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Abstract

:

Wind profile light detection and ranging (LiDAR) is an important tool for observing features within the atmospheric boundary layer. Observations of the wind field and boundary layer height from coherent Doppler wind LiDARs (CDWLs) under sandy and dusty weather conditions were evaluated using observations from two CDWLs and one GTS radio sounding located at the northern edge of the Tibetan plateau from 1 May to 30 August 2021. The results showed that CDWL has good applicability in reproducing wind fields in dust, precipitation, and in clear-sky conditions, and that it is superior to the v wind field for real measurements of the u wind fields. In terms of the planetary boundary layer height (PBLH), the validity of the inversion of PBLH in dusty weather was higher than that under clear-sky conditions. It was found that the PBLH retrieved by the CDWL at 20:00 (BJT) was better than that at 08:00 (BJT). The diurnal variation amplitude of the PBLH before the occurrence of a sandstorm was larger than the diurnal variation amplitude of the PBLH occurring during a sandstorm.
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1. Introduction


Sandy weather has a significant impact on arid regions, with the immediate effect of causing air pollution and mesoscale to large-scale climate change [1,2,3]. It was discovered that dust storms can affect the heat balance of planetary radiation, which in turn leads to climate change [4].



In recent years, scientists have conducted numerous studies on dust cycles, dust properties, and the environmental effects of dust using ground-based light detection and ranging (LiDAR) information such as the optical intensity, backscatter intensity, depolarization ratio, extinction coefficient, and dual-wavelength signal ratio [5,6,7]. Laser wind measurement techniques have developed rapidly during the past decades and are mostly used in wind field observation [8], aircraft wake measurements [9], turbulence measurements [10], cloud and atmospheric boundary layer characterization [11], and atmospheric aerosol optical characterization [12]. The fluctuation of boundary layer height with time and the effect of the entrainment layer and vertical wind speed on the boundary layer height were found using micro–pulse LiDAR observations [13]. The boundary layer height retrieved by direct detection LiDAR and coherent Doppler wind LiDAR (CDWL) were correlated with PM2.5 to study a precipitation event [14]. Ground–based and air–based LiDARs combined with ground–based aerosol mass concentrations were used to analyze the optical and physical properties of a dust process [15]. The characteristics of the dust aerosol backscattering coefficient, extinction coefficient, and depolarization ratio have been gradually studied by using polarization LiDAR to monitor pollution and dust storm weather in cities [16,17,18,19]. The direct observation of seasonal dust weather can be used to study the frequency and intensity of dust [20] and effectively evaluate the effect of air pollution control [21]. LiDAR was used to analyze the aerosol extinction coefficients for the inversion of dusty weather processes and to obtain correlations between the extinction coefficients and ground-level PM10 concentrations [22]. During the observation of the atmospheric boundary layer of an urban area using 3D scanning coherent Doppler LiDAR, multiple dust-devil-like vortices were detected in the area, and the temporal evolution of the precise 3D structure and vortex intensity was observed [23]. Detection means such as ground-based radar combined with satellite remote-sensing LiDAR can be used to analyze the transport characteristics and optical properties of sand and dust [24]. More novel experiments have been used in the past to quantify changes in aerosol transport and aerosol properties from the Sahara Desert to the Caribbean Sea by means of airborne coherent Doppler wind LiDAR experiments [25]. Observations of dust events in Iceland have confirmed the possibility of using Doppler wind LiDAR to monitor volcanic and sedimentary aerosols [26]. The simultaneous 3D monitoring of wind and pollution is performed using coherent Doppler wind LiDAR, which then generates a high-resolution wind field to track local air pollution sources and their dispersal, as well as to analyze transboundary air pollution events [27].



Previously, there have been no relevant observations and studies on the long duration and continuity of dust storms and floating dust weather at the northern edge of the Tibetan plateau using the coherent Doppler wind LiDAR (CDWL). The vertical evolution pattern of dust aerosol concentration and meteorological elements during the maintenance of dusty weather is not clear. This project proposes the use of CDWL installed at the Minfeng and Yeyik stations on the northern side of the Tibetan plateau region, combined with GTS ratio soundings, to conduct a study on the evolution of the atmospheric boundary layer before and after sand and dust storms and during persistent dusty weather. The objective was to evaluate the applicability of CDWL in the observation of boundary layer elements under sandy and dusty weather to provide new observational support for the development of currently stagnant sand and dust studies. This study was conducted as a basis for the quantitative assessment of the contribution of dusty weather to regional atmospheric dust aerosols and its impact on regional and global changes.



This paper is organized as follows: The site and data resources are described in Section 2. Section 3 provides a comparative analysis of the wind field data observed by CDWL and GTS soundings and evaluates the performance of CDWL wind field observations. Section 4 compares the effect of CDWL on the planetary boundary layer height (PBLH) inversion under different weather conditions. Finally, a discussion and conclusions are provided in Section 5 and Section 6. If not specified, Beijing time (BJT) is used in this paper.




2. Materials and Methods


2.1. Data and Information


In this paper, ground-based coherent Doppler wind LiDAR data were acquired from 1 May to 31 August 2021 at Minfeng station, hereafter referred to as MF (82°43′E, 37°04′N, 1410.7 m) and Yeyik station, hereafter referred to as YYK (83°10′E, 36°42′N, 2499.0 m) on the northern edge of the Tibetan plateau (Figure 1). CDWL was obtained using the Wind3D 6000 produced by the Ocean University of China (OUC) and Qingdao Leice Transient Technology Co., Ltd., Qingdao, China. [28].



CDWL performs continuous observations, 24 h a day, with an average of 17 s for one set of observations, and the 10 min average data were used for the analysis in this paper. The maximum detection height of CDWL is around 6 km, the minimum detection height is around 45–100 m, the vertical resolution is 10–30 m, the wind speed measurement accuracy is below 0.1 m/s, and the wind direction measurement accuracy is below 3° [29]. CDWL can detect the horizontal wind direction, wind speed, vertical velocity, atmospheric refractive index structure constant, and atmospheric extinction coefficient, and can obtain more reliable information on the wind field and turbulence intensity in the boundary layer through the electromagnetic wave signals emitted and received back by CDWL. Level 0 is the radial wind speed data, Level 1 is the second level wind profile data, Level 2 is the 10 min average wind profile data, and Level 3 includes the PBLH and cloud height data products. The vertical height of the CDWL observation at the MF station is 51–5017 m with a vertical resolution of 26 m.



The GTS sounding observation data were taken from the Minfeng County Meteorological Bureau (82°43′E, 37°04′N), and the sounding instrument used was a GTS13 digital sounding instrument, which received data through the GFE (L)1 secondary wind radar. In order to facilitate the comparative analysis of the two types of data, the same vertical resolution of 26 m was chosen to match that of the CDWL in MF. The CDWL was selected based on the set of samples with the closest time to the GTS sounding release.




2.2. Research Methods


2.2.1. DBS Wind Field Inversion Method for CDWL


CWDL uses the Doppler effect of light to measure wind. This means that, when the laser propagates in the atmosphere, particles such as aerosols cause the laser to scatter, and the movement of the particles such as aerosols causes the received scattered echo to produce a differential frequency signal, i.e., the Doppler shift. The Doppler shift can be inverted by Formula (1) to show the component of aerosol motion in the direction of the laser beam, i.e., radial velocity or radial wind speed [28].


  Δ  f D  =   2  V  l o s    λ   



(1)




where   Δ  f D    is the Doppler frequency shift,    V  l o s     is the radial velocity, and  λ  is the wavelength of the emitted laser.



The Doppler Beam Swinging (DBS) method is a five-beam method (DBS-5) for the inversion of wind profiles, which requires radial data in five directions—east, west, south, north, and vertical—which can be used to invert horizontal and vertical wind fields [29].


   {      u =    V N  −  V S    2 cos θ         v =    V E  −  V W    2 cos θ          V h  =    u 2  +  v 2          w =  V z         



(2)







The wind direction is   α =  |    t a n   − 1    u v   |   




2.2.2. PBLH Inversion Method for CDWL and GTS Soundings


The inversion of PBLH for CDWL uses a wavelet covariance transform based on the Haar function, which is as follows [14,30]:


  h  (    z − b  a   )  =  {      − 1 ,   b −  a 2  ≤ z < b       1 ,   b ≤ z < b +  a 2        0 ,    other         



(3)




where  z  is the height, b is the location where the function is located, and  a  is the spatial extent or calculation step, which can be formulated according to local characteristics. The covariance function    W f    of the Haar function is also defined and denoted as:


   W f   (  a , b  )  =  1 a    ∫    z b     z t    f  ( z )  h  (    z − b  a   )  d z  



(4)







In this paper, the vertical resolution of CDWL   Δ z   is 26 m, and  a  is 10 times the minimum height difference, which is 260 m. The lowest altitude observed by CDWL    z  m i n     is 51 m. Therefore, the theoretical CDWL inversion of the PBLH is no less than    z  m i n   + a / 2  , which is 181 m.



The determination of the PBLH in this study using GTS soundings is a method of determining the height of the boundary layer through thermal differences in the vertical direction. The specific method is the potential temperature gradient method used by Liu and Liang [31].




2.2.3. The k-Means Clustering Analysis


The k-means algorithm is a commonly used clustering method. This study used k-means clustering to classify the PBLH of CDWL and GTS sounding inversions and the difference between them. The aim was to analyze what weather type and other characteristics were present in clusters where the PBLH of the CDWL inversion was close to that of the soundings’ inversion. This facilitates an understanding of the conditions under which the CDWL inversion of the PBLH is applicable.



The k-means algorithm works by dividing n sample points into k clusters, with sample points within each cluster having a high degree of similarity and sample points between clusters having a low degree of similarity; moreover, the similarity is calculated based on the average of the sample points in a cluster.






3. Comparison of Wind Field Observations


The samples were analyzed and compared based on the results of u and v wind fields as well as on the wind direction and speed data recorded by CDWL and GTS sounding data at MF from May to August 2021.



3.1. CDWL and GTS Soundings’ Observation Wind Field Assessment


Based on the hour-by-hour weather phenomenon records from the MF station, all available samples were classified into three categories: dusty weather (dust storms, blowing sand, and floating dust), precipitation, and a clear sky. All available samples were used for analysis. The CDWL and the horizontal wind field observations at the effective height of the soundings were compared for each of the three weather phenomena. The scatter plot is shown in Figure 2. There was a greater proportion of dusty weather and clear-sky days, with fewer precipitation weather samples. In terms of the linear fit results, the linear coefficients of determination R2 for wind speed during dusty weather, precipitation, and clear skies were 0.9361, 0.9715, and 0.8747, respectively, and the coefficients of determination R2 for wind direction were 0.9937, 0.9937, and 0.9592, respectively, all of which passed the significance test (p < 0.01, results omitted). The root mean square error (RMSE) of u and v recorded by CDWL and GTS sounding (Table 1) were approximately 2.0 m/s, while the wind speed and direction were less than 1.5 m/s and 40.0°, respectively. The above results are similar to those of previous studies [8,32,33,34]. The comparison results for the wind direction were also satisfactory and better than previous studies [35].



The atmosphere in desert areas is dry and, when there is no precipitation or dusty weather, the aerosol content in the atmosphere is low. When the air is too “clean”, the signal returned to the LiDAR is weakened and the signal-to-noise ratio of the LiDAR observation is reduced, which affects the accuracy of the observation to a certain extent. This is also a result of the fact that observations during dusty weather and precipitation are better than when there are clear sky events.



A further comparative analysis of the horizontal wind fields at various heights in the vertical direction at MF was carried out (Figure 3). Below, albeit close to 2300 m, the correlation between the u and v wind fields observed by both instruments passed the significance test (p < 0.01). The overall correlation of u was significantly better than the correlation of v. Due to the special nature of the soundings’ balloon observations, the balloon will drift with the wind field, and the higher the wind speed and height, the further the balloon will drift. This results in some differences between the balloon observations and the horizontal wind field over CDWL at MF. This also causes a difference in the correlation between u and v.




3.2. Quantile Distribution and Probability Density Analysis of Horizontal Wind Fields from CDWL and GTS Sounding Observations


The quantile–quantile plot (hereafter referred to as QQ plot) visualizes whether the distribution of the two variables is skewed or not. The probability density distribution plot allows a direct observation of the number of samples distributed in different intervals. Continuing the bias and probability distribution analysis of the horizontal wind field in MF, the QQ plots of the u and v wind fields show (Figure 4, left) that the two instrumental observations are the distribution of u around the 1:1 line and that the probability density distribution is consistent. Moreover, v shows a certain angle to the baseline and the sounding’s observation; the sounding’s observation was larger than the LiDAR observation when the wind was southerly, and the sounding’s observation was smaller than the LiDAR observation when the wind was northerly. The probability density was more concentrated around 0 m/s.



The QQ plots of wind direction and wind speed show (Figure 4 right) that the distributions of wind speed and wind direction observed by both instruments coincide more perfectly around the 1:1 line. The CDWL wind direction probability density distribution is, overall, around 10° smaller than the soundings’ observations. Therefore, errors were calculated for the wind directions of −9.69°, −9.96°, and −14.44° for CDWL and GTS soundings during dusty weather, precipitation, and clear skies, respectively. This error occurs because we cannot avoid the fact that the horizontal position of the GTS sounding changes with the increase in altitude in accordance with the wind field. This problem has also existed in previous studies [34].





4. Evaluation of PBLH Inversion Results


4.1. Analysis of PBLH Clustering Results


PBLH from soundings data via temperature contour inversions were used as the basis for clustering, based on the PBLH from CDWL and GTS sounding inversions from May to August 2021 and the difference between the two. The samples were classified into three and four types, respectively (Figure 5). The QQ plot of the classification results show that the distribution of the PBLH results from the CDWL inversions of Type 1 and Type 2 is closer to that of the sounding inversions when the first classification case is divided into three types. Type 3 shows that the PBLH of CDWL are generally smaller than GTS sounding inversions. The true atmospheric boundary layer heights of the GTS sounding inversions are in the range of 2000–6000 m, with a concentration of around 4000 m, which exceeds the effective detection height of CDWL.



The statistical results of each sample size for the first classification are shown in Table 2. Type 1 and Type 2 had a higher percentage of sample sizes where dusty weather and precipitation occurred, with 54.77% and 47.62% of the categories, respectively. In contrast, Type 3 had the largest proportion of results with clear-sky days, at 70.49%. PBLH in Type 1 was mainly concentrated below 2000 m, and most of the results were recorded at 8:00 am, accounting for 77.27% of the results of Type 1. The overall height of Type 2 was between 2000 and 4000 m, with a higher percentage, 88.89%, at 20:00. Almost all of the results for Type 3 were inversions from 20:00.



The PBLH of Type 1 was low overall, with a high proportion of cases occurring at 8:00 and during dusty weather. The PBLH of Type 2 was higher, mainly concentrated in the afternoon during dusty weather and when PBLH development was more vigorous. Type 3 accounted mainly for when PBLH development exceeded the effective height for CDWL detection, and this occurred more often in the late afternoon on clear-sky days.



The results of the second classification case in four types are similar to but different from the case in the three types. The QQ plot of the results of the four classification types shows that Type 1 and Type 4, with a better distribution, are similar to the results of Type 1 and Type 3 when classified into three types. Type 3, with an overall low PBLH from CDWL, is identical to the results of the three types. The difference is that Type 2 of the GTS soundings’ inversion of PBLH is also clustered as a whole below 1000 m, and the CDWL inversion is higher than that of the GTS soundings.



Combining the analysis of weather conditions and observation times after classification (Table 3), the characteristics of each type of PBLH were evident in different weather conditions or in the time of the day.



Combining the statistical results of the two classifications, it can be found that dusty weather often occurs when the PBLH inversions of the two are close to each other. When there is a clear-sky day, the surface can receive more solar shortwave radiation and the atmospheric boundary layer develops more vigorously, usually to heights above 4000 m; however, it is often beyond the effective and ineffective detection height of CDWL. Similarly, the PBLH in desert areas is very low before sunrise—below the minimum height for the PBLH inversion by CDWL. This provides the basis for the subsequent analysis of the PBLH inversion results in this study. For example, the analysis can be carried out for different weather types or within the effective height range.




4.2. Evaluation of PBLH Inversion Results


In order to give a comprehensive assessment of the PBLH inversion by CDWL, the samples in the effective height range were divided into three weather types—dust (D), precipitation (P) and clear skies (S)—based on the analysis of the results of the clustering in Section 3.1, and the PBLHs were compared separately (see Section 4.2.1.). The PBLHs were also compared separately for the two times of the day 8:00 and 20:00 (representing day and night, respectively). The inversions are shown in Section 4.2.2.



4.2.1. Evaluation of PBLH Inversion Results for Different Weather Types


In the QQ plot (Figure 6), which divides the samples in the effective height range into three weather types—dust (D), precipitation (P), and clear skies (S)—the PBLH distribution was closer to the 1:1 baseline for dusty weather, followed by the inversion results for precipitation, and again for clear skies. The probability density distribution graph shows that the PBLH is usually below 1000 m. Below 1000 m, the results of the CDWL inversions were higher than those of the GTS soundings for all three weather types, and the difference was more obvious for clear-sky days.



In order to quantify the effect of the PBLH inversions for the different weather types in the effective height range, a linear fit of the CDWL and GTS sounding inversions of the PBLH under different weather conditions was distributed (Figure 7). It is clear that the PBLH inversions for dust and precipitation were better than those for clear weather. The coefficients of determination R2 were 0.7666 and 0.6906 for dust and precipitation, respectively, and was 0.4926 for clear skies; the PBLH distributions for all three weather conditions passed the significance test (p < 0.001). The values of R2 are consistent in magnitude compared to past studies [30].




4.2.2. Evaluation of PBLH Inversion Results for Different Observation Times during Dusty and Precipitation Days


Figure 8 shows the correlation between the CDWL and GTS sounding inversions of the PBLH at 08:00 and 20:00 during dusty and precipitation days. The test samples were screened for the effective height of the CDWL inversion of the PBLH. The time around sunrise is represented by 8:00, when the PBLH is low and the observations within the effective height range are mainly concentrated below 1000 m, with an R2 of 0.5165, which passes the significance test (p < 0.01). The time when the PBLH has developed and accumulated over the day is represented by 20:00. The inversion of the PBLH (Figure 8b) within the effective height range was a better fit with an R2 of 0.8977, which passes the significance test (p < 0.001). The inversion of PBLH by CDWL has been effective in the past [10,30]. The inversion effect of this study on PBLH within the effective inversion height in the desert area is similar to the above study, which also proves the inversion ability of CDWL on the PBLH within the effective height, especially at 20:00.



In combination with the above analysis, we can obtain PBLH results very close to the true value through CDWL when the actual PBLH is within the effective height of the PBLH inversion by CDWL.






5. Discussion


Our comparison and analysis of the accuracy of CDWL observations in this particular region on the northern edge of the Tibetan plateau, where no similar studies have been carried out in the past, show that CDWL is suitable for the accurate observation of wind fields in this region under a variety of weather conditions; moreover, it is also efficient for the acquisition of the PBLH within the effective inversion height.



The detection of wind fields by CDWL is already a relatively mature observation technique. The advantages of this instrument are its large scanning volume, its mobility, and the fact that it provides three-dimensional wind measurements, as well as its relatively high temporal and spatial resolution compared to other measurement devices [36]. In the past, a wind profile radar was used to monitor a variety of weather processes and collect 3D wind field data. Typically, for urban air pollution in Beijing [8] and Binzhou [27], for the monitoring of Typhoon Lekima [32], and for Xiamen on clear and precipitation days [34], it showed good results in terms of wind direction and speed compared with sounding observations. The results of this study, using CDWL for wind field observation in the desert region, are similar to those of the previous studies mentioned above, and both R2 and RMSE are consistent in magnitude, which confirms that the CDWL used in this study is suitable for wind field detection in this region. The inversion of the PBLH using CDWL data is also a research direction that has been carried out more frequently. The inversion of the PBLH for Hefei city [10,14], Xilingol, Inner Mongolia [30], the seaside city of Xiamen [34], and an ocean island site in China [37] has been effective in the past. The inversion effect of this study on the PBLH within the effective inversion height in the desert area is similar to the above study, which also proves the inversion ability of CDWL on the PBLH within the effective height, especially during dusty weather.



In the meantime, we would like to analyze the inversion of the CDWL on the PBLH by means of an actual example of a dust event. Figure 9 shows a day of four GTS sounding inversions of the PBLH (02:00, 08:00, 14:00, 20:00) and the CDWL continuum inversions of the PBLH, where the full range of samples for the time period is shown, including samples that do not meet the valid inversion height of the CDWL. A correlation analysis for 02:00 and 14:00 was not performed in Section 4.2.2 because the regular GTS soundings only had two moments per day, 08:00 and 20:00, and only in July was an encrypted sounding experiment conducted to add two more moments, 2:00 and 4:00. However, the sample size was still less than 30, which was not enough to complete the correlation analysis. Nevertheless, for this study, 02:00 and 14:00 are also noteworthy moments. The individual case of dusty weather occurred on 17–20 July (Figure 9). The CDWL and GTS sounding inversions of the PBLH for this process showed a continuous elevation of the PBLH during clear-sky days prior to the onset of the dust storm process. It is clear to see that the PBLH inversion results at the time of the dust event are due both before and after the dust event. Moreover, the PBLH inversion results at 02:00 and 14:00 are overall better than 20:00 for PBLH. The heating effect of solar radiation, which is directly absorbed by the surface on clear-sky days when the atmosphere is dry and clean, causes the convective boundary layer to accumulate and thicken. When a dust storm occurs, there is a significant decrease in PBLH during the daytime and an increase in PBLH at night compared to sunny days. The decrease in the difference in the daily variation in the PBLH is due to the fact that the dust aerosols floating in the atmosphere block the solar radiation from reaching the surface and the surface heating atmospheric effect is weakened, which suppresses the elevation of PBLH during the daytime. Furthermore, the relatively stable atmosphere during the maintenance of floating dusty weather allows the residual layer to be maintained at a certain height during the night. When the atmospheric dust aerosols dissipate and the atmosphere returns to a dry and clean state, the daytime PBLH is developed again, and the daily variation in the PBLH varies significantly.



The limitation of this study is that, compared with other regions, the effect becomes worse when the effective inversion range of CDWL is exceeded because the PBLH is lower at night and lifts higher during midday hours in desert areas. This is due to the rapid absorption of solar short-wave radiation and the warming of the subsurface in the desert region during clear days; moreover, the atmosphere is subject to surface heating and turbulence, which may make the PBLH develop vigorously in the late afternoon. At night, the PBLH decreases to a lower altitude due to the thin atmospheric aerosol and excessively dry air in the desert area, as well as the rapid cooling of the surface and the large temperature difference formed during the day [38]. This may be the reason why the actual PBLH exceeds the effective inversion height of CDWL. Moreover, the release time of the GTS sounding used for the validation of the PBLH in this study is limited, and, to address this limitation and dilemma, we suggest increasing the number of daily sounding experiments in the next experimental design. In future experiments, to compensate for the shortcomings of the CDWL, the use of microwave wave radar and combined radar technology is proposed, such as, for example, a combination of microwave wave radar and LiDAR. In turn, a more comprehensive and better detection of the area will be carried out.




6. Conclusions


In this paper, ground-based CDWL data from two stations were collected over a 4-month period in 2021. The two stations were the MF station located at Minfeng County and the YYK observation station located at Yeyik Township, Minfeng County, on the northern side of the Tibetan plateau on the southern margin of the Taklimakan Desert. We also cooperated with the GTS sounding observation experiment in the same period, from the Minfeng County National Basic Meteorological Observatory. In order to verify the accuracy of the CDWL observations and analyze the applicability of CDWL monitoring in the Minfeng area, the wind field PBLH observed by CDWL and GTS sounding data were compared and analyzed. The results show that:



(1) CDWL has good applicability for wind field observations in dust storm, floating dust, and clear-sky conditions, and that it is superior to the v wind field for the real measurements of u wind fields;



(2) The results of the cluster analysis for the PBLH inversion show that, when the PBLH inversion results were good, dusty weather accounted for more than the other weather types, at approximately 50–70%, with more samples observed at 08:00. When the PBLH inversion results were not good, clear-sky weather accounted for a higher percentage, with more samples at 20:00. Limited by the effective observation height of CDWL, when the boundary layer developed vigorously during clear-sky days, the PBLH exceeded the highest effective detection height of CDWL. Therefore, this part of the data showed an overall underestimation;



(3) Within the effective inversion height of the PBLH by CDWL, the inversion of the PBLH for dusty weather and precipitation is better than that for sunny days. The inversion of the PBLH at 20:00 is better than that at 08:00, and both passed the significance test.
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Figure 1. Location map of field experiment station at northern edge of Tibetan plateau. 
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Figure 2. Comparison of u, v, wind direction, and wind speed data from CDWL and GTS sounding samples during (a) dusty weather, (b) precipitation, and (c) a clear sky in MF in August 2021. The regression line (red line) and reference line y = x (black line) are also shown. 
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Figure 3. Correlation curves of the CDWL observed u and v wind fields with the GTS sounding observations (p > 0.01 does not pass significance test). 
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Figure 4. Quantile-quantile plot and probability density distribution of u and v wind fields and wind direction and speed from CDWL and GTS soundings’ observations. The regression line (red line) and reference line y = x (black line) are also shown. 
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Figure 5. Quantile–quantile plot of the inversion of the PBLH of CDWL and GTS soundings after k-means clustering into three (left) and four (right) types. 
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Figure 6. Quantile–quantile plot and probability density distribution of the PBLH inversions of CDWL and GTS soundings by (a) weather type and (b) overall sample for dust (D), precipitation (P), and clear skies (S). 
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Figure 7. Comparison of CDWL and GTS sounding PBLH inversion results for (a) dusty weather, (b) precipitation, and (c) clear skies in the effective height range. Also shown is the regression line (red line) and reference line y = x (black line). 
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Figure 8. Comparison of CDWL and GTS sounding PBLH inversions at (a) 08:00 BJT and (b) 20:00 BJT in the effective altitude range. The regression line (red line) and reference line y = x (black line) are also shown. 
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Figure 9. PBLH of dusty weather processes and before and after soundings and the CDWL inversions at the MF station. 
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Table 1. The root mean square error (RMSE) of each element observed by CDWL and GTS sounding for different weather types.
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	u (m/s)
	v (m/s)
	Wind Speed (m/s)
	Wind Direction (°)





	Dusty weather
	1.18
	1.79
	1.00
	15.04



	Precipitation
	1.53
	1.90
	1.05
	13.85



	Clear sky
	1.34
	1.97
	1.46
	21.09
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Table 2. Weather conditions and percentage of observed moments when PBLH inversion results of CDWL and GTS soundings were divided into three types.
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	Type
	1
	2
	3





	Sample Size
	199
	21
	61



	Dust
	109 (54.77%)
	10 (47.62%)
	12 (19.67%)



	Precipitation
	29 (14.57%)
	5 (23.81%)
	6 (9.84%)



	Clear Sky
	61 (30.65%)
	6 (28.57%)
	43 (70.49%)



	Sample Size
	154
	18
	54



	8:00
	199 (77.27%)
	2 (11.11%)
	1 (1.85%)



	20:00
	35 (22.73%)
	16 (88.89%)
	53 (98.15%)
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Table 3. PBLH inversion results of CDWL and GTS soundings by weather conditions and time of the day when divided into four types.
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	Type
	1
	2
	3
	4





	Sample Size
	130
	70
	59
	22



	Dust
	89 (68.46%)
	21 (30.00%)
	10 (16.95%)
	13 (59.09%)



	Precipitation
	18 (13.85%)
	11 (15.71%)
	6 (10.17%)
	5 (22.73%)



	Clear Sky
	23 (17.69%)
	38 (54.29%)
	43 (72.88%)
	4 (18.18%)



	Sample Size
	101
	54
	52
	19



	8:00
	70 (69.31%)
	49 (90.74%)
	0 (0.00%)
	3 (15.79%)



	20:00
	31 (30.69%)
	5 (9.26%)
	52 (100.00%)
	16 (84.21%)
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