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Abstract

:

Clouds are an indispensable part of climate change, and the occurrence and development of clouds in the Qinghai Lake area (QHL) have great significance for the regional energy budget and precipitation system. To a certain extent, clouds will affect the water resources, agriculture, animal husbandry, and photovoltaic power industry in this region. In this study, we used CloudSat satellite data, combined with meteorological elements and atmospheric circulation, to analyze the cloud occurrence frequency and cloud water content in QHL. The results demonstrate that the frequency of cloud occurrences in QHL is 33% with a decreasing trend from 2006 to 2019. Altostratus and Nimbostratus are the main types of cloud systems in QHL. The cloud ice water content is 62.21 mg/m3 and the cloud liquid water content is 261.66 mg/m3. The highest value of the vertical cloud fraction occurs from March to June, at a height of 7–11 km in QHL. The height of the mixed-phase clouds is approximately 4–8 km and the ice clouds are above 8 km. The vertical distribution of ice particles is relatively dispersed, while the vertical distribution of liquid particles is relatively concentrated. The time and height of high particle effective radius and high particle concentration are consistent with the high value of cloud water content. The decrease in total cloud occurrence frequency in QHL is caused by the increase in temperature. This study helps to clarify the detailed structure of clouds and the distribution of cloud water resources, which has an important reference value for the study of climate change impact and the sustainable development of lake resources in QHL.
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1. Introduction


Global climate change has a significant impact on human survival and development. Under the background of global warming, the current air temperature has increased by 1 °C compared with the pre-industrial period, increasing at 0.2 °C (likely between 0.1 °C and 0.3 °C) per decade [1]. At the same time, the frequency and intensity of the global extreme climate and weather events have also increased significantly. The evolution of lakes is closely related to climate change [2] and it is also an important indicator of climate change [3]. In recent years, influenced by the meltwater of the Qilian Mountain glaciers and increased precipitation in the basin, the water level of QHL has continued rising and its area is gradually expanding [4,5]. The climate of QHL is a typical alpine arid continental climate with a low annual temperature and a large daily temperature range. The annual average temperature ranges from −1.4 °C to 1.7 °C, gradually decreasing from southeast to northwest. The annual average precipitation of the lake area is 319~395 mm, which mainly occurs in summer. The precipitation presents a distribution pattern of less in the southwest and more in the northeast, increasing from the lake center to the surrounding mountains. From the 1960s to the beginning of the 21st century, the water level of QHL continued to drop by 3 m and then rose sharply [6]. The contribution of climate change to lake water volume change was 97.55%, while the local human activities contribution was only 2.45% [7]. Thus, climate change has a dominant influence on water volume change in QHL. The unique natural condition makes QHL a treasure trove of biological species on the Tibetan Plateau (TP). Clouds are the main influencing factor of precipitation and radiation budget in the region, which affect the agriculture, animal husbandry, and photovoltaic power generation industry in the region to a certain extent. Therefore, it is of great significance to study the occurrence and development of clouds in QHL for wetland protection, ecological security, and resource utilization. It is of great significance to analyze the climate change of TP by monitoring and studying the meteorological elements of lakes on TP [8].



Clouds are an important factor in climate change [9,10]. Acting as a radiative forcing and feedback factor in the atmosphere, clouds play an important role in regulating the global and regional energy balance [11,12]. Clouds are also important for the water cycle. As the link between the various spheres of the climate systems, clouds affect the coupling between the atmosphere and the underlying surface through different physical processes [13,14,15]. These effects are mainly realized through the macroscopic and microscopic characteristics such as cloud amount, cloud type, cloud water content, cloud height, cloud thickness, cloud phase state, and the size of cloud droplets and cloud crystals [16,17]. Therefore, a comprehensive understanding of the distribution and variation of cloud characteristic parameters and its main influencing factors is important to assess the role of clouds in climate change.



The early research data on cloud characteristics mainly came from surface observation. The research mainly focused on cloud fraction, cloud distribution characteristics, and their formation causes. By analyzing the surface observation data of the former Soviet Union, it is found that the low-level cloud cover decreased significantly from 1936 to 1990 [18]. Based on the analysis of the cloud cover data of the ground stations on TP, it is concluded that the total cloud amount distribution on the plateau decreased from southeast to northwest, and there was a significant decreasing trend in the changes in annual and seasonal total cloud amount [19].



With the development of satellite technology, the research results of clouds using satellites have become more accurate. By comparing and analyzing the ground observation data and satellite data, the total cloud cover from the satellites can better reveal the cloud climate characteristics of TP [20]. The CloudSat satellite was launched in 2006. It can simultaneously observe most of the condensation clouds and precipitation in its lowest field of view, provides profiles with these characteristics, and quantitatively detects the internal structure of clouds [17], providing a new method to study the structural characteristics of clouds in TP. Based on CloudSat data, the study found that the ice cloud frequently occurs during the cold season over TP, while the mixed-phase cloud fraction is more frequent during the warm season. In addition, the liquid cloud exhibits a weak seasonal variation, and the relative cloud fraction is very low [21]. In the Northern Hemisphere, the number of deep cloud systems (DCS) reached a maximum in summer and a minimum in winter. Seasonal variations in the number of DCS varied zonally in the Southern Hemisphere. DCS occurred most frequently over central Africa, the northern parts of South America and Australia, and Tibet [22]. The statistical results show that high clouds, altostratus, altocumulus, and cumulus tend to coexist with other cloud types. However, stratus (or stratocumulus), nimbostratus, and convective clouds are much more likely to exhibit individual features than other cloud types [23]. Based on CloudSat and CALIPSO data to analyze the global cloud distribution characteristics, the study concluded that the global average total cloud amount is approximately 0.69, with a high amount of cloud area mainly concentrated in the westerlies near 60° S and a low amount of cloud area concentrated in the desert region of North Africa and the northern Indian Ocean [24]. In the study of the summer cloud vertical structure over the eastern part of TP, it is concluded that the clouds in the eastern part of TP can reach the stratosphere in summer, the water clouds are below 5 km, the mixed-phase clouds with liquid and ice phase are between 5~10 km, and the ice clouds are above 10 km [25]. The occurrence frequency of clouds on TP is 35%, with the maximum frequency of the low clouds close to 21%, followed by mid-level clouds with 14%, and the minimum frequency of the high clouds [26].



Many scholars at home and abroad have used ground observation data and satellite remote sensing data to carry out relevant research on the characteristics of cloud cover, cloud height, and vertical structure of the global and TP, and have achieved some results [18,19,20,21,22,23,24,25,26]. However, the research on the distribution of different types of clouds and their internal characteristic parameters in the local range of TP is not comprehensive. There are few surface stations in the plateau area, and there is a lack of detailed cloud observation data. Therefore, satellite data provide a great deal of help to study cloud systems over TP. The innovation of this paper is the use of CloudSat satellite data to study and analyze the vertical structure of small-scale cloud systems in QHL. By using the CloudSat data from 2006 to 2019, this study analyzed the occurrence frequency, water content, and vertical structure of cloud systems in QHL, and systematically analyzed the spatial-temporal variation characteristics and influencing factors of cloud systems in QHL. It will intuitively understand the temporal changes of clouds and cloud water resources over QHL. This provides data and theoretical support for the changes in water resources in QHL.




2. Materials and Methods


2.1. Study Area


QHL is the largest inland plateau saltwater lake in China, located in the northeastern part of TP (36°31′~37°15′ N, 99°36′~100°47′ E). QHL is not only an important water body to maintain ecological security in the northeast of TP, but also a natural barrier to prevent the eastward spread of desertification, which has an important ecological status. QHL is formed by fault depression, and the terrain is high in the northwest and low in the Southeast. The average elevation is approximately 3200 m. The length is approximately 109 km from east to west and the width is approximately 39.8 km from north to south. The climate in QHL is becoming warmer and more pluvial, and the lake water volume decreased by 9.48 km3 from 1975 to 2004 and increased by 15.18 km3 from 2005 to 2020 [7].




2.2. Data Resources


2.2.1. CloudSat Data


The CloudSat satellite, launched on 28 April 2006 in the United States, is a member of the A-Train satellite observing system, and its primary mission is to provide observation data of the vertical structure of clouds. The CloudSat carries a 94 GHz millimeter-wavelength cloud profiling radar (CPR), which points nominally in the nadir direction to probe the vertical structure of clouds and precipitation [27]. The CloudSat CPR has a minimum sensitivity of −30 dBZe with a 480 m effective vertical resolution, but the measurements are reported on an increment of 240 m with 125 vertical layers. The footprint for a single profile is approximately 1.3 km across-track by 1.7 km along-track, with along-track sampling spaced every 1.1 km [28], which provides a high vertical resolution.



In this study, 2B-GEOPROF-LIDAR, 2B-CLDCLASS, and 2B-CWC-RO were used, and the data period was from June 2006 to July 2019. In this period, the CloudSat satellite had a total of 37,912 detection grid points over QHL. The 2B-GEOPROF-LIDAR product indicates the fraction of each GEOPROF radar volume that contains a lidar cloud detection (detected using 5 km or shorter along-track averaging), as well as a variety of summary values (such as the height of the highest detected cloud). 2B-CLDCLASS classifies clouds into either stratus (St), stratus (Sc), cumulus (Cu, including cumulus congestus), nimbostratus (Ns), altocumulus (Ac), altostratus (As), deep convective (DC) (cumulonimbus), or high clouds (cirrus and cirrostratus), based on different rules for hydrometeor vertical and horizontal scales. The CloudSat Radar-Only Cloud Water Content Product (2B-CWC-RO) contains retrieved estimates of cloud liquid and ice water content, effective radius, and related quantities for each radar profile measured by the CPR on CloudSat. Retrievals are performed separately for the liquid and ice phases; the two sets of results are then combined in a simple way to obtain a composite profile that is consistent with the input measurements [29,30,31]. CloudSat satellite data are freely available from NASA (http://www.cloudsat.cira.colostate.edu/data_dist/OrderData.php (accessed on 26 April 2021)).




2.2.2. Surface Meteorological Data and Reanalysis Data


The surface meteorological data of QHL used the daily data of Gangcha station and Qapqia station from 2006 to 2019 in the datasets of daily values of terrestrial climate information for China (V3.0). Meteorological elements include temperature, evaporation, relative humidity, precipitation, and wind speed. The surface meteorological data were obtained from the China Meteorological Data Service Centre (http://data.cma.cn/en (accessed on 30 April 2021)), and the locations of the stations are shown in Figure 1.



ERA5 is the fifth generation of reanalysis information from the European Centre for Medium-Range Weather Forecasts (ECMWF) (http://www.ecmwf.int/datasets (accessed on 30 April 2021)) for global climate and weather change analysis. We used ERA5 information in characterizing the large-scale atmospheric circulation with data from June 2006 to July 2019 and a spatial resolution of 0.25° × 0.25°. Meteorological factors include the U-component of wind, the V-component of wind, relative humidity, and temperature. All the data product descriptions are shown in Table 1.





2.3. Method


2.3.1. Cloud Type Classify


The cloud classification product (2B-CLDCLASS) is used in the statistics of cloud occurrence frequency. In this study, Sc, Cu, Ns, and DC are classified as low clouds, Ac and As are classified as mid-level clouds, and Ci is classified as high clouds [26]. Cloud height is defined as the height relative to the sea level. The basic characteristics of different types of clouds are shown in Table 2.




2.3.2. PDF and CFAD


In this study, we used the probability density function (PDF) and the contoured frequency by altitude diagram (CFAD) to analyze the cloud microphysics vertical structure. PDF can reflect the frequency distribution of cloud physical quantities. The standardized CFAD states that the frequency of occurrence of a physical quantity at a certain height is the frequency of occurrence of the physical quantity at that height divided by the sum of samples at all heights. This method can analyze the cloud spectrum characteristics in detail [32,33]. The technology roadmap of this study is shown in Figure 2.






3. Results


3.1. Cloud Occurrence Frequency


Figure 3 shows the occurrence frequency of clouds over QHL. The results show that the cloud systems in QHL are dominated by mid-level and low clouds, and the frequency of high clouds is low. The annual average of the total cloud occurrence frequency is approximately 33.3%. The occurrence frequency of the mid-level clouds is the highest, followed by the low clouds, and the occurrence frequency of the high clouds is the lowest, with occurrence frequencies of 19.6%, 10.4%, and 3.3%, respectively. The annual average of the total cloud frequency in QHL shows a decreasing trend, with a decreasing rate of 2.45%/a (Figure 3a). The decrease in the total cloud occurrence frequency is mainly affected by the changes in the high clouds and the mid-level clouds, and the results are consistent with those of Warren et al. [34]. QHL is located in the eastern part of the Qilian Mountains. The mountain terrain in the north and south of QHL affects the local circulation. On the small scale, the cold air entering QHL and the terrain affect the formation of clouds [35]. The distribution of monthly average cloud occurrence frequency in QHL shows obvious seasonal change characteristics. The cloud occurrence frequency is high in spring and summer, and low in autumn and winter. The frequency of the total clouds and mid-level clouds is the highest in June and lowest in November. The frequency of the high clouds and low clouds is highest in May and July and lowest in December and February (Figure 3b). This is due to the strong convective activity in spring and summer around QHL, with sufficient water vapor convergence. The rising motion exists only on the western Plateau in winter and then spreads to the whole Plateau as the season progresses. The monsoon onset over Asia is an interactive process between the plateau-induced circulation and the circulation associated with the principal rain belt migrating northward [36], and this also affects the circulation situation in QHL.




3.2. Cloud Types Occurrence Frequency


The occurrence frequency of different types of clouds is analyzed by 2B-CLDCLASS data. In this study, the occurrence percentage of different types of clouds is defined as the frequency of each type of cloud in the total clouds. Among all kinds of clouds in QHL, As has the highest frequency (46%), followed by Ns (15%). The occurrence frequency of Sc, Ac, and Ci is approximately 10%; Cu and DC have the lowest frequency. Ci, Ac, and Sc show a decreasing trend, while As, Cu, and Ns show an increasing trend (Figure 4a; Table 3). In the monthly scale distribution of the occurrence frequency of different kinds of clouds, As has obvious seasonal changes, its occurrence frequency decreases gradually from February to July, the occurrence frequency is lowest in July, and the frequency increases gradually from July to December. Other types of clouds have a high occurrence frequency from May to September (Figure 4b).




3.3. Cloud Water Content


Figure 5 shows the annual and monthly average cloud water content distribution from 2006 to 2019. Cloud water content in QHL is analyzed using box plots. The box plots can provide crucial information about the location and dispersion of the data, and each box plot reflects the maximum, upper quartile, median, lower quartile, and minimum of cloud water content. Data on cloud water content were missing in 2011 due to a severe anomaly on CloudSat and it departed the A-Train (CloudSat rejoined the A-Train in June 2012) [37]. The annual average cloud ice water content of QHL is 62.21 mg/m3 and the annual average cloud liquid water content is 263.66 mg/m3. The cloud ice water content is larger in 2018, which exceeds 113.4 mg/m3, and the cloud liquid water content is larger in 2010, 2015, and 2017, which all exceed 300 mg/m3. The change in cloud ice water content is relatively concentrated, and the change in cloud liquid water content fluctuates greatly. The annual average cloud ice water shows an increasing trend, and the annual average cloud liquid water shows a decreasing trend but did not pass the significance test (Figure 5a,c; Table 3). In the distribution of monthly average cloud water content, summer and autumn are the periods of high cloud water content, and winter is the period of low cloud water content. The monthly average cloud ice water content is the highest in August (98.56 mg/m3) and the lowest in March (24.73 mg/m3). The monthly average cloud liquid water content is the highest in July (321.5 mg/m3) and the lowest in December (61.34 mg/m3) (Figure 5b,d). The cloud water content has obvious seasonal characteristics, which may be related to atmospheric circulation. The summer monsoon gradually moves northward in spring and summer every year and reaches the northernmost point from July to August. In addition, the northward movement, southward retreat, and westward extension of the Western Pacific subtropical high also affect the cloud water content in QHL [38]. At the same time, QHL cools the near-surface air, resulting in a decrease in sensible heat flux throughout the year and greater evaporation in autumn. In summer, the cooling effect of the lake reduces the precipitation in the surrounding area and generates abnormal circulation patterns [39], resulting in high values of cloud water content concentrated in summer and autumn.




3.4. Cloud Vertical Structure


3.4.1. Vertical Structure of Cloud Characteristic Parameters


Figure 6a–c show the vertical distribution of the pentad average cloud water content in QHL. The vertical structure of the cloud water content reflects the internal dynamic, thermal, and cloud precipitation microphysical processes, and its distribution has important implications for the growth of cloud droplets and the formation and intensity of the precipitation. The vertical distribution of the sum of cloud ice water and cloud liquid water has obvious seasonal variation, which shows that the cloud water content is higher in summer and autumn than in winter. The cloud ice water distribution in QHL is concentrated from April to October, at a height of 5–10 km. The maximum value appears in September, with a height of 7 km and content exceeding 120 mg/m3. The cloud liquid water distribution is concentrated from May to September, at a height of 4–8 km. The maximum value appears in May, with a height of 4 km and content exceeding 200 mg/m3. The mixed-phase clouds are at a height of 4–8 km, while the ice clouds are above 8 km.



Figure 6d shows the vertical distribution of the pentad average cloud fraction in QHL. In this study, the vertical height of the clouds is based on the sea level height. The high-value area of cloud fraction appears around 9 km in the first pentad of March, which corresponds to an increase in the occurrence frequency of Ci. In the middle of May, the high-value area of cloud fraction moves up to approximately 10 km, when the vertical motion is strengthened. After May, the high-value area of cloud fraction moves to lower altitudes, which is associated with enhanced convective activity after the beginning of the summer monsoon. These results are consistent with the findings of Yan et al. [40]. After June, the high-value moves to a low altitude, and the cloud fraction decreases to 8–11 km.



Figure 6e,f show the vertical distribution of the pentad average cloud water particle concentration in QHL. The particle concentration distribution in the vertical direction can reflect the existence of the mixed-phase clouds in QHL. Ice water particles over QHL are concentrated at a height of 6–10 km, with more than 60 particles per liter. Liquid water particles are concentrated at a height of 4–6 km, with more than 20 particles per cubic centimeter. The cloud water particle concentration is higher in summer and autumn. From June to October, the high-value centers of ice and liquid water particles are closer to each other over QHL, and it is easy to produce mixed-phase clouds, which is consistent with the conclusion of the vertical distribution of cloud water content.



Figure 6g,h show the vertical distribution of the pentad average cloud water particle effective radius in QHL. As the height increases, the particle size decreases. Larger particles are distributed at low altitudes and smaller particles are distributed at high altitudes. The particle radius of ice particles is larger at the altitude of 4–8 km from June to October, and that of liquid particles is larger at the altitude of 5–7 km from April to October. The occurrence time of the high value of particle radius corresponds to the occurrence time of the high value of ice and liquid water.



Figure 7 shows the spectrum distribution of cloud water content, particle concentration, and particle effective radius at different heights in QHL. The probability density peak of cloud ice water content in QHL is around 7–8 km. At this time, the ice water content is concentrated at 10–30 mg/m3, and the probability density peak of cloud liquid water content is around 6 km with a thin vertical distribution and is concentrated at 65–260 mg/m3 (Figure 7a,b). From the spectral distribution of particle concentration and equivalent radius, it can be seen that the spectral distribution peak of the ice particle concentration and particle equivalent radius is around 6–9 km, and the number of ice particles is 16–40 per liter. The high value of the equivalent radius of ice particles is concentrated in the range of 48–64 um. The spectral distribution peak of the liquid particle concentration and particle equivalent radius is at 6 km, the number of ice particles is 2–50 per cubic centimeter, and the corresponding particle size is 8–19 um. The concentration of ice particles occurs at a height of 6–10 km, which is slightly higher than that of liquid particles (5–7 km), and the liquid particle distribution height is more concentrated compared with that of ice particles (Figure 7c–f). The cloud ice and liquid water content vary widely, the particle concentration is high, and the particle size difference is obvious.




3.4.2. Vertical Structure of Different Cloud Types


Figure 8 shows the distribution of the cloud top height and cloud base height of different kinds of clouds in QHL. CloudSat only observed DC in 2007 and 2008. Among the annual average cloud base heights of different cloud types, Ci has the highest cloud base height (10.4 km), followed by As (7.09 km), Ac (5.87 km), Sc (4.62 km), Cu (4.54 km), Ns (4.26 km), and DC (3.85 km). The annual average cloud thickness of different cloud types is the highest in DC (9.14 km), followed by Ns (5.07 km), Cu (3.34 km), As (2.58 km), Ac (1.57 km), Sc (1.18 km), and Ci (1.16 km). As has a low temperature, thick cloud layer, large range, and high cloud reflectivity. The cloud particles are mainly composed of ice crystals. Ns is thick, and the cloud particles are mainly composed of water droplets, accompanied by continuous rainfall or snowfall, which are usually formed by large-scale slow upward movement (Table 2). These characteristics are consistent with the dynamic and thermal effects of TP. It can be seen from Figure 8b,d that the cloud thickness and height have significant seasonal variation characteristics. The cloud thickness and height increase from May to September, which is due to the strong influence of water vapor and convective activities in summer. The thickness of Ci reaches the maximum in July (2.1 km) and the minimum in December (0.12 km). The thickness of DC is the maximum in August (10.5 km). According to Table 2, it can be seen that As contains ice particles, and the height and thickness in May–August correspond to the high values of cloud ice water content in Figure 6b, concentrated at a 6–10 km height.





3.5. Meteorological Elements and Circulation Situation


From 2006 to 2019, the annual average temperature in QHL is 0.7 °C, the annual average evaporation is 1188.7 mm, the annual average relative humidity is 50.26%, the annual average precipitation is 452.5 mm, and the annual average wind speed is 2.97 m/s. The temperature, relative humidity, and precipitation show an increasing trend, while the evaporation and wind speed show a decreasing trend (Figure 9). The lifting condensation level of QHL is calculated according to the formula of Lawrence [41]:


hLCL = (20 + Ts/5)(100 − Rh)



(1)







In the formula, hLCL is the lifting condensation level (unit: m), Ts is the ground temperature, and Rh is the relative humidity. From this calculation, the lifting condensation level (hLCL) in QHL is 1002.18 m. In other words, the low clouds begin to condense at the altitude of 1002.18 m relative to the ground, which is consistent with the distribution of the low cloud base height in Figure 8.



Pearson correlation analysis was used to analyze the correlation between the total cloud occurrence frequency, cloud water content, and meteorological elements (Table 4). Temperature, precipitation, and total cloud occurrence frequency are significantly negatively correlated, wind speed and total cloud occurrence frequency are significantly positively correlated, and both pass the significance t-test at the level of 0.05. The correlation between evaporation and relative humidity and total cloud occurrence frequency is not high. Evaporation is negatively correlated with cloud ice water content, and passes the significance test at the level of 0.01. The correlation between other meteorological elements and cloud water content is not high.



The total cloud occurrence frequency is highest in 2008 and lowest in 2017 (Figure 3a). By analyzing the anomaly values of the relative humidity field, wind field, vertical velocity field, and temperature field, Figure 10 displays the factors of circulation anomalies affecting the highest and lowest frequency of total cloud occurrence years. In 2008, the wind field anomaly is the northeast wind, which indicates that the northeasterly wind is stronger and is not conducive to transporting the water vapor from the south to the north. In 2017, the wind field anomaly is the southeast wind, which indicates that the southeast wind is stronger and is conducive to water vapor transport in the south. In 2008, the relative humidity is higher than the multi-year average. In 2017, the relative humidity in the northeast of QHL is lower than the average from 2006 to 2019, and that in the southwest is higher than the average from 2006 to 2019. Because the dominant cloud systems in QHL are As and Ns, the frequency of As is decreasing and the frequency of Ns is increasing (Table 3). The liquid water content in As is close to 0, while Ns contain liquid water (Table 2). Therefore, the increase in relative humidity in the area mainly affects the increase in the frequency of Ns. At the same time, the surface temperature in 2008 is lower than the multi-year average, and the surface temperature in 2017 higher than the multi-year average. The low-level stability in 2008 and 2017 is negative and there is no significant change, indicating that the static stability of QHL is high. Sun et al. [18] show that a decrease in the occurrence of these clouds could be caused by weakened atmospheric stability or circulation associated with the increase in surface air temperature and reduction of the meridional temperature gradient. The conclusions are drawn from the changing trend of meteorological elements in Figure 9, and the correlation between the occurrence frequency of total cloud and meteorological elements is relatively consistent. Therefore, it can be explained that the decrease in total cloud frequency in QHL is caused by the increase in temperature.





4. Discussion


The innovation of this article is to use CloudSat satellite data to analyze the cloud vertical characteristics and cloud water distribution in QHL. This is different from the previous few plateau stations and the lack of characteristic analysis of cloud vertical structure. This study is helpful to guide the development of artificial precipitation in the region.



The total cloud occurrence frequency decreased from 2006 to 2019, and this result is consistent with Duan et al. [42] and Zhang et al. [19]. Duan reported a decrease in daytime cloud cover of approximately 1%/10a during the last three decades over TP. Clouds are more distributed during the warm season than the cold season, and this finding may be due to a plentiful supply of moisture during the warm season [43]. Regional climate model results [44] have shown that the doubled global CO2 concentration could lead to prominent winter cloud amount decreases at higher elevations on the eastern TP, and the associated net effect of the change of radiation fluxes was advantageous to enhanced surface warming. The recent climate warming over the TP primarily results from the increasing anthropogenic greenhouse gas emissions [45]. The decrease in the total cloud occurrence frequency in QHL is caused by the rising temperature and the weakening of atmospheric stability in QHL (Figure 9 and Figure 10 and Table 4). The large-scale circulation over TP influences the local topographic circulation of QHL. Therefore, the change characteristics and trends of clouds in QHL and TP are similar. However, clouds in QHL still have their characteristics. Liu et al. [26] used CloudSat data to analyze the cloud characteristics over TP, and the results show that the occurrence frequency of clouds on TP is 35%, where the frequency of the low clouds is the highest at close to 21%, the frequency of the mid-level cloud is the second with 14%, and the frequency of high clouds is the lowest. The occurrence frequency of clouds in QHL has a unique characteristic. The occurrence frequency of the mid-level clouds is the highest, followed by the low clouds, and the occurrence frequency of the high clouds is the lowest, with occurrence frequencies of 19.6%, 10.4%, and 3.3%, respectively. In addition, the trend of the As occurrence frequency on the monthly scale is also unique, decreasing from February to July and increasing from July to December. The reason needs to be studied further.



In this study, the analysis of cloud water content focuses on the distribution of vertical height, while other studies of cloud water content mainly focus on the analysis of the cloud water path. The cloud phase and precipitation significantly affect the distribution characteristics of cloud water content in some regions. In high altitudes and mid-latitude-to-polar regions, the contribution of supercooled or mixed-phase clouds is significant. In the lower troposphere, precipitating clouds are frequent [46]. Later studies may analyze, in detail, the influence of cloud water content in different types of clouds on cloud phases and precipitation.



The 2B-CLDCLASS cloud type products used in this study are classified according to the different spectral characteristics, structure, and physical characteristics of clouds observed by CloudSat satellites, and according to the vertical and horizontal characteristics of clouds, cloud temperature, and whether there is precipitation and upward radiation observed by MODIS. Because QHL is located in the northeast of TP, its unique terrain, thermal characteristics, and water vapor circulation are different from those of plain land and ocean areas in distinguishing high, mid-level, and low clouds. With the small spatial scale of QHL, coupled with the limitations of satellite observation, CloudSat cannot completely reflect the spatial distribution of cloud cover in QHL. The atmospheric cloud radiative effect affects the high cloud fraction [47], and the influence of the cloud radiation effect on the regional energy budget and cloud characteristics in QHL needs to be further analyzed and studied.



Figure 3, Figure 9 and Table 3 used linear fitting to analyze the changing trend of data. Because the data used in this paper are based on CloudSat satellite data, the available data period is from 2006 to 2019, a total of 14 years. Besides, As and Ns are dominant cloud types over QHL, and the R-squared value in their linear propensity equation is much larger than that of the other cloud types. Therefore, when analyzing the annual average change of the clouds and meteorological elements, the R-squared value is low due to the small number of samples, but the linear fitting equation can still indicate the changing trend of the elements on the temporal scale.




5. Conclusions


Based on CloudSat satellite data from 2006 to 2019, the occurrence frequency, cloud characteristics, and vertical structure of different clouds in QHL are analyzed in detail, and the following main conclusions are drawn:



	
The occurrence frequency of clouds in QHL is 33%, the occurrence frequency of the mid-level clouds is the highest, followed by the low clouds, and the occurrence frequency of the high clouds is the lowest, with the occurrence frequencies of 19.6%, 10.4%, and 3.3%, respectively. The occurrence frequency of the total clouds in QHL is decreasing and is low in winter and high in summer. The As occurrence frequency is high in winter and low in summer. As and Ns are the dominant types of QHL cloud systems.



	
The annual average ice water content and the annual average liquid water content of QHL are 62.21 mg/m3 and 263.66 mg/m3, respectively. The annual cloud ice water content is concentrated, and the annual liquid water content is dispersed. April to September is the period of high cloud ice water content. The monthly average cloud water content is high from April to September, which is related to the enhancement of the summer monsoon and plateau convective activities.



	
The vertical distribution of cloud water content in QHL has obvious seasonal variation, which shows that the content of cloud ice and liquid water is higher in summer and autumn than in winter. The highest value of vertical cloud fraction distribution in QHL is from March to June, at a height of 7–11 km, corresponding to the increase in Ci and Ac. The mixed-phase clouds are at a height of 4–8 km and the ice clouds are above 8 km. The time and height of high values of particle equivalent radius and particle concentration are consistent with the high values of cloud water content. The vertical distribution of ice particles is relatively dispersed (4–16 km), and the vertical distribution of liquid particles is relatively concentrated (4–9 km). The average equivalent radius of ice particles is larger than that of liquid particles. The probability of large particle concentration in QHL is small. Different types of clouds have a maximum thickness in June and July.



	
Temperature and precipitation are significantly negatively correlated with the occurrence frequency of the total clouds, and wind speed is significantly positively correlated with the occurrence frequency of the total clouds. The occurrence frequency of the total clouds in 2008 and 2017 is related to the ground temperature in that year. The decrease in total cloud occurrence frequency is caused by the increase in temperature in QHL.
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Figure 1. The geographical location of Qinghai Lake and distribution of meteorological stations. 
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Figure 2. Technology roadmap. 
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Figure 3. (a,b) Annual and monthly average cloud occurrence frequency in QHL from 2006 to 2019. 
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Figure 4. (a,b) Annual and monthly average frequency of different clouds. 
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Figure 5. (a,b) Annual and monthly average cloud ice water content; (c,d) Annual and monthly average cloud liquid water content. 
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Figure 6. Vertical structure of pentad mean cloud characteristic parameters in QHL. (a) Sum of cloud ice water and liquid water content; (b,c) cloud ice and liquid water content; (d) cloud fraction; (e,f) cloud ice and liquid particle concentration; (g,h) cloud ice and liquid particle effective radius. 
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Figure 7. The normalized contoured frequency by altitude diagram (CFAD) and probability distribution functions (PDF) of (a,b) cloud ice and liquid water content; (c,d) cloud ice and liquid particle concentration; (e,f) cloud ice and liquid particle effective radius. 
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Figure 8. (a,b) Annual and monthly average top and cloud base heights of Ci, As, and Ac; (c,d) annual and monthly average top and cloud base heights of Sc, Cu, Ns, and DC. The solid line represents the height of cloud top, and the dotted line represents the height of cloud base. 
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Figure 9. Meteorological elements of QHL from 2006 to 2019. (a) Temperature; (b) evaporation; (c) relative humidity; (d) precipitation; (e) wind speed. 
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Figure 10. (a,b) Composites of 500 hPa annual mean relative humidity and wind field anomalies in 2008 and 2017; (c,d) surface annual mean temperature anomalies in 2008 and 2017; (e,f) low-level stability in 2008 and 2017. 
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Table 1. Data product descriptions.
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Data set

	
Product Code/Station Name

	
Product Name






	
CloudSat data

	
2B-GEOPROF-LIDAR

	
Cloud fraction;

Top-base-height of cloud




	
2B-CLDCLASS

	
Cloud types;

Top-base-height of each cloud




	
2B-CWC-RO

	
Cloud water content;

Cloud particle effective radius;

Cloud particle concentration




	
Datasets of daily values of terrestrial climate information for China (V3.0)

	
Gangcha station, Qapqia station

	
Temperature; Evaporation;

Relative humidity; Precipitation;

Wind speed




	
ERA5 reanalysis data

	

	
U, V-component of wind;

Relative humidity;

Temperature
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Table 2. Basic characteristics of different types of clouds.
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	Cloud Class
	Cloud Bottom Height/km
	Rainfall

Properties
	Horizontal Scale/km
	Vertical Scale
	Liquid Water

Content





	Cirrus (Ci)
	>7
	None
	1~103
	Medium
	0



	Altostratus (As)
	2~7
	None
	103
	Medium
	Near 0, mainly ice particle



	Altocumulus (Ac)
	2~7
	May produce virga
	103
	Light or medium
	>0



	Stratocumulus (Sc)
	0~2
	May produce drizzle or snowfall
	103
	Light
	>0



	Cumulus (Cu)
	0~3
	May produce drizzle or snowfall
	1
	Light or medium
	>0



	Nimbostratus (Ns)
	0~4
	Continuous rain or snow
	50~103
	Thick
	>0



	Deep Convective (DC)
	0~3
	May produce heavy rainfall or hail
	10~50
	Thick
	>0
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Table 3. Annual average change rate of cloud water content and different types of clouds.






Table 3. Annual average change rate of cloud water content and different types of clouds.










	
	Annual Average Change Rate
	R2





	Ci
	−0.56%/a
	0.14



	As
	0.1%/a
	0.001



	Ac
	−1.06%/a
	0.37



	Sc
	−0.17%/a
	0.01



	Cu
	0.12%/a
	0.03



	Ns
	1.62%/a
	0.37



	Cloud ice water content
	3.06 mg m−3/a
	0.21



	Cloud liq water content
	−2.46 mg m−3/a
	0.06
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Table 4. Correlation analysis between total cloud occurrence frequency, cloud water content, and meteorological elements.
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Annual Average

	
Total Cloud Frequency

	
Cloud Ice Water

	
Cloud Liq Water




	
r

	
r

	
r






	
Temperature

	
−0.46 *

	
−0.23

	
0.29




	
Evaporation

	
0.05

	
−0.62 **

	
0.44




	
Relative humidity

	
−0.1

	
0.35

	
−0.25




	
Precipitation

	
−0.59 *

	
0.14

	
0.05




	
Wind speed

	
0.58 *

	
−0.38

	
0.27








** Correlation is significant at the 0.01 level, * Correlation is significant at the 0.05 level (Two-tail).
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