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Abstract

:

To evaluate the distribution characteristics of water vapor content (WVC), cloud liquid water content (CLWC) and cloud ice water content (CIWC) in arid areas of central Asia from 1980 to 2019 were analyzed by using average data of ERA5 in the European Centre for Medium-Range Weather Forecasts. The results show that: On the spatial scale, the WVC in the arid area of central Asia is mainly between 2 and 26 kg·m−2. The area of maximum water vapor content is distributed in southwestern Kazakhstan and southwestern Tajikistan, with a maximum value of 26 kg·m−2. The minimum areas are distributed in eastern Tajikistan, central Kyrgyzstan, central Tajikistan, and western Xinjiang, China, with the lowest WVC of 2 kg·m−2. The maximum of CLWC areas were mainly distributed in northwest Kazakhstan, with a maximum value of 0.08 kg·m−2, while the minimum areas were distributed in Tajikistan, eastern Kyrgyzstan, and northwest China, with a minimum value of 0.02 kg·m−2. The maximum areas of CIWC were distributed in the north of Tajikistan and the west of Kyrgyzstan, possessing a maximum value of 0.06 kg·m−2. The minimum area is distributed in the western part of Central Asia with a minimum value of 0.01 kg·m−2. From 1980 to 2019, the WVC generally increased, while the annual average CIWC and CLWC appeared a downward trend.
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1. Introduction


Climate change has greatly impacted the regional economy and ecology [1]. Precipitation is a key factor affecting the water cycle and climate of the earth, and it is also the principal input parameter for the simulation of hydrological processes in the basin [2]. Water resources are some of the main factors that restrict the development of arid regions, and cloud water resources are an essential part of water resources [3]. Total and extreme values of precipitation in arid regions increase linearly with increasing global temperatures, potentially leading to an increased risk of drought and flooding [4]. The ecosystem in arid and semi-arid regions is fragile and sensitive, and climate change plays a decisive role in human survival and sustainable development in this region, which has aroused widespread concern in recent years [5]. Atmospheric water vapor is a considerable part of the atmosphere, and its content occupies an important position in daily human life. Detecting atmospheric WVC is of great significance to meteorological research, such as water vapor cycle, transport, artificial precipitation, and water resources assessment. Atmospheric WVC is an important basis for artificial water increase, and its in-depth study provides a theoretical basis for effectively utilizing atmospheric water resources [6]. Central Asia lies deep in the hinterland of Asia and Europe, and it is a typical arid and ecologically fragile region [7]. Its water resources have been affected by poor management for a long time, and the interference of human activities (such as overgrazing, over-irrigation, and over-reclamation) has led to serious land desertification, forest degradation, and ecological deterioration [8], which has also affected the economic development of arid regions. Since the 1950s, with the large-scale development of land resources in inland arid regions, a large number of water conservancy facilities have been built to intercept and utilize surface runoff, which has led to great changes in water resources and the environment in Central Asia [9] and triggered a series of serious ecological and social-economic problems. Therefore, it is of great significance to study the cloud water resources in Central Asia’s arid regions and implement the optimal control strategy with water resources as the core for improving the ecological environment in central Asia, promoting the coordinated development of society, economy, and ecology, and realize the sustainable development of the whole region.



The amount of water content in clouds not only has a vital influence on the process of cloud droplet growth as well as the formation and intensity of precipitation but also as an important parameter in numerical simulations of global climate and the study of cloud effects on climate [10]. On the basis of the reanalysis data of the National Centers for Environmental Prediction (NCEP) and Climate Forecast System Reanalysis (CFSR). The analysis of the distribution of cloud water and CIWC in the world shows that the cloud water content and CIWC are obviously influenced by the topography of the atmospheric circulation and have obvious regional features [11]. The WVC and the direction and intensity of water vapor transport can affect the whole WVC and atmospheric precipitable water (PW) and then influence the precipitation [12,13,14]. Qian [15] concluded that cloud water resources in the semi-arid areas of East Asia will also be affected by vertical circulation (Qian et al., 2001). Gaffen’s research showed that there was a linear relationship between water vapor and surface temperature. For higher temperature cyclones, 70% of the water vapor that forms precipitation comes from water vapor already in the air, and the rest comes from the evaporation of water vapor from the surface [16]. In recent years, the global average surface temperature and atmospheric temperature below 8 km have shown an increasing trend. The change of surface and lower atmospheric temperature may affect the cloud from different angles. First of all, the increase in surface temperature will promote the evaporation of water vapor into the atmosphere. When the surface air temperature drops, evaporation will be inhibited, and the WVC will decrease, thus affecting the WVC in the atmosphere. Under the same conditions, high WVC benefits the formation of clouds, which will increase the cloud amount and water content. On the contrary, low WVC will reduce cloud water content, resulting in reducing cloud amount. Based on the above research, this paper examines the spatio-temporal distribution and characteristics of cloud water resources in the arid regions of Central Asia.



Generally, NCEP/NCAR reanalysis data, International Satellite Cloud Climatology Project (ISCCP), and Cloud-Sat data are used to study water vapor flux. However, owing to the time scale and spatial resolution limitations, it is difficult to analyze cloud water resources’ spatial and temporal variability on longer time scales and few meteorological stations in Central Asia. A great number of scholars have confirmed that ECMWF reanalysis information globally or regionally had high accuracy and applicability through their studies [17]. In this paper, we use ERA5 reanalysis information at a longer time scale and higher spatial resolution, the temporal and spatial changes of cloud water content in arid regions of central Asia were quantified, the impact factors of cloud water resources on climate change were analyzed, and the potential of cloud water resources development in arid regions of Central Asia was evaluated.




2. Study Area and Method


2.1. Study Area


The arid region in central Asia (34°34′–55°43′ N, 46°48′–106°98′ E) is located in the north of Pamir-Qinghai-Tibet Plateau, south of Ural Mountain-Altai Mountain, east of the Caspian Sea and Volga River, and to Helan Mountain-Wushaoling (Figure 1). It is the widest arid region in the temperate zone in the northern hemisphere of the earth’s land [10]. Arid regions lie deeply in the hinterland of Asia and Europe, and the part of ocean air currently reaching them is low. The upper westerly belt transports weak water vapor from the distant Arctic Ocean and the Atlantic Ocean and is stopped and put up by vertical topography. The precipitation is bent on the mountains. In these mountains, snow glaciers are taken shape. The average annual rainfall in an arid area is less than 150 mm. Because there are more mountains than basins and plains, the spatial distribution is very uneven [10]. The rain of the year on the windward slope of the westerly mountain is as high as 2000 mm [17]. The amount of precipitation each year in the forest zone of the Tianshan Mountains and the Altai Mountains is 1000 mm [18]. Besides, it is less than 100 mm in the desert between the Aral Sea and Turkmenistan, Tarim Basin, Turpan Basin, and Hami Basin [19].




2.2. Method


In this paper, the monthly mean Total Column Water Vapor (TCWV), Cloud Liquid Water Content (CLWC), Cloud Ice Water Content (CIWC), Total Precipitation (TP), Cloud cover, and 2 m temperature of ERA5 from 1980 to 2019 were selected. The temporal resolution is hourly, and the spatial definition is 0.25° × 0.25°. The annual average distribution and the average seasonal distribution of cloud data in the central Asia arid regions were drawn using Python software. In calculation, the atmospheric WVC, CLWC, and CIWC refer to the value of each barometric layer, while the annual statistical values are calculated by the average of statistical values over the years, which are calculated by the monthly average values of each year.



The trend analysis was performed using one-dimensional linear regression analysis and least squares method to fit the slope of each raster of remote sensing images over the last 40 years to obtain the trend of multi-year values with the following equation:


  slope =   n ×   ∑  i = 1  n   x i y i − (   ∑  i = 1  n   x i   ) (   ∑  i = 1  n   y i   )     n ∗   ∑  i = 1  n   x  i 2  −   (   ∑  i = 1  n   x i   )  2       



(1)




where: slope is the change trend, yi is the value of the xith year; when slope > 0, there is an increasing trend; when slope < 0, there is a decreasing trend.



To further evaluate the trends of WVC and cloud water content, the F-test was used to analyze the significance of the trends of the values.





3. Results


3.1. Spatial Distribution of WVC and Cloud Water Content


3.1.1. Spatial Distribution of Annual WVC


WVC is usually expressed by atmospheric Precipitable Water (PW), the amount of precipitation that can be formed when all the water vapor contained in the air column of unit value is converted into rain and snow [20]. It can be seen from Figure 2 that the WVC was mainly distributed between 2 and 26 kg·m−2. Maximum areas are concentrated in southwest Kazakhstan and Tajikistan, with rich WVC, with the highest WVC, up to 24 kg·m−2. The minimum regions were distributed in Tajikistan, Kyrgyzstan, and western Xinjiang, China, and the WVC was seriously deficient. They had the lowest value of 2 kg·m−2.




3.1.2. Spatial Composition of Atmospheric Water Vapor in Different Seasons


From Figure 3, it can be seen that: In spring (Figure 3a), the highest value of WVC was 20 kg·m−2 in Turkmenistan, while the lowest value was only 2 kg·m−2 in Tajikistan. In summer (Figure 3b), the WVC and the high-value areas extended obviously. The high-value area was in Turkmenistan, with the maximum reaching 26 kg·m−2,. The values for Tajikistan and Kyrgyzstan are relatively low, with the minimum value reaching 5 kg·m−2. Compared with summer, in autumn (Figure 3c), the WVC decreases, and the region of low values increases. The maximum areas were distributed in Turkmenistan, with the highest value of 27 kg·m−2, while the minimum regions were distributed in Tajikistan, Kyrgyzstan, Xinjiang and Gansu, China, possessing the lowest value of only 3 kg·m−2. In winter (Figure 3d), the WVC decreased significantly. The maximum area was distributed in Turkmenistan, but the highest value was 14 kg·m−2, while the minimum areas were distributed in Tajikistan, Kyrgyzstan, Xinjiang, and most areas of Gansu, and the minimum value was only 1 kg·m−2. On the whole, the areas with high-WVC in the arid region of central Asia were mainly distributed in parts of Turkmenistan. The high WVC was related to the proximity to the Caspian Sea. The minimum areas were mainly distributed in the arid regions of Tajikistan, Kyrgyzstan, and China, where the altitude is high, the air column is relatively short, and the atmospheric thickness is thin, so the WVC is low.




3.1.3. Spatial Distribution of the Annual Mean Content of CIWC and CLWC


To understand the distribution of CLWC and CIWC, we calculated CLWC and CIWC from 1980 to 2019 (Figure 4a,b). Therefore, the annual average distribution of CLWC and CIWC was different from that of WVC.



From 1980 to 2019, the high annual average CLWC zone was mainly located in northwestern Kazakhstan with a maximum value of 0.08 kg·m−2 and the low zone was mainly located in Tajikistan, eastern Kyrgyzstan, Xinjiang, China and most of Gansu with a low value of only 0.02 kg·m−2. The annual average maximum of CIWC was located in northern Tajikistan and western Kyrgyzstan, with the maximum value of 0.06 kg·m−2, and the minimum was located in Kazakhstan, Uzbekistan, western Turkmenistan, Xinjiang, and most parts of Gansu, China, with the minimum value of 0.01 kg·m−2.



The contents of CLWC and CIWC in the arid region of central Asia were higher than that in low-altitude areas in spatial distribution. It was larger in the north than in the south as a whole, which is consistent with the topographic distribution characteristics of this area.




3.1.4. Spatial Distribution of Seasonal Contents of CIWC and CLWC


As shown in Figure 5: the distribution regions of maximum and minimum values in each season were the same, showing a large value area in the northwest and a small value area in the southeast. In spring, the maximum CLWC area is located in northern and southern Kazakhstan, including eastern Uzbekistan, with a maximum value of 0.12 kg·m−2, and the minimum area is located in western Kazakhstan, Xinjiang, China, and most of Gansu, with a minimum of only 0.01 kg·m−2. In summer, the maximum CLWC area is distributed in northern Kazakhstan with the highest value of 0.1 kg·m−2, while the minimum is distributed in most of the arid zone, with the lowest value of 0.02 kg·m−2. In autumn, the cloud water content decreases significantly and the distribution is lower throughout the arid zone, with the minimum value of 0.03 kg·m−2. In winter, the CLWC is lower throughout the arid zone, with the maximum value of 0.02 kg·m−2 and CLWC is low throughout the arid zone, reaching a minimum of 0 kg·m−2.



The spring CIWC high value zone is located in Tajikistan and Kyrgyzstan, with a maximum of 0.08 kg·m−2, and the low value zone is distributed in most other regions, with a minimum of 0.01 kg·m−2. The summer high value zone is located in northwestern Kazakhstan, with a maximum value of 0.18 kg·m−2, and the minimum value zone is distributed in most other regions, with a minimum value of 0.02 kg·m−2. -The high value in autumn is in the south of Kazakhstan, with a maximum of 0.07 kg·m−2, and the minimum value in western Kazakhstan, western Turkmenistan and Xinjiang, China, with a minimum value of 0.01 kg·m−2. In line with autumn, the high value in winter was distributed in southern Kazakhstan and eastern Uzbekistan, with a maximum of 0.09 kg·m−2, and the minimum in western Kazakhstan, Xinjiang, China, and most of Gansu, with a minimum of 0.01 kg·m−2.





3.2. Time Variation of Atmospheric WVC and Cloud Water Content


3.2.1. Annual Variation of WVC, CIWC and CLWC


The WVC showed an overall upward trend from 1980 to 2019 (Figure 6), equipped with the highest value appearing in 2007, the WVC reaching 12.33 kg·m−2, while the lowest value appearing in 2013, the WVC was 9.904 kg·m−2, and the rest years were stable around 11 kg·m−2.



From 1980 to 2019, in the recent 40 years (Figure 6), the CIWC in the arid region of central Asia showed a declining trend, with a small wave trend. The maximum value appeared in 1993, and the highest value was 0.016 kg·m−2, while the lowest value appeared in 2011, and the lowest value was 0.0028 kg·m−2. The distribution of CLWC shows a downward trend in recent 40 years, with the highest value appearing in 2002 and the highest value being 0.0317 kg·m−2, while the lowest value appeared in 2016 and the lowest value being 0.009 kg·m−2.




3.2.2. Seasonal Variation of WVC, CIWC and CLWC


As seen in the seasonal average graph of WVC (Figure 7), the highest WVC is found in summer, followed by spring and autumn, and the least in winter. WVC showed an increasing trend in spring, with the maximum of 12.198 kg·m−2 in 2017 and a minimum of 6.813 kg·m−2 in 2003. Summer showed a decreasing trend with an overall high variability, with a maximum of 24.68 kg·m−2 in 1989 and a minimum of 17.453 kg·m−2 in 2014. Autumn WVC showed an increasing trend with a maximum of 13.318 kg·m−2 in 1982 and a minimum of 7.48 kg·m−2 in 2003. The autumn WVC showed an increasing trend, with the maximum of 13.318 kg·m−2 in 1982 and a minimum of 7.48 kg·m−2 in 2003. The winter WVC showed an increasing trend, with the highest in 2019 at 5.62 kg·m−2 and the lowest in 2011 at 3.411 kg·m−2.





3.3. Trend Analysis of Atmospheric Water Vapor, CIWC and CLWC


A linear trend analysis and F-test were done for water vapor content, CIWC, and CLWC, and the results were combined to obtain Figure 8, which shows that: Significantly increasing and slightly increasing areas of water vapor content are found in eastern Kazakhstan and northwestern Xinjiang, China, and significantly decreasing areas are found in western and northern Kazakhstan, western Uzbekistan, and western Tajikistan, central and western Kazakhstan, most of Uzbekistan, and Turkmenistan, and a slightly decreasing trend in southwestern Xinjiang, China. Significantly increasing areas of CIWC are found in southern Xinjiang and Gansu, southeastern and south-western Kazakhstan, most of Kyrgyzstan and northern Turkmenistan showing a slightly increasing trend, and significantly decreasing areas are found in west-central Kazakhstan, Uzbekistan and east-central Turkmenistan, east-central and southwestern Kazakhstan, and west-central Turkmenistan showing a slightly decreasing trend. Significantly increasing areas of CLWC are found in Xinjiang and southern Gansu in China, eastern Xinjiang, and Gansu in China, slightly increasing areas in north-central Kazakhstan, significantly decreasing areas in central-western Kazakhstan and west-central Uzbekistan, eastern Turkmenistan, east-central Kazakhstan, western Xinjiang, and western Turkmenistan in China with a slightly decreasing trend.





4. Discussion


4.1. Analysis of the Relationship between WVC and Climate Change


Climate change has always been the research focus of the sustainable development of the earth system [21]. Since the 1950s, the warming of the global climate system has accelerated. This observed warming is unprecedented in decades to thousands of years [22]. It can be confirmed that greenhouse gas emissions caused by human activities are the main factor leading to global warming. Since the era of industrialization, global CO2 emissions have soared. This forcing caused by human activities has not only led to global warming but also caused a series of other changes in the climate system [23,24]. It is undeniable that the increase of global atmospheric WVC is strongly related to global warming caused by us. From 1980 to 2019, the high-temperature region in the arid region of Central Asia expanded northward from 36° N, most notably in the southwest of the arid region (Figure 9). The IPCC6 report points out that the global land, ocean, and near-surface atmospheric temperatures have accelerated since 1950, and more water vapor growth on land at low latitudes. This is consistent with the distribution of maximum areas of global water vapor observed by us, indicating that global warming has made a disproportionate contribution to the increase of atmospheric WVC. As an important greenhouse gas, the increase of atmospheric WVC will also have an impact on the warming of the global climate system.




4.2. Analysis of Cloud Water Resources in Arid Regions Based on Cloud Cover


As a potential water resource, cloud water resources have the potential value to alleviate the shortage of water resources [25]. The formation process of clouds is mainly formed by condensation or condensation of water vapor in the atmosphere. The formation, evolution, and global distribution of clouds are common result of the interaction of dynamic over-temperature and microphysics processes, which not only determines the change of climate state, such as temperature, water vapor, and precipitation, but also is influenced by some climatic factors [26]. Chen et al. used the ISCCP D2 data set to study cloud cover’s temporal and spatial distribution in three different climatic regions in northwest China. The results show the high areas of cloud cover were distributed along the mountains in Northwest China, and the formation of clouds was influenced by complex topography. Even in the same climate zone, the cloud cover varied greatly [27].



Figure 10a is the annual average spatial distribution of total cloud cover in the arid region from 1980 to 2019. It can be seen that the total cloud cover in northern Kazakhstan and northern Xinjiang of China was significantly higher than in other regions. This region is affected by water vapor from Siberia Plain, and when it confronts the mountains, the windward slope airflow rises to form higher cloud cover [28]. According to the comparison of the spatial distribution of high, medium, and low cloud cover with the Annual average CLWC and CIWC (Figure 4), the results show that the distribution characteristics of high cloud cover and CLWC and CIWC are inconsistent, and the influence of high cloud cover on them is not obvious. The distribution characteristics of medium cloud cover and low cloud cover are high in the north and middle of the arid area, and low in the southwest and east, which are consistent with the distribution characteristics of CLWC and CIWC. Therefore, the influence of medium and low cloud amounts on CLWC and CIWC is obvious. Cloud cover is closely related to the content of CLWC and CIWC. Therefore, the research on cloud cover and cloud water resources is of great strategic significance for the rational and full development and utilization of cloud water resources in arid areas and for ensuring the safety of regional water resources.





5. Conclusions


(1) From 1980 to 2019, the annual average WVC in the arid region of central Asia increased, while the annual average CLWC and the annual average CIWC decreased.



(2) The high-value areas of the annual average distribution of WVC in the arid area of Central Asia are mainly concentrated in flat areas such as plains, which are distributed in the southwest of Turkmenistan, and distributed between 22 and 26 kg·m−2. Low-value areas were concentrated in high-altitude areas, such as the plateau, distributed in Tajikistan, Kyrgyzstan, and western Xinjiang of China, distributed between 2 and 8 kg·m−2. The distribution characteristics of the annual average WVC in four seasons were the same as the annual average distribution, which was high in the west and low in the east.



(3) The annual average CLWC and CIWC results is the high value of CLWC in the arid zone of Central Asia was in northwestern Kazakhstan with the maximum value of 0.08 kg·m−2; the minimum value was distributed in Tajikistan, eastern Kyrgyzstan, Xinjiang, and Gansu, and the lowest value was only 0.02 kg·m−2. The distribution characteristics of CLWC in the four seasons in the arid region were high in the northwest and low in the southeast, while the CIWC in the four seasons in the arid region was high in the middle and low on both sides.
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Figure 1. Central Asia Arid Zone Overview Map. 
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Figure 2. Spatial distribution of WVC in arid areas of Central Asia from 1980 to 2019. (Units: kg·m−2). 
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Figure 3. Distribution of seasonal average WVC in arid areas of Central Asia from 1980 to 2019 in (a) spring, (b) summer, (c) autumn, and (d) winter (Units: kg·m−2). 
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Figure 4. Spatial distribution of CIWC and CLWC in the arid region of Central Asia from 1980 to 2019 (a) CLWC; (b) CIWC. (Units: kg·m−2). 
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Figure 5. Seasonal average distribution of CLWC and CIWC in arid area of Central Asia from 1980 to 2019 (Units: kg·m−2). Distribution map of cloud water content in an annual average arid area in (a) spring, (b) summer, (c) autumn, and (d) winter. Distribution map of CIWC in an annual average arid area in (e) spring, (f) summer, (g) autumn, and (h) winter. 
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Figure 6. Annual average content variation from 1980 to 2019. (black: CIWV, gray: CLWV, red: WVC). 
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Figure 7. Seasonal average changes of water vapor from 1980 to 2019. 






Figure 7. Seasonal average changes of water vapor from 1980 to 2019.



[image: Sustainability 14 15936 g007]







[image: Sustainability 14 15936 g008 550] 





Figure 8. Distribution map of change trend of arid areas in Central Asia from 1980 to 2019 (a) WVC, (b) CIWC, (c) CLWV. 
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Figure 9. Average temperature distribution in arid areas of Central Asia. (a) Average temperature in 1980; (b) average temperature in 2019. 
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Figure 10. Annual average spatial distribution of total, high, medium, and low cloud cover in arid regions of central Asia from 1980 to 2019. (Units:”0–1”) (a) TCC, (b) HCC, (c) MCC, (d) LCC. 
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