the layers that were located between 1 and 4 km from the times of 00:00 to 04:00, the layers between 2.5 and 3.5 km from 12:00 to 16:00, and between 1.6 and 4 km during the times from 20:00 to 24:00, respectively. As indicated by VLDR and ABC, the mixing layer did not develop until about 12:30. Before about 15:00, the ABLHs were maintained at a low height. The averaged ABLHs that were identified using ERA5, a radiosonde and ADELIP were 318 m, 373 m and 375 m, respectively. Even so, ABLHADELIP did not show the decline into an upward trend of the SBL that was similar to those of ABLHERA5 and ABLHsonde. In the development of the mixing layer from 13:00 to 15:00, the ABLHs that were retrieved by the four methods showed a good consistency among them. After 15:00, there were two obvious mixing processes in the mixing layer; the highest ABLH was found between about 16:30 and 20:30. ABLHADELIP and ABLHsonde reflected the detailed changes in the mixing layer during this period effectively. However, those of ABLHERA5 were systematically higher than those of ABLHADELIP and ABLHsonde, so much so that the largest difference between ABLHERA5 and ABLHsonde reached about 1100 m at 19:00. ABLHERA5 appeared to have a general trend of diurnal variation in the ABLHs, but it did not reveal a more subtle variation in the vertical direction. During the mixing process at around 21:00, the coupling between the mixing layer and the elevated dust layer was well identified by the ADELIP method, and ABLHsADELIP showed a good agreement with ABLHERA5. The highest ABLHs were 2104 m and 1975 m, respectively. For most of this case, due to the influence of the elevated dust layers and clouds, the POLARIS method determined the top heights of the cloud and elevated aerosol layers as the ABLHs. Certainly, ABLHADELIP and ABLHPOLARIS had almost identical values for mixing layer’s development from about 13:00 to 15:00.




3.1.3. Case 3: A Dust Storm


In actuality, the case on 17 July 2021 was also a clear day like it was in Case 1, and their ground meteorological elements were also similar. Compared with the previous two cases, the vertical structures of the aerosol layer were simpler, as shown in Figure 7a,b. The top of the RL reached about 3 km, and the aerosol layer was relatively uniform by referring to the VLDR at night. Only a small amount of fine aerosol layers existed during the morning. Obviously, a more significant difference between the RL and the mixing layer were presented by the VLDR. Until at about 17:30, the mixing layer developed up to 3.6 km, and it almost completely broke out of the RL. After that time, a severe dust storm occurred, which was accompanying by high and violent fluctuating wind speeds with a slightly decreased temperature (Figure 7c), and this caused the laser beam to be completely attenuated at about 1 km. Influenced by the near-surface dense aerosol layer, the consistency of the ABLHs, which were obtained by ADELIP and POLARIS methods, was very good from 02:00 to 06:00. After this, as shown by the ABC, the ADELIP method identified the bottom of the fine elevated aerosol layer as the ABLH of about 500 m, and this meant that the ABLHADELIP values were higher than the ABLHERA5 and ABLHsonde ones, while the ABLHPOLARIS ones were affected by the fine aerosol layers at a height between 1 and 2 km. From the beginning of the development of the mixing layer to the arrival of the dust process, the ABLHs which were determined by ADELIP, ERA5 and the radiosonde were almost identical, with the exception of ABLHPOLARIS. When the dense dust layer was formed, the lidar did not capture the actual information of the dust layer. As a result, the values for ABLHADELIP were all determined as the top of the visible lidar signal. Above this height, POLARIS identified the ABLH to be higher than this, owing to the low signal-noise ratio. The ABLHERA5 and ABLHsonde values also presented a large difference. At about 19:00, ABLHERA5 was 1751 m higher than ABLHsonde was, and ABLHADELIP was only 900 m.





3.2. Comparisons of the ABLHs


Considering the large uncertainty of ABLHADELIP during the dust storm in Figure 7, these ABLHs were not included when the performance of the ADELIP method was evaluated in the subsequent scatterplots. In addition, the cases with an ABLH that was below 225 m were also excluded when we were comparing ABLHERA5 and ABLHsonde with ABLHADELIP due to the lidar blind area. As shown in Figure 7a, there were only 33 radiosonde observations from 11 July to 17 July. The correlation coefficient between ABLHADELIP and ABLHsonde is 0.88. About 70% of ABLHADELIP is slightly lower than the ABLHsonde; the largest difference between them is about 920 m. Below 1 km, the scenes when ABLHsonde was higher than ABLHADELIP usually occurred at the initial periods of the mixing layer process as well as during the evening. According to the VLDR, at the beginning of the development of the mixing layer in Cases 1 and 3, the ABLHsonde seemed to be affected by the fine structures in the RL. As for the higher ABLHs, ABLHADELIP was almost lower than ABLHsonde. As reported by the previous study [47], the ABLH of the ERA5 product were assessed to be closest to the radiosonde observations with the correlation coefficient of 0.88 on a global scale. As shown in Figure 8b, the scatterplot between ABLHERA5 and ABLHsonde revealed a significant correlation (R2 = 0.88). Likewise, ABLHERA5 was also almost lower than ABLHsonde for the higher ABLHs. As a result, a good correlation between ABLHADELIP and ABLHERA5 exists. According to the frequency of the radiosonde observations, no matter whether they regarded ABLHADELIP, ABLHERA5 or ABLHsonde, although there were differences in the specific ABLHs, the presence of good correlations indicated their high similarity in their variation trends over the entire short-term campaign scale, as can be seen from Figure 8. Certainly, the ERA5 product also confirmed that it is an important approach for the verification of the ABLHs that were retrieved by the lidar observation when it lacked an abundance of co-located radiosonde observations, as well as other observations. By viewing the smaller time scales from a high-resolution perspective, the ABLHERA5 with a 1-hour resolution scale were further used to assess the ABLHADELIP during the daytime (from 11:00 to 21:00) and during the nighttime (from 0:00 to 10:00). As shown in Figure 9, the correlation during the daytime (with 0.79) was much better than the one during the nighttime (only 0.03). This suggested that although their ABLHs were relatively close, the ADELIP method is an inadequate one to capture the ABLHs that are closer to the actual fine variation trends during the night.



The statistical analysis of the differences among ABLHADELIP, ABLHsonde and ABLHERA5 are shown in Figure 10a. Compared with ABLHsonde, the ADELIP method on average underestimated the ABLHs by 150 m. This was similar to several previous studies that showed the underestimation of the value using the lidar method when they were compared with those of the radiosonde method [6,8,59]. In a recent study, the similar results that were derived from the MR-IP method also showed a high correlation between ABLHMR-IP and ABLHsonde (R = 0.81), moreover, the mean of ABLHMR-IP (635.4 m) was lower than that of the radiosonde (665.3 m) [39]. A conflicting conclusion was drawn, in that there were ABLH overestimations of 41 ± 72 m (p < 0.05) and 66 ± 96 m (p > 0.05) for the lidar during the winter [60]. After removing the clouds and the elevated aerosol layers, Morille et al. [36] reported the mean difference between the STRAT methods. Here, the radiosonde was 99 m with a standard deviation of 452 m [36]. Additionally, which is shown in Figure 10a, the mean ABLHERA5 is slightly lower than the mean ABLHsonde (39 m), which further proves the reliability of the ERA5 product as the verifier of the ABLH when it is identified by the lidar method. In relation to the daytime and the nighttime, it was clear that the mean deviation during the daytime (88 m) was larger than that during the nighttime (14 m). This was because the diurnal ABLHs were higher than nocturnal the ABLHs, and the higher ABLHs lead to a higher deviation [47]. The ABLHs that were derived by POLARIS and by GM all presented great deviations to ABLHERA5, as shown in Figure 10b. POLARIS overestimated the ABLH in general, and the overestimation during the night was higher than it was during the daytime, which is consistent with the results in Figure 11. GM overestimated the ABLH during the nighttime, and it underestimated the ABLH during the daytime. One possible reason is that the ABC mutation at a low height was caused by a daytime horizontal high wind speed, which is very common during experimental observation and which significantly interferes with the performance of GM. Additionally, during the nighttime, the RL also caused a high ABC mutation above the SBL and misled GM.



As shown in Figure 11, overall, the POLARIS method overestimated the ABLHs during the night and the ABLHs during the growth period of the mixing layer, and it maintained the higher standard deviation. Around noon, the ABLHPOLARIS had a similar trend with the other three ABLHs, and the heights were also very close. The average diurnal variation of the ABLH in Tazhong during the summer was displayed well by ABLHADELIP, ABLHsonde and ABLHERA5. ABLHsonde and ABLHERA5 revealed that the minimum ABLH occurred at around 05:00–07:00. The mixing layer began to grow after about 10:00, and it reached the maximum growth between 16:00 and 17:00, until the SBL began to develop at around 21:00. These three methods acquired a greater deviation during the mixing layer period. The convective intensity during the daytime changed greatly due to the meteorological conditions, while the air temperature was lower during the night, which led to the diversity of the deviation during the daytime and the nighttime. Similar summaries that document higher ABLH deviations that generally occurred during the afternoon have also been reported by Moreira et al. [61]. Overall, the ABLH results of this study are similar to those of Wang et al. [16] in Tazhong, who figured out that during the summer, the ABLH in the Taklimakan Desert can reach 4km, and the ABLH during the night is generally kept below 650 m. Other studies also discovered an extreme high ABLH (over 5 km) during the summer and spring in Tazhong [57,62]. The research of Zhang et al. [63] found that the ABLH could reach 3.5 km during the summer in Dunhuang. A similar research study found an extreme high ABLH (over 5 km) during the summer and spring in the Dunhuang and Minqin regions [64].



ABLHADELIP showed a high degree of similarity with ABLHsonde and ABLHERA5. Nevertheless, when it was compared with ABLHsonde and ABLHERA5, the ADELIP method overestimated the SBL height in most cases and underestimated the heights of the mixing layer during the daytime. For the cases with a ABLHsonde or ABLHERA5 that is less than 225 m, the lidar was unable to reveal the vertical distribution of the aerosol layer within the blind area. It was especially notable that an overestimation occurred during the period from 5:00 to 7:00 when the ABLH reached its minimum. In this situation, the ADELIP method usually determined either the bottom of the lowest elevated aerosol layers or the top of the lowest aerosol layers as the ABLH. The underestimations mainly occurred when the mixing layer was coupled with the elevated dust layer. For these cases, the two aerosol layers may not be well distinguished using ABC, which means the aerosol loading of the two layers may be very similar. As a result, both of the layers were treated as one layer. Thus, a relatively strong inversion, which was caused by the upper boundary of the elevated dust layer, may induce the radiosonde to retrieve this height as the ABLH, consequently, this may result in a slight rise in the ABLHsonde. The VLDR is capable to clearly reflect the difference between both of the layers. In ADELIP, the ABLH was determined as the bottom of the sub-layer where the variance of VLDR derivations is greater than the threshold is, while the real ABLH was possibly located in the middle of the sub-layer. So, it is necessary that the underestimated ABLHs, which were derived from the ADELIP method during the daytime, require further improvement.




3.3. Discussion


3.3.1. ADELIP Robustness


A large number of previous studies have confirmed that it is difficult to deal with the complex boundary layer cases using a single approach. Either the combination of different methods or an enhanced method is an effective solution when one is dealing with more complex scenarios [10,65,66]. In this study, both of these aspects were involved in the ADELIP method. On the one hand, the ADELIP method combined different methods such as CWT, the gradient method and the threshold method, while also allowing for the full use of their advantages to examine the profile characteristics. On the other hand, a new variable of VLDR was adopted in ADELIP, which can provide an extra dimension of the aerosol type to determine accurate ABLHs. When we are comparing it with previous applications on the CWT that choose the maximum/minimum in the CWT coefficients profiles [67,68,69], the ADELIP method did not stop there, but it attempted to establish the sub-layers that were below the maximum/minimum to reveal the fine aerosol structures. Furthermore, the height limitation of the simple diurnal variation ensures reasonable ABLHs [67,70]. Through the results that are shown above, it was clear that the ADELIP was able to deal with the ABLHs when there was a complex structure in the aerosol layer.



In addition, the initial upper limit of the ABLHs that were provided by the POLARIS method also had the potential to be replaced by the ABLHs that were retrieved by the other methods that can provide the height of aerosol-derived boundary layer well. According to the principle of the ADELIP method, it is applicable to any lidar observation and it is capable of providing the VLDR over different zones, and it is not limited to desert regions. For the advanced multi-wavelength lidar, more different variables can also be introduced to determine the ABLHs based on the fundamentals of ADELIP. Therefore, these results have proven that ADELIP has a good degree of compatibility.




3.3.2. ADELIP Limitation


Certainly, there were still some limitations of the ADELIP method. These mainly include the following four aspects: (1) The lidar blind area: when the SBL was below the lidar blind area, the aerosol lidar method observations were unlikely to overcome this problem. During the intensity observation period, the UAV observation platform can be proposed as a supplement to the lidar blind area due to it is low cost and flexible characteristics. The sensors that are aboard the UAV can provide the vertical profiles of the air temperature, relatively humidity and particulate matter concentration near the ground surface. (2) Severe dust events: during the periods of severe dust events where a laser beam was completely attenuated, the lidar signal could not reveal the real vertical structure of the dust aerosol layers. Hence, the accurate ABLHs cannot be captured by the lidar methods, although we also set the judgment of the dust storm in this study. (3) Tailoring the sub-layer: in most of the cases, the sub-layers, which were based on the CWT coefficient profile of the VLDR, were consistent with the ones that were based on the ABC, so the sub-layers that were based on VLDR were not fully considered in this work. In fact, the VLDR CWT coefficient profile should be included to provide more detailed sub-layers and acquire the ABLHs that are closer to reality, especially where the mixing layer and elevated aerosol layer were coupled and where their ABC and VLDR were also similar. (4) The effect of the dust plume during the convective activities: as shown in Figure 5, the VLDR indicated the dust plumes accompanying the convection processes, which were intermittent. This causes the large deviation of the ABLH during the growth period of the mixing layer at the minute-level temporal resolution. It also suggested that the method that was associated with the image processing and temporal consistency testing was needed to deal with this situation [71,72]. In addition, for the applications of ADELIP in different regions, the localization factor should be considered. For example, the VLDR varies with a large magnitude at some places, and thus, the role of the VLDR should be treat carefully under low VLDR values. In fact, the ADELIP method has been improving according to this direction.




3.3.3. Potential Effect of Dust Event on ABLHERA5


Here, the three different scenarios are provided: The non-dust storm case (Figure 12a), after the severe dust storm case (Figure 12b), which is when the peak of the dust storm and the laser beam was just enough to penetrate the dust layer, and during the severe dust storm case (Figure 12c), where the laser beam was completely attenuated. These cases suggested that when the dust event was stronger, the variation trends of the temperature and wind speed profiles of the ERA5 product and the radiosonde were more inconsistent, and they were even opposite to each other and below about 3 km in Figure 12c. As given in Formula (1), the quantities that were used to calculate the Richardson number mainly included the temperature, atmospheric pressure, humidity and wind vector. So, the large deviation between ERA5 and the radiosonde in the trends of the temperature and wind speed may lead to the difference in the ABLH retrieval. A similar scenario was reported by Huang et al. [42], who pointed out that multiple reanalysis products deviated greatly from the radiosonde when they were close to the surface in the Taklimakan desert. His team suggested that this is attributed to the complex interactions between the land surface and the atmosphere. For the cases that are shown in this study, the dust storm destroyed the thermal structure of the ABL by weakening the cooling of ground surface [14], and this resulted in a higher static instability of the tropospheric bottom, consequently leading to a higher deviation [47].



In order to confirm the difference that was induced by the dust storm, we classified all of the radiosonde observations during the entire campaign as non-dust event situations and dust event situations according to the PM records and meteorological elements (our other work). As shown in Figure 13a,b, the mean difference profiles of the temperature and wind speed revealed that the differences in the dust event situations are larger than those of the non-dust events. In detail, the temperature of ERA5 was higher by about 1 ℃ than that of the radiosonde, and it was below by about 1.5 km in the dust event situations. Meanwhile, there was a difference of about −0.5 ℃ when it was below 2 km in the non-dust event situations. In both of the situations, the wind speeds of ERA5 were all lower than those of the radiosonde, but the difference when it was below 2 km in dust event situations was roughly 3–5 times greater than that of the non-dust event situations. The correlation coefficient of 0.99 in Figure 13c implied that although there is a small temperature disturbance, it did not affect the basic trend of the temperature, which declined with height for both of the situations. For both of the situations that are shown in Figure 13d, the correlation for the wind speed between EAR5 and the radiosonde was not as strong. A higher coefficient was obtained for the non-dust event situations, but this may also have been caused by the difference in the sample number. It will take a larger dataset to confirm these findings in future studies. In general, it can be seen that the ERA5 product is insufficient to reflect the complex thermodynamic vertical structure of the dust storm, which is the possible reason why the great difference between ABLHsonde and ABLHERA5 exists.






4. Conclusions


In this study, we proposed a new ABLH retrieval method (named ADEILP), which is based on the polarized lidar observations that were made during the intensive field observation campaign in July 2021 in Tazhong, in the hinterland of Taklimakan Desert. Currently, polarization lidar is widely used, but when one is using these lidar data to determine the ABLH, the information that is provided by the VLDR is rarely considered, especially in the arid and semi-arid regions where there are abundant non-spherical particles in the atmosphere. The ADELIP method is a remarkable advancement because of two factors: Firstly, the aerosol type that is identified by lidar VLDR was considered to determine the ABLH, which helps to distinguish the different types of boundary layers, especially the mixing layer and the RL. Secondly, the idea of breaking up the whole layer into sub-layers was applied on the basis of the frequently used CWT skills, which is favorable to produce fine stratification in the aerosol layer for the determination of the ABLH. In addition, the appropriate height limitations also ensured a good robustness of the ADELIP method to deal with complex boundary layer structures.



The performance of the ADELIP method was assessed using a radiosonde and ERA5 reanalysis products based on short-term observations. The results showed that: excluding the dust storm and the lidar blind area, there was a good correlation of 0.88 between ABLHADELIP and ABLHsonde. The ADELIP method underestimated the ABLHs by 150 m on average, and the largest difference among them was about 920 m. The deviation of 32 m and the correlation coefficient of 0.88 between ABLHERA5 and ABLHsonde confirmed that ABLHERA5 was a feasible way to validate ABHLlidar when the co-located observations of the radiosonde and other instruments were insufficient. The correlation between ABLHADELIP and ABLHERA5 during the daytime (with 0.79) was much better than the one that was observed during the nighttime (only 0.03). Similar to the ABLHsonde and ABLHERA5, the ABLHADELIP also reflected the average diurnal variation of the ABLHs well. Nevertheless, in most of the cases, the ADELIP method overestimated the SBL height and underestimated the heights of the mixing layer.



As for the severe dust storm that completely attenuated the laser beam, the methods that were based on lidar observation were ineffective to determine the ABLH, while the dust event seemed to be a possible reason for the great difference between ABLHERA5 and the ABLHsonde because the ERA5 reanalysis product was insufficient to reflect the complex thermodynamic vertical structure of the dust storm. So, it is worth suggesting that the influence that was caused by the difference in the vertical profiles in ERA5 product should be carefully considered when the related issues of dust events are involved. Although there are still some limitations in this study, such as us using only a short-term lidar observation and the realized shortcomings of the ADELIP method, it does not prevent the ADELIP method from being applied to polarization lidar observations in different regions, especially advanced lidar systems. These findings surely will also motivate our efforts to further improve future studies relating to climatology of ABLH variation.
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Figure 1. Topographical map of Xinjiang Province, China. The red solid dot marks the location of Tazhong. 
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Figure 2. (a) Profile of the temperature (left) and Ri (right) calculated using radiosonde data. Dotted line represents the ABLH identified by SBI and Ri methods. Additionally, (b) Scatterplot of the ABLH determined by Ri method and SBI based on radiosonde observations, respectively. 
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Figure 3. Profiles of six situations mentioned by ADELIP are as follows: (a) Represents the case during night, which reveals the SBL and inversion on backscatter profile. (b) Represents the case wherein the mixing layer developed. (c) Represents the transition case of the mixing layer dropping down. (d) Represents the SBL. (e) Represents the mixing layer developing and revealing differences with RL in VLDR profile. (f) Represents the case therein the dust event appeared. The black profile is associated with lidar return signal, whilst the grey profile is associated with VLDR. The red triangle represents the ABLHADELIP identified by ADELIP; the blue plus sign represents the ABLHPOLARIS identified by POLARIS; the black square represents the ABLHsonde; and the green cross represents the ABLHERA5. The green dashed lines represent the stratification of sub-layers. 
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Figure 4. Flow chart of ADELIP to retrieve the ABLH that was used in this study. HPOLARIS is the ABLH provided by the POLARIS method, which is applied as the height limitation. Hdust represents the height retrieved by the maximum wavelet coefficient of the MHAT based CWT on NAB in dust event. VDR and VNAB, respectively, represent the variance of VLDR derivatives and NAB derivatives in certain sub-layers; n represents the number of sub-layers; NDR represents the number of VLDR data points where VLDR is greater than 0.5; NNAB represents the number of NAB derivatives that are greater than 0. 
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Figure 5. The time-height indications of the sunny day on 16 July 2021. (a) Attenuated backscattering coefficient (ABC); (b) Volume liner depolarization ratio (VLDR) at a 532 nm wavelength; (c) The ground meteorological elements of temperature, relative humidity and wind speed. The atmospheric boundary layer height (ABLH) of different approaches were indicated by using corresponding labels: Black plus: POLARIS; Black triangle: ADELIP; Pink diamond: radiosonde; Purple cross: ERA5. Local noon time is 14:26 (Beijing time). 
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Figure 6. The time-height indications of the sunny day on 13 July 2021. (a) Attenuated backscattering coefficient (ABC); (b) Volume liner depolarization ratio (VLDR) at a 532 nm wavelength; (c) The ground meteorological elements of temperature, relative humidity and wind speed. The atmospheric boundary layer height (ABLH) of different approaches were indicated by using corresponding labels: Black plus: POLARIS; Black triangle: ADELIP; Pink diamond: radiosonde; Purple cross: ERA5. Local noon time is 14:26 (Beijing time). 
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Figure 7. The time-height indications of the sunny day on 17 July 2021. (a) Attenuated backscattering coefficient (ABC); (b) Volume liner depolarization ratio (VLDR) at a 532 nm wavelength; (c) The ground meteorological elements of temperature, relative humidity and wind speed. The atmospheric boundary layer height (ABLH) of different approaches were indicated by using corresponding labels: Black plus: POLARIS; Black triangle: ADELIP; Pink diamond: radiosonde; Purple cross: ERA5. Local noon time is 14:26 (Beijing time). 
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Figure 8. Scatter plots of: (a) ABLHADELIP and ABLHsonde; (b) ABLHsonde and ABLHERA5. The red line represents the fitting line. 
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Figure 9. Similar to Figure 8, but it relates to ABLHADELIP and ABLHERA5 during different times (Beijing time). (a) Period from 11:00 to 21:00 and (b) period from 0:00 to 10:00. 
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Figure 10. (a) Boxplot of ABLH differences between ADELIP and radiosonde (DA-R: ABLHADELIP minus ABLHsonde), ERA5 and radiosonde (DE-R: ABLHERA5 minus ABLHsonde), ADELIP and ERA5 during the daytime (DA-E(D): ABLHADELIP minus ABLHERA5), ADELIP and ERA5 during the nighttime (DA-E(N)). (b) boxplot of ABLH differences between POLARIS and ERA5 during the daytime (DP-E(D): ABLHPOLARIS minus ABLHERA5) and the nighttime (DP-E(N): ABLHPOLARIS minus ABLHERA5), with the difference between gradient method to ERA5 during the daytime (DG-E(D): ABLHPOLARIS minus ABLH derived by gradient method) and the nighttime (DG-E(N): ABLHPOLARIS minus ABLH derived by gradient method). Median and mean values of each box are given. 
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Figure 11. Diurnal variation of ABLHs retrieved by four methods from 11 July to 17 July 2021. The red and orange lines indicate the averaged ABLHADELIP and ABLHPOLARIS based on lidar measurements, respectively. The green and bule lines represent the ABLHsonde and ABLHERA5 using the Ri method, respectively. The shadows represent the standard deviations. Local noon time is 14:26 (Beijing time). 
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Figure 12. The profiles of four variables for non-dust storm case ((a) 22:00 on 11 July 2021), after the severe dust storm case ((b) 22:00 on 12 July 2021) and during the severe dust storm case ((c) 19:00 on 17 July 2021). From left to right, these variates are: ABC and VLDR from lidar, air temperature, wind speed and Richardson number from radiosonde and ERA5. 
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Figure 13. Profiles of mean difference between ERA5 and radiosonde (take radiosonde data as true value) in non-dust events and dust events of (a) temperature and (b) wind speed, with error bars exhibited. In addition, scatterplot of ERA5 and radiosonde in non-dust events and dust events of (c) temperature and (d) wind speed. 
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Table 1. Detailed information of the RM-04 Polarization Lidar.
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	Technical Indicator
	Parameter





	=Laser type
	Nd: YAG



	Laser wavelength
	532 nm, 1064 nm



	Receive channel
	532 nm ‖, 532 nm ⊥, 1064 nm



	Detector
	APD, PMT



	Telescope
	Cassegrain



	FOV
	2 mrad



	Pulse frequency
	20 HZ



	Pulse energy
	100 mJ



	Maximum detectable range
	15 km



	Time resolution
	3 min



	Vertical resolution
	7.5 m
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