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Abstract

:

In the project of the Third Tibetan Plateau Experiment of Atmospheric Science (TIPEX III), the intensive observation of cloud and precipitation in Nagqu was conducted from 1 July to 31 August 2014. The CL31 ceilometer and a WAter vapor, Cloud and Aerosol Lidar (WACAL) were deployed and focused on studying the cloud macroscopic characteristics and vertical distribution. The statistical result of CL31 ceilometer in continuous operation mode shows that the cloud occurrence is about 81% with a majority of simple one-layer cloud. The cloud base and top height are retrieved by improved differential zero-crossing method using lidar data. The results of cloud base height (CBH) are compared with CL31 ceilometer, showing a good consistency with each other, however, in some cases, the CL31 ceilometer overestimates the CBH and is also validated by synchronous radiosonde data. The time snippet comparisons of cloud property between CL31 ceilometer and lidar imply that the cloud properties have obvious diurnal variations with “U” shape distribution. The cloud development including the time-spatial distribution features also has distinct diurnal variations based on the lidar measurement. The detection range of lidar goes beyond the maximum height of CL31 ceilometer, offering substantial observations to the analysis of cirrus cloud radiation characteristics and formation mechanism.
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1. Introduction


Clouds play a vital role in the radiative transfer within the Earth’s atmosphere surface system and thus for climate system [1,2]. Different types of cloud have varying effects on the atmosphere. Generally, clouds exert both a cooling effect on the surface by reflecting shortwave radiation back into space and a warming effect by trapping longwave radiation emitted from the Earth’s surface [3,4,5,6]. Due to its complex climate feedback and uncertainty in the process of climate change, the study of cloud macroscopic properties, such as cloud type, cloud base and top height, and temporal and spatial distributions in high temporal and spatial resolution are significant for describing the impact of clouds in a changing climate.



The Tibetan Plateau is a vast elevated plateau in the middle of the Eurasian continent with averaged elevation above 4500 m mean sea level (m.s.l.). It has an important role in the global and regional climate system by its unique dynamic and thermodynamic forcing effect [7,8], and the thorough research on cloud distribution is quite essential for understanding the climate of Asian monsoon region and Tibetan Plateau. With the development of remote sensing, satellite data have been applied to the Tibetan Plateau cloud characteristics research. Wang et al. [9] analyzed the Tibetan Plateau cloud occurrence, vertical distribution and its seasonal variation using CloudSat/Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) data, and found that thin cloud with a range of 4–11 km are most frequent in this area and a higher grid vertical resolution of GCM is needed for accurate description of cloud occurrence and location. Zhao et al. [10] analyzed the distribution of Tibetan Plateau cloud total water path (TWP) and its seasonal variation using CloudSat data, finding that the value of TWP in warm season is larger than cool season’s and the vertical distribution of precipitation clouds in Tibetan Plateau is quite different from East Asia’s. Fu et al. [11] analyzed a case study of the precipitation cloud in the valley of Tibetan Plateau, indicating that the topographic forcing is the main factor of this cloud formation. However, the deficiency of ground-based observation is the main constraint for the accurate retrieval using satellite data. Recently, lidar has been an effective quantitative tool of ground-based cloud detection due to its high temporal-spatial resolution and measurement accuracy [12]. Liu et al. [13] carried out the research on microphysical and macroscopic features of cloud and precipitation vertical distribution using multiple wavelength radar and lidar devices during TIPEX III, and found that the statistics parameters of cloud have obvious diurnal variations. He et al. [14] analyzed the cirrus cloud geometry and optical characteristics in summer Tibetan Plateau using micro-pulsed lidar, finding that there exists obvious difference between Tibetan Plateau and same latitude area. Liu [15] analyzed the aerosol optical characteristics in Nagqu using micro-pulsed lidar, and indicated that Nagqu area has a better air quality than other areas’ in China.



As a part of the TIPEX III, the Ocean University of China (OUC) operated the CL31 ceilometer (short for CL31) and the WACAL in summer of 2014 to carry out the research on the microphysical characteristics and the vertical structure of cloud in Tibetan Plateau. In this paper, the cloud characteristics based on CL31 observation is firstly analyzed. Then, the comparison of the CBH between CL31 and the WACAL is carried out. The time snippet comparison of CBH and the cloud occurrence between these two devices is analyzed after the determination of the data acquirability of the WACAL. Finally, the averaged spatial distribution of different layer clouds measured by the WACAL is analyzed at different observation periods, further making up the constraint of CL31 undetectable condition above 7.5 km.




2. Data and Methodology


Lidar observations in summer of 2014 as a part of the TIPEX III were performed at the Nagqu Meteorological Bureau (31.48° N, 92.06° E, 4508 m m.s.l.) on the Tibetan Plateau. The location of the Nagqu site and the topography of the Tibetan Plateau are shown in Figure 1. Nagqu is located in the central part of the Tibetan Plateau. The elevated surface heat and the rising air over the plateau lead to anticyclonic circulation and divergence in the upper troposphere and lower stratosphere [16].



2.1. Set Up Introduction


2.1.1. CL31


The CL31 measures backscattered light at wavelength of 910 nm with measurement ranging from 0 to 7.6 km. The minimum vertical and temporal resolutions are 5 m in height and 2 s in time, respectively. The time resolution used in this study amounts to 16 s. The CL31 can detect three cloud layers simultaneously with a pulsed diode laser lidar technology. The single-lens technology provides excellent performance at low altitudes and reliable operation in all weather. Furthermore, fast measurement also provides reliable detection of thin cloud layers below a solid cloud base. Figure 2a shows the photo of CL31. The basic parameters of CL31 are listed in the left of Table 1 [17].




2.1.2. WACAL


The lidar measurements are conducted with the fully automatic portable multi-wavelength Raman and polarization lidar WACAL [18] by Ocean University of China (OUC). Figure 2b shows the photo of WACAL, and the basic parameters are listed in the right of Table 1. WACAL measures backscattered light at wavelength of 355 nm, 532 nm and 1064 nm and Raman scattered light at 387 nm and 407 nm. For cloud measurement, the 532 nm channel with pulse energy of 120 mJ is used. The beam expander is used to decrease the beam divergence angle and ensure the high optical transmittance. After a laser pulse is transmitted into the atmosphere, the backscattered signal is collected by telescope and then transmitted to the detection system. The 532 nm signal is separated by the dichroic long-pass filter, and then the 532 nm parallel-polarized and perpendicular-polarized signals are separated by the polarizing beam splitter (PBS) and detected by photomultiplier tubes (PMTs) to retrieve the depolarization ratio. The sum of parallel-polarized and perpendicular-polarized signals is used to study cloud structure. The vertical and temporal resolutions are 3.75 m in height and 30 s in time, respectively. In contrast to CL31, the more powerful laser of WACAL enables measurements up to 15 km, offering substantial observations to the analysis of high cloud.




2.1.3. Model GTS1 Digital Radiosonde


In operation with Model GFE (L) 1 Secondary Radar, Model GTS1 digital radiosonde can measure the atmospheric temperature, pressure, relative humidity, wind direction and wind velocity from ground up to altitude of 30 km. The Radar captures and automatically tracks signals transmitted from a radiosonde attached to a balloon to obtain atmospheric conditions, calculating wind direction and wind velocity while the balloon is being uplifted, and it inputs the received data along with angle data and time signal into the data processing unit for real time data processing. GTS1 has come into use in some upper air stations as the new generation upper air sounding in China because of its high sampling rate, high anti-jamming capability, modularity and digitization characteristics. The basic parameters of GTS1 digital radiosonde are listed in Table 2 [19].





2.2. Methodology


2.2.1. Improved Differential Zero-Crossing Method Using WACAL


The methods of CBH retrieval using lidar data mainly include the threshold method [20] and differential zero-crossing method [21]. In threshold method, the CBH is defined as the level where there is firstly an increase in signal above the clear background level and of a magnitude equal to N times the standard deviation of the background fluctuations Furthermore, it is required that the signal should be increased continuously for at least M successive height intervals. Thus, it has a relative complex adjustment process since the threshold value M and N need to be adjusted repeatedly based on the properties of cloud and aerosol so that it is hard to realize the automatic processing. The differential zero-crossing method judges the point where the value of the first derivative of the lidar backscatter power changes from negative to positive as the CBH, but there may exist misjudgment when the Signal Noise Ratio (SNR) is lower or the fluctuation of noise is too large. In this section, the improved differential zero-crossing method is used [22], and it is based on differential zero-crossing method, and additionally three threshold conditions are also used to effectively avoid misdiagnoses. Figure 3 shows the flow chart of cloud properties retrieval based on improved differential zero-crossing method. The raw lidar data need pre-processing including the noise removal and temporal-spatial average to improve their SNR. In order to decrease the cloud layer misdiagnoses due to the aerosol layer and background noise, three threshold conditions are carried out in this algorithm. Firstly, the background noise gradient threshold is calculated. Specifically, the mean value K and the standard deviation e of the background noise first derivative are calculated, and the candidate cloud region should meet the condition of    dP ( r ) / dr ≥ K + ne   , where    P ( r )    is the lidar signal after data pre-processing, and n is a positive value with fine tuning in different atmospheric conditions, otherwise, the analyzed area is regarded as cloudless area. Secondly, the threshold of cloud base and peak intensity should be calculated. Specifically, the mean value M of the background noise is calculated, and the candidate cloud region should be satisfied that the lidar signal intensity difference between the cloud peak     P  peak   ( r )    and cloud base     P  base   ( r )    is larger than    aM   , that is,     P  peak   ( r ) -  P  base   ( r ) ≥ aM   , and a is a positive value with fine tuning in different atmospheric conditions, the tuning standard of which has been listed in Table 3. Otherwise, the analyzed area is regarded as cloudless area. Thirdly, the threshold of CBH is determined based on the ground-based observations that the averaged low CBH is about 512 ± 148 m with the lidar overlap into consideration. Thus, the layer below 500 m above ground level (AGL) is eliminated [23]. Figure 4 shows the case study using improved differential zero-crossing method [22]. The left diagram is lidar signal, the middle diagram is the first derivative of the lidar signal (dashed line) with candidate cloud layer (solid line value equals to 1). Since the amplitude difference of the first derivative of lidar signal induced by cloud, aerosol and background noise is significant in most cases, the final cloud layers shown in the right diagram are selected using three threshold conditions mentioned above. After the determination of CBH, the cloud top height is determined where the lidar signal is less than the cloud base’s and     |  dP ( r ) / d r  |  ≤ K + n e   . When the cloud is optical thick and impenetrable, the point with a minimum value above the cloud peak height in the candidate area is regarded as the cloud top height. It is noted that comparison and combination in adjacent cloud layers should be done when the cloud has complex structure.




2.2.2. Relative Humidity (RH) Threshold Method Using Radiosonde


Radiosonde with high vertical resolution has been widely used to obtain atmospheric parameters including those of cloud vertical structure. Methods have been developed to determine locations of cloud layers and their boundaries from radiosonde measurement [24,25]. According to the radiosonde characteristics and Nagqu atmospheric conditions, the WR95 method [23] is used to obtain cloud vertical structure. The cloud base and top locations are identified using the following criteria: maximum RH (   R  H  m a x     ) > 87%; minimum RH (   R  H  m i n     ) > 84%; and the cloud base of the lowest layer of cloud is set at 500 m AGL. Moreover, the minimum thickness of low-middle cloud and high cloud are set to 30 m and 60 m, respectively, and the range of adjacent clouds should be larger than 300 m. It is noted that a transformation of RH with respect to ice at levels where the temperature is below 0 °C should be considered, that is,


   R  H  n e w   = R H × (  E w  /  E i  )   



(1)




where     E w     and     E i     are saturation vapor pressure of water and ice, respectively; and RH is the measured relative humidity of radiosonde. The calculation of     E w     and     E i     are based on GG46 and GG46i equations [26,27], respectively,


      log  10    E w  = 10.79574 ( 1 −    T 1   T  ) − 5.02800  log  10   (  T   T 1    ) + 1.50475 ×  10  − 4   [ 1 −  10  8.2969 ( 1 − T /  T 1  )   ]     − 0.42873 ×  10  − 3   [ 1 −  10  4.76955 ( 1 −  T 1  / T )   ] + 0.78614     



(2)






     log   10    E i  = 9.09685 ( 1 −    T 1   T  ) − 3.56654   log   10   (    T 1   T  ) + 0.87682 ( 1 −  T   T 1    ) + 0.78614   



(3)




where     T 1  = 273.15   K   ,     T 1  = 273.15 + t   , and t is centigrade temperature. Then, the cloud structure below 0 °C can be determined from Equations (1)–(3).






3. Results


3.1. Cloud Characteristics Statistics of CL31


The data acquirability of CL31 is firstly analyzed to guarantee sufficient samples and the accuracy of follow-up work since there may exist data missing due to mistaken operative mode, although CL31 is in a 24-h continuous observation mode during the whole experiment period. The time resolution of CL31 is 16 s, thus one hour has 12,600 data size in the 56-day observations. Figure 5a is the data acquirability per hour, and the x-axis represents each 1-h interval over 24 h, for instance, the point at 1 represents the data acquirability between 00:00 and 01:00 Local Standard Time (LST, LST = UTC + 8 h). It can be seen that the data acquirability at 00:00–09:00 are all 100% with no data deficiency, and the others are all above 95%. Thus, the data missing level is endurable and reasonable, which has a negligible impact on the following statistical results.



It can be seen in Figure 5b that the cloud occurrence is about 81% during the experiment period, and the one-layer cloud has the highest occurrence frequency of 65% with multi-layer cloud frequency of 13%, so the cloud structure at Nagqu in summer is relatively simple. It is noted that sometimes CL31 “cloud status” is “4”, representing the atmospheric condition is full obscuration determined but no cloud base detected. In this case, the results represent “vertical visibility as calculated” and “highest signal detected”. During the experiment period, the occurrence of “4” almost happens in the rainy weather, its diurnal variation is obvious, the daytime occurrence is rare but has significant increase at night and before dawn, which corresponds to the special weather phenomenon of “sunny daytime, rainy nighttime” at Nagqu.



The cloud occurrence of CL31 is defined as the ratio of the cloudy profiles and the total profiles. The occurrence frequency of a specific layer cloud (e.g., one-layer cloud) at specific time interval is defined as ratio of the profiles having the specific layer cloud and the total profiles. It can be seen in Figure 6 that the averaged cloud occurrence is between 70% and 90% each day, which is consistent with the results from millimeter-wave radar and satellite data [13,28]. It can be also seen that the diurnal variation of cloud occurrence is obvious, that is, the cloud occurrence has a minimum value between 13:00 and 14:00 LST, and with the enhancement of the surface radiation, the atmospheric activities become more convective with cloud occurrence rapidly increasing. Moreover, the occurrence frequency of multilayer cloud is relative low and stable, on the other hand, the one-layer cloud occurrence frequency has an obvious variation with a maximum proportion.




3.2. CBH Comparison between CL31 and WACAL


Comparisons between different types of instruments have shown typical features of instruments and provided many different phenomena of clouds [29,30,31]. Feister et al. [29] made a comparison of macroscopic cloud data from ground-based measurements using VIS/NIR and IR instruments and showed that CBH differences between the instruments in the lower height range are mainly due to the different principles of measurement including the geometries of measurements, the assumption on lapse rate used in the Nubiscope cloud algorithm, and the definition of CBH for the respective instrument. Liu et al. [30] used two ceilometers (CL31, CL51) and a whole-sky infrared cloud-measuring system and found that even if the same ceilometers with different types may introduce different observation results of CBH. Although the commercial ceilometer, like Vaisala CL31, has been extensively used in cloud study, the CBH retrieval algorithm still need to be investigated, especially to look into the data from different apparatus.



The comparison of first CBH (CBH1) between CL31 and WACAL has been analyzed in Figure 7. Noted that CL31 has the ability of 24-h continuous observation while the WACAL is only operated at about 09:00–12:00, 14:00–19:00, and 20:00–23:00 each day except for the passes of CALIPSO, the matching time should be based on the WACAL sampling time. Thus, the data every 4 min are chosen to compose the dataset with the number of 2610. In Figure 7, the red solid line and light blue dashed line represent the linear fit for all dataset and the data excluding     | fdata-ydata |  > 1 . 0 * SD   , respectively, where fdata is the fitted value, ydata is the corresponding CL31 CBH, and SD represents the standard deviation of ydata. The black dashed line is the weighted least square fit for all dataset. The black and pink dots represent     | fdata-ydata |     within and without the standard deviation of ydata. The occurrence of the pink dots is mainly the result of different cloud layer comparison for these two devices. Non-strict time comparison may result in deviation in this process; moreover, when it occurs due to low thin cloud, CL31 sometimes has fault decision by mistake, resulting in different cloud layer comparison for these two devices. Basically, the CBH of CL31 and WACAL shows a good consistency with the correlation of 0.82 and standard deviation of 0.99 km. After excluding the singular value in pink dots, the correlation and standard deviation has been increased up to 0.92 and decreased to 0.64 km, respectively.



From the frequency distribution of the CBH differences shown in Figure 8a, it can be found that about 46% of the differences are within ±200 m, and about 80% of the differences are within ±1000 m. The deviation has an obvious left-skewed distribution; that is, the condition that WACAL CBH is smaller than CL31’s occurs much more often than the one that CL31 CBH is smaller than WACAL’s. Figure 8b shows the frequency distributions of CBH retrieved with WACAL and CL31 for the dataset, respectively. The histogram for all CBH together has the maximum for the bin cantered at 1000–2000 m, and shows a progressive decreasing frequency up to the maximum level of detection of the WACAL and CL31. It is clear that the cloud layers detected by WACAL are much more than CL31 in the range of 1000–2000 m.



In view of the above condition, a case study at 20:00–23:00, 12 August has been analyzed. Figure 9 shows the Time–Height–Intensity diagram of WACAL observation, where the black dots and blue dots represent the retrieved CBH by WACAL and CL31, respectively. It can be found that there exists obvious difference between these two results. This may be the result of the difference on the CBH definition and retrieval methods [26]. Specifically, the improved differential zero-crossing method of WACAL regards the place where the first derivative of the lidar backscatter power changes from negative to positive as the CBH, while the CL31 regards the strongest backscattered signal point as the CBH.



The cloud structure in this case is also retrieved using simultaneous radiosonde data and shown in Figure 10. The red and blue solid line represent the RH measured from the radiosonde and calculated from the saturation vapor pressure of ice using Equations (1)–(3), respectively. The CBH is 2.71 km using WR95 method mentioned in Section 2.2.2, and shows a good consistency with the WACAL result shown in Figure 9. It can be indicated that CL31 sometimes overestimates the CBH compared with WACAL and radiosonde, which to some extent explains the situation that WACAL CBH is smaller than CL31’s much more often than CL31 CBH is smaller than WACAL’s.





4. Discussion


4.1. Cloud Characteristics Diurnal Variation Comparison between CL31 and WACAL


Since WACAL is not 24-h continuous observation like CL31, the data acquirability should be firstly analyzed to make the further work more reliable. Figure 11 shows the data acquirability per hour, and the x-axis represents each 1-h interval over 24 h, which is same as the Figure 5a. The time resolution of WACAL is 16 s, thus 1 h has 8325 data size in the 37-day observations from 8 July to 15 August. In this statistic, the hour with total observed number larger than 4000 is chosen to make comparison with CL31. As a result, 10 h, at 10:00, 11:00, 12:00, 16:00, 17:00, 18:00, 19:00, 20:00, 21:00 and 22:00, are selected as WACAL dataset for diurnal comparison. Moreover, the time period of 10:00–12:00, 16:00–19:00, and 20:00–22:00 can represent the cloud characteristics at forenoon, afternoon, and night period, respectively.



Figure 12a shows the averaged diurnal variation of CBH spatial distribution measured by CL31. The CBH distribution proportion at a specific time period and height range, for instance, from 00:00 LST to 01:00 LST at 1–2 km, is the ratio of the profiles where CBH occurs at 1–2 km to the total cloud layers at 00:00–01:00 LST. Note that the statistic is limited in the range from 0 m to 7.5 km due to the CL31 detection range limitation. It can be found that the CBH mainly occurred below 3 km with distinct diurnal variation. Specifically, the CBH is generally lower, below 2 km, at forenoon. With the increasing of surface radiation, the Plateau thermodynamic process becomes more active at afternoon so that the CBH is gradually lifted and high cloud begins to appear with a wider spatial scale. By evening, the vertical distribution of cloud reaches maximum value. Generally, the diurnal variation of CBH spatial distribution has a “U” shape; that is, high cloud mainly appears before dawn and at night, while, conversely, the low-middle cloud is the main cloud type during daytime. Figure 12b is the averaged diurnal variation of CBH spatial distribution measured by WACAL. The cloud analyzed range is selected as 0.5 km–7.5 km to make the data consistency with CL31’s. It can be seen that these two results have quite uniformity in distribution range, variation trend. A similar U shape distribution was also found using concurrent cloud radar measurement during the field experiment [13], and the distance between cloud radar, ceilometer and Lidar is about tens of meters, which can be regarded as the same area. Furthermore, the historical radiosonde observations from 136 ground-reference meteorological stations between 1987 and 2001 in China region have shown that the diurnal change of cloud occurrence has five types, single-peak in the morning, single-peak in the afternoon, double peaks with higher peak in the morning, double peaks with higher peak in the afternoon and double peaks with same value [32]. Unfortunately, there is no ground-reference meteorological station in the whole Tibetan Plateau. The reasons for the special U shape distribution cannot be explained well yet and should be further analyzed.



Figure 13a shows the averaged diurnal variation of CBH temporal distribution measured by CL31. The CBH frequency at a specific time period and height range, for instance, from 00:00 LST to 01:00 LST at 1–2 km, is the ratio of the profiles where CBH occurs at 1–2 km to the total profiles at 00:00–01:00 LST. It can be found that the diurnal variation of CBH frequency is similar to the CBH distribution proportion diurnal variation. In Figure 13a, the CBH frequency of low-middle cloud is obviously higher than the high cloud’s, and the high value area of low cloud occurs at 06:00–15:00. From 16:00 to the next morning, the CBH frequency of low cloud is relatively stable, ranging from 20% to 30%, while the CBH frequency of high cloud begins to increase gradually and reaches its maximum at night. Figure 13b is the averaged diurnal variation of CBH frequency measured by WACAL. Compared with CL31, both of them have a good consistency in distribution range and variation trend.




4.2. Cloud Characteristics Statistics of WACAL


Since the detection range limitation of CL31, the cloud below 7.5 km can only be measured, and the other cloud features such as the cloud top height and thickness are unattainable. However, the WACAL can fill these gaps because of its higher laser transmitting power and receiving ability, detecting wider range and retrieving accurately the cloud features in addition to the CBH. According to the results in Figure 11, the selected three time periods can represent different cloud development processes, so the cloud spatial-temporal distribution based on these three periods can be analyzed and compared using WACAL data. Figure 14 shows the averaged spatial distribution of one-, two-, three- and four-layer clouds measured by WACAL at forenoon, afternoon and night,. The CBT, CTH,    Δ T    (shown with green color in Figure 14), and N represent the averaged cloud base height, averaged cloud top height, averaged cloud thickness and the occurrence number of the specific cloud type, respectively. The value in bracket presents the corresponding occurrence frequency of the specific cloud type. It can be found that the cloud mainly occurs below 4 km with relative thinner cloud thickness in the forenoon, and the cloud structure of four-layer cloud is similar to the three-layer cloud’s, while the cloud has been lifted distinctly with all clouds getting thicker in the afternoon, the spatial scale has been extended to 6 km and the cloud structure of four-layer cloud is quite different from the three-layer cloud’s, whose top cloud thickness has developed from 0.19 km to 0.47 km. Till in the evening, the cloud continues to become higher and thicker with the spatial scale extending to 10 km, and the top cloud thickness of the four-layer cloud has developed to 1.07 km, which may be the result that the cooling effect of the lower cloud is relative drastic and results in the temperature stratification instability, causing more convective condition to contribute to the cloud development. Generally, the cloud development has obvious diurnal variation with a thicker, wider, and more abundant cloud structure process.





5. Conclusions


As a part of the TIPEX III, the Ocean University of China operated the CL31 and the WACAL from 7 July 2014 to 8 August 2014 to carry out the research on the microphysical characteristics and the vertical structure of cloud in Tibetan Plateau. This paper summarizes the CL31 and WACAL observations and comparisons of atmospheric cloud structure. The major findings are summarized below.



	(1)

	
The cloud occurrence at Nagqu is about 81% during the CL31 experimental period with obviously diurnal variation. The cloud structure is relatively simple with a majority of single-layer cloud.




	(2)

	
It can be found from the CBH comparison between CL31 and WACAL that the cases with obvious deviation may result from the different cloud layer detection from these two devices. The CL31 sometimes overestimates the CBH compared with WACAL’s on the premise that the same cloud layer is analyzed, which may be the result of the difference on the CBH definition and retrieval methods, and this phenomenon has also been validated by synchronous radiosonde result.




	(3)

	
The diurnal variations of CBH distribution proportion and CBH frequency from CL31 observation have a similar variation trend with a distinct “U” shape, which analyze the cloud structure variation at spatial and temporal aspects, respectively. In addition, in the time snippet comparison between CL31 and WACAL, the results from these two devices have a good consistency in distribution range, variation trend, the corresponding high value area and so forth.




	(4)

	
The WACAL compares the averaged spatial distribution of one-, two-, three-, and four-layer clouds from three different time periods, corresponding to different cloud development processes. The averaged cloud thickness and vertical distribution range at night is about 2.5–2.9 times and 2.4–3.3 times as much as the clouds in the forenoon, and the occurrence frequency of multi-layer cloud increases from 24% in the forenoon to 39% at night. Generally, the cloud development has a distinct diurnal variation with a thicker, wider, and more abundant cloud structure process.
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Figure 1. Location of the experimental observation site and the topography of the Tibetan Plateau (DEM: Digital Elevation Model). 
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Figure 2. Pictures of: (a) CL31; and (b) WACAL. 
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Figure 3. Flow chart of cloud properties retrieval based on improved zero-crossing method. 
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Figure 4. Case study using improved differential zero-crossing method [22]. 
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Figure 5. CL31 (a) Data acquirability; and (b) the probability distribution of cloudless (red), one-layer cloud (green), two-layer cloud (blue), three-layer cloud (yellow) and vertical visibility (black) during the experiment period. 
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Figure 6. Averaged diurnal variation of the cloud occurrence (black), one-layer cloud (red), two-layer cloud (green), and three-layer cloud (blue) of CL31 during the measurement period. 
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Figure 7. Scatter diagram of the CBH1 measured by WACAL and CL31. 
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Figure 8. (a) CBH1 difference between WACAL; and (b) distribution of the CBH1 of WACAL (left) and CL31 (right) during the measurement period. 
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Figure 9. Atmospheric backscattered signal of WACAL at 20:21–22:54, 12 August 2014 and CBH1 measured by WACAL (black) and CL31 (blue). 
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Figure 10. Radiosonde relative humidity (RH) profile and results of observed cloud structure. 
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Figure 11. WACAL data acquirability during measurement period. 
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Figure 12. Averaged diurnal variation of CBH spatial distribution measured by: (a) CL31; and (b) WACAL during measurement period. 
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Figure 13. Averaged diurnal variation of CBH temporal distribution measured by: (a) CL31; and (b) WACAL during measurement period. 
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Figure 14. Averaged spatial distribution of one-, two-, three-, and four-layer clouds measured by WACAL at: (a) forenoon (10:00–12:00); (b) afternoon (16:00–19:00); and (c) night (20:00–22:00). 
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Table 1. Component parameters of the WACAL system and CL31.
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Specification

	
CL31

	
WACAL






	
Laser type

	
InGaAs diode

	
Nd:YAG




	
Wavelength (nm)

	
910

	
354.7/532/1064




	
Pulse energy (mJ)

	
0.0012

	
410/120/700




	
Repetition rate (kHz)

	
10

	
0.03




	
Telescope/aperture (mm)

	
Single Lens/96

	
Light Bridge/304.8




	
Detection range (km)

	
0–7.6

	
0.05–25




	
Range resolution (m)

	
5

	
3.75




	
Temporal resolution (s)

	
2–120 programmable

	
1–120 programmable
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Table 2. Component parameters of the GTS1 radiosonde.
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Meteorological Sensor

	
Specification

	
Technical Parameter






	
Temperature

	
Range

	
−90–50 °C




	
Accuracy (standard deviation)

	
0.2 °C (−80–50 °C)




	
0.3 °C (−90–−80 °C)




	
Resolution

	
0.1 °C




	
Humidity

	
Range

	
0% RH~100% RH




	
Accuracy (standard deviation)

	
5% RH (   T ≥ 25   ° C   )




	
10% RH (   T ≤ 25   ° C   )




	
Resolution

	
1% RH




	
Pressure

	
Range

	
1060 hPa~5 hPa




	
Accuracy (standard deviation)

	
2 hPa (1050 hPa~500 hPa)




	
1 hPa (500 hPa~5 hPa)




	
Resolution

	
0.1 hPa
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Table 3. Tuning standard of threshold value in different altitude and time range.
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Altitude

	
Time Range

	
Threshold Value a






	
0.5–5 km

	
daytime

	
2–4




	
nighttime




	
5–10 km

	
daytime

	
1–1.5




	
nighttime

	
20–30




	
>10 km

	
daytime

	
1–1.5




	
nighttime

	
10–20
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