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Abstract

:

Lake water resources in arid areas play an important role in regional resource and environmental management. Therefore, to master the dynamic changes in lake water resources in arid areas, the laser altimetry satellite and land resource satellite were used to interpret the changes in water level and the areas of alpine lakes and non-alpine lakes. The dynamic changes in the lake and their relationship with glacial meltwater, precipitation, and runoff of the lake basin were analyzed using the unary linear regression equation, the ratio of glacier area to lake area (G–L ratio), and the ratio of lake basin area to lake area (supply coefficient). The results were as follows: the changes in alpine lakes were closely related to the supply coefficient (basin/lake area ratio) but weakly related to the G–L ratio (glacier/lake area ratio). In addition, the spatial pattern of lake change was consistent with that of climate change. There was a strong correlation between the lake, precipitation, and temperature during the snowmelt period. Thus, it can be seen that the changes in the lake were caused by precipitation, glacial melt, snowmelt, and other multi-factors. Therefore, this study on the changes in water resources in different types of lakes and their influencing factors provides data support for water resources managers to evaluate the health and sustainable utilization of the ecological environment.
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1. Introduction


Working group I of the sixth report of the IPCC pointed out that global warming continues to occur, and precipitation differs from place to place [1]. Under the background of global climate change, the temperature and precipitation in the arid region of Xinjiang change differently depending on latitude, longitude, and altitude [2]. Climate change causes changes in lake water resources [3]. Mengistu et al. assessed the impact of climate change on water resources in the upper Blue Nile River Basin [4]. As an important water resource in arid areas, lakes play an important role in residential water use, agricultural irrigation, ecological security, and so on [5,6,7]. Therefore, it is very necessary to explore the temporal status of lake water resources in Xinjiang in different geographical environments.



Remote sensing technology is widely used in the study of temporal dynamic changes of lakes, and the lakes exhibit strong spatiotemporal variability in Xinjiang. For example, the extent of Sayram Lake in the northern Tianshan Mountains was shown to have expanded from that observed in Landsat images from the 1970s [8]. In addition, the areas of Ayakekum Lake and Aqqikkol Lake in the Kunlun Mountains have increased over the past few decades [9]. By contrast, Bosten Lake in the southern Tianshan Mountains decreased in water level and lake extent in the 2000s [10].



Using multi-resource satellites to study water resources is also a hot topic at present. Ye et al. studied the changes in lake water in Xinjiang using ICESat GLA14 from 2003 to 2009 and Landsat data from 2006 [11]. Zhang et al. used multi-resource satellites to study the water balance of lakes in the northwest of the Tibetan Plateau and discussed the relationship between lake change and glacier meltwater and precipitation [12]. Li et al. used long time-series satellite remote sensing data to study the impact of hydrological changes in Poyang Lake on different wetland cover types, and the results showed that the water, beach, and main vegetation communities were related to hydrological changes [13]. Li et al. studied hydrological and morphological indexes, such as lake area, water level, and volume change, using remote sensing technology in Võrtsjärv Lake [14]. Wang et al. used multi-source remote sensing data to construct an estimation method for Ebinur Lake inflow, which can quickly simulate the lake water volume and water level and reduce the input parameters required by the conventional lake water volume [15].



In this study, data from an earth resource satellite (Landsat) and an earth observation laser satellite (ICESat) were integrated to study the changes in eight typical lakes; the specific technical process is shown in Figure 1. The surface area of these eight typical lakes accounts for 70.75% of the lake area in Xinjiang and reflects the changes in the temporal and spatial characteristics of lakes in Xinjiang to a certain extent. However, most of the recent research on lakes in Xinjiang has studied the temporal and spatial characteristics of lakes through topographic distribution and has failed to further study the characteristics of different types of lakes. On the other hand, most studies focus on the impacts of temperature, precipitation, and potential evapotranspiration on lakes, and they lack consideration of glacier and runoff factors. To further study the spatial and temporal characteristics of lake change, we divide lakes into two types: alpine lakes and non-alpine lakes. Alpine lakes are relatively high in altitude and less affected by human activities, while non-alpine lakes are the opposite [16]. By analyzing the relationship between the water level changes in different types of lakes, the ratio of glacier area to lake area, and the ratio of lake basin area to lake area, it is possible to determine whether glacier meltwater or other climatic factors lead to water level changes. At the same time, to further analyze the factors of lake change, this paper also discusses the changing trends of precipitation and temperature as well as their relationship with the rate of change in lake levels.




2. Study Area and Materials


2.1. Xinjiang Lakes and Climate


Xinjiang is located in northwest China (34°22’ N–49°33’ N, 73°32’ E–96°21’ E) and has an area of 1.66 million square kilometers. Xinjiang is surrounded by basins and numerous mountain ranges and is referred to as “Three Mountains Surrounding Two Basins”. It is divided into two parts, i.e., northern Xinjiang and southern Xinjiang, by the Tianshan Mountains. The Altay Mountains and Junggar Basin are in northern Xinjiang, while the Kunlun Mountains and Tarim Basin are in southern Xinjiang. There are more than 100 lakes in Xinjiang. One hundred and eight lakes have surface areas larger than 1 km2 [17]. The distribution of the lakes and research lakes is shown in Figure 2. In Xinjiang, the annual mean temperature is 10–15 °C, and the annual precipitation is less than 150 mm, which is only 23% of the average precipitation level in China (630 mm) [18].




2.2. Artificial Satellite Used for Interpreting Lake Area


We used Landsat Thematic Mapper (TM), Enhanced Thematic Mapper Plus (ETM+), and Operational Land Imager (OLI) images from USGS (https://glovis.usgs.gov/) to extract the lake surface area of eight typical lakes from 1989 to 2015. With a spatial resolution of 30 m, the images provided sufficiently precise boundaries for the lakes. To illustrate the spatial and temporal characteristics of the lakes, we utilized 248 images. All the images were collected between July and October to reduce the impact of seasonal changes. All images of the lakes’ extents were cloudless or had a cloud amount of less than 1%. We filled the unscanned gaps in Landsat 7 SLC-off ETM+ images using the Neighborhood Similar Pixel Interpolator (NSPI) method [19]. The images required radiometric correction in order to convert digital numbers (DN) to surface reflectance values [20].




2.3. Altimetry Satellite Used for Interpreting Lake Area


The Geoscience Laser Altimeter System (GLAS) on board the Ice, Cloud, and Elevation Satellite (ICESat) was launched in January 2003. ICESat/GLAS was used to extract water level variations in Xinjiang during the 2003–2009 period. Previous studies have shown that the ICESat is widely utilized to estimate forest canopy height [21], water elevation variation [11,22], ice thickness [23], snow depth [24], etc. The accuracy of the ICESat/GLAS measurements of elevations over flat terrain is ~2 cm within 70 m footprints paced at 172 m [25,26]. The reliability of the ICESat/GLAS measurements of water level variations for lakes in Xinjiang has been confirmed through comparisons with data from hydrological stations [27,28,29,30].



The ICESat’s L2 Global Land Surface Altimetry Data (GLA14) were downloaded from the National Snow and Ice Data Center. The ICESat/GLA14 possesses vertical accuracy, which can be utilized for high precision measurements of small inland waters [31]. ICESat Release 33 GLA14 data were used to measure the water level variation of lakes in Xinjiang. The annual rates of change in lake levels in each of the eight typical lakes between 2003 and 2009 were estimated.




2.4. Other Data Sources and Processing


The distribution of glaciers in each lake was acquired from the Randolph Glacier Inventory, and whether the glacial meltwater could be used as the recharge water resource for the lake was previously determined [32]. Numerous previous studies have proven that the glacier data from the Randolph Glacier Inventory are useful and reliable [33,34].



From USGS, we obtained watersheds from the HydroSHEDS dataset (https://www.worldwildlife.org/pages/hydrosheds). We checked the data with assistance from Google Earth Geomorphology. Incorrect basin boundaries were modified by DEM. For example, the undescribed Ulungur Lake Basin extent was delineated. The glaciers inside the boundary of the lake basin were extracted. The parameters of the lakes, lake surface area, lake level variations, G–L ratio, and supply coefficient are listed in Table 1.



We obtained the data on monthly precipitation and monthly mean temperature with a spatial resolution of 0.5° from the China Meteorological Data Sharing Service System (http://cdc.cma.gov.cn/). The data were interpolated using the thin-plate smoothing splines (TPS) method. Previous studies have demonstrated that the TPS method is highly precise in Xinjiang [35].



The cultivated land data in the basin obtained from land-use data came from the resource and environment data cloud platform of the Chinese Academy of Sciences (http://www.resdc.cn/) Land use data of China were collected for 1980, 1990, 1995, 2000, 2005, and 2015 (30 m × 30 m).





3. Results and Analysis


3.1. Lake Surface Area Changes


The temporal and spatial dynamic changes in the lake areas of eight typical lakes from 1989 to 2015 are shown in Figure 3. In addition, the average area of each lake from 1989 to 2015 is shown in Table 1. In this study, the total area of the eight typical lakes was 4513.84 km2, accounting for 70.75% (calculated in 2006) of the total surface area of the sum of the lake surface areas larger than 10 km2 [11]. Therefore, the changes in these eight typical lakes can reflect the dynamic changes of lakes in Xinjiang. We divided the eight typical lakes into two types, i.e., alpine lakes (type 1) and non-alpine lakes (type 2). Over the past three decades, the lake surface areas of the two types varied dynamically. The lake surface area of type 1 was 2383.28 km2 in 2015; compared with 1992, the area change rate was 38.63%.



The lake surface area of type 2 was 2169.03 km2 in 2015, which constitutes an area change rate of −4.44% compared with the lake area in 1991. The lake surface area of non-alpine lakes showed a decreasing trend for the 1989–2015 period of −0.6351 km2/y (r = −0.62, p < 0.001) to −3.5531 km2/y (r = −0.18, p = 0.38). In addition, rapid shrinkage occurred in Ebinur Lake, with a change rate of −3.5531 km2/y. The runoff of the Bortala River and Jinghe River was one of the factors affecting the area change of Ebinur Lake. In 2002, the maximum runoff of the Bortala River was 7.8 × 108 m3, the lake water resources were fully replenished, and the lake area became larger. In 2008, the precipitation of the Bortala River and Jinghe River decreased sharply and was as low as 104.3 mm and 68.1 mm, respectively. When the precipitation showed a decreasing trend, the runoff also showed a decreasing trend, so the area of Ebinur Lake became smaller [36]. From 1988 to 2002, the increase in temperature and precipitation led to an increase in water entering the lake, which was the main reason for the significant increase in the Bosten Lake area. From 2003 to 2014, the runoff flowing into the lake decreased, and the water flowing out of the lake increased, resulting in a significant decline in the lake area of Bosten Lake [37].



The lake surface area of alpine lakes exhibited an increasing trend from 1989 to 2015 of 0.0027 km2/y (r = 0.009, p = 0.69) to 17.604 km2/y (r = 0.95, p < 0.001). Sayram Lake in the Tianshan Mountains exhibited a minimum expansion rate of 0.1772 km2/y. Ayakekum Lake in the Kunlun Mountains had a maximum expansion rate of 17.604 km2/y. Lakes ID4, 5, 6, and 7 are located in the Kunlun Mountains, where the change in lake area is mainly affected by climate factors and is mostly not disturbed by human activities. At the beginning of the 21st century, the climate in Xinjiang transformed into “warm and humid”, that is, with the rise of temperature, the climate and hydrological elements in Xinjiang changed significantly, with obvious signals such as continuous increases in precipitation, runoff, and glacier melting and a significant increase in lake area [38].




3.2. Changes in Xinjiang Lake Level


From 2003 to 2009, the ICESat GLA14 data also indicated the expansion of alpine lakes and the shrinkage of non-alpine lakes. The spatial distribution of the water level change rate is presented in Figure 4. The alpine lakes rose at an average rate of 0.34 m/y. Of the alpine lakes, Sayram Lake in the Tianshan Mountains had the lowest increase rate of 0.06 m/y. Compared with Sayram Lake, alpine lakes in the Kunlun Mountains exhibited a greater water level change rate, from 0.24 m/y (r = 0.95, p = 0.001) to 0.58 m/y (r = 0.79, p = 0.06). The water level of non-alpine lakes declined from −0.05 m/y (r = −0.40, p = 0.38) to −0.40 m/y (r = −0.99, p < 0.001). In Ulungur Lake, the annual change rate of the water level varied slowly because of the artificial control of lake water storage [39]. The decline in the water level in Bosten Lake was the result of climate change and human activities. Climate change, such as the rise in temperature, increased Kaidu River runoff and the evaporation at the lake’s surface. Human activities mainly manifested as an increase in agricultural irrigation and water outflow [40,41,42].




3.3. Relationship between Lake Changes and G–L Ratio, Supply Coefficient


Changes in lake water levels can reflect lake water storage change more accurately than variations in lake surface area. Simultaneously, it is difficult to estimate the glacier meltwater of the glacier mass loss on the lake water storage change. In Xinjiang, glacier mass research has been limited to Urumqi Glacier No. 1. Over the past decades, glacier mass loss for UG1 has been demonstrated [43,44,45]. However, Xinjiang possessed 20,695 glaciers with a total area of 22,623.82 km2 [46]. Because of this immense number and volume, it is infeasible to estimate the total glacier mass balance in this region. Therefore, the glacier area in the basin was used to analyze the supply of glacier meltwater to the lake.



When analyzing the water level change rate of alpine lakes and non-alpine lakes, as shown in Figure 5a, the change rates of the lake levels were different for the two types. Specifically, the change rates of the lake water level of type 2 decreased, and the change rates of the lake water level of type 1 increased. Compared with type 2 lakes, type 1 lakes are rarely influenced by human activities. To more accurately analyze the influence of natural factors on lake variations, we only researched type 1. To determine whether glacial meltwater was an important factor in the rise in the lake level, we utilized the G–L ratio to infer the impact of glacial meltwater on the change in lake water storage. As shown in Figure 5b, there was a weak linear relationship between them (r = 0.27, p = 0.74). To analyze the impact of precipitation on lakes, the relationship between the water level change rate and the water supply coefficient of alpine lakes was analyzed. As shown in Figure 5C, there was a relatively linear relationship between supply coefficients and the change rate of the lake water level (r = 0.87, p = 0.13). It can be seen that rainfall runoff had a significant impact on lake changes in the basin.




3.4. Relationship between Lake Changes and Climate Variability


In the mountainous region of Xinjiang, temperature and precipitation exerted an important influence on the water budget [47]. To confirm whether the changes in temperature and precipitation were closely related to the change in lake water resources, we analyzed the interannual change slope of annual precipitation and annual average temperature from 1989 to 2015, and the spatial pattern distributions are shown in Figure 6a,b.



For alpine lakes with an average DEM of 3989 m, the interannual change rate of annual precipitation ranged from 1.347 mm/y to 3.135 mm/y. In addition, the annual average temperature significantly increased by 0.045–0.054 °C/y. By contrast, the annual precipitation and temperature of non-alpine lakes with an average DEM of 574 m gently varied, with average change rates of 0.531 mm/y and 0.022 °C/y, respectively. In Xinjiang, precipitation and temperature have increased over the past several decades, as proven by different data from various geographical districts (Northern Xinjiang and Southern Xinjiang) and elevations [18,48].



The increase in temperature implies that snowmelt runoff was enhanced in lake basins, leading to a positive influence on the lake water budget. Snow constitutes an important freshwater resource and is the response factor most sensitive to climate change [49,50]. The area of permanent snow cover in Xinjiang was approximately 10,660.87 km2 [51]. Snowmelt exhibited a close relationship with temperature during the snowmelt period (Spring and June) [52,53]. We examined the relationship between temperature in the snowmelt period and the water level change of alpine lakes from 2003 to 2009, the results of which are presented in Table 2. The correlation coefficients of alpine lakes showed a linear relationship between lake water level and snowmelt. Furthermore, Sayram Lake had the highest correlation coefficient (0.82).



The supply coefficient contributed by precipitation revealed a significant correlation with the change rate of lake level. We analyzed the relationship between the precipitation in wet seasons and the water level change [54], the results of which are shown in Table 2. The correlation coefficients of alpine lakes were higher than 0.45, which demonstrated that precipitation was highly correlated with the lake water budget.





4. Discussion


Using data from the laser altimetry satellite and Landsat, the changes in the water levels and areas of lakes were analyzed. Ye et al. analyzed water level changes in different geographical environments and only discussed the impacts of temperature and precipitation on the lakes [11]. This paper not only discussed the change in lake levels of alpine lakes and non-alpine lakes on the basis of a long series of data, but it also analyzes the changes in lake area. At the same time, the reasons for the changes in water resources in different types of lakes were discussed according to the data on glaciers, the watershed, temperature, and precipitation. However, the limited number of lakes researched, the restriction of surviving lake water levels (only six years), the error of the precipitation interpolation algorithm, and the availability of only one year of the Randolph Glacier Inventory may have caused uncertain correlation coefficients of G–L ratio and precipitation on changes in lake water levels.



The variations in lake water levels of alpine lakes in Xinjiang are closely related to precipitation change. However, alpine lakes at different elevations in various geological environments were supplied by distinct contribution rates of temperature, precipitation, and glacier meltwater. They were also affected by other factors, such as snowmelt supply, groundwater discharge, etc. The change rate of water levels of some lakes may be attributable to these factors or other causes. Mountain lakes in Northern Xinjiang are greatly affected by the changes in precipitation and temperature; oasis lakes are affected by climate and groundwater development; and plain lakes are affected by climate change and human activities [55]. In a study of typical lakes larger than 10 km2 in Xinjiang, the area of most lakes was positively correlated with annual precipitation, and lakes in different regions had different correlations with temperature [8]. Moreover, previous studies of alpine lakes on the Tibetan Plateau have demonstrated that a positive correlation exists between the increased rate of change in lake water levels and supply coefficients [54].



The cultivated land area of non-alpine lakes increased in different ranges during the study period (Figure 7). In the Ebinur Lake Basin, the rapid increase in population and economic acceleration have led to the development of a large area of cultivated land. Because of the need for agricultural water diversion and irrigation, large-scale reservoirs are built near the main rivers entering the lake, resulting in a significant reduction in the surface runoff flowing into the Ebinur Lake [56]. The irrigation area of cultivated land in the Ulungur Lake Basin has increased and the number of lake water resources has decreased, but the project of diverting the Irtysh River to Ulungur Lake increased the inflow water to Ulungur Lake [57]. The water consumption of Bosten Lake maintains the domestic water, industrial, and agricultural production of Bayingolin Mongolian Autonomous Prefecture. The local government uses the opportunity of Bosten Lake in the wet season to transfer ecological water to the Tarim River [58].



In this paper, only ICESat data were used to analyze the lake water level data. JASON-1 JASON -2, JASON -3, ENVISAT, and cryosat-2 altimetry satellites provided a good data source for the dynamic change monitoring of inland lake water levels. LANDSAT was used to analyze the lake area data. Finally, high-resolution images can grasp the change information of lakes quickly and accurately for a long time, so they can provide more powerful support for water resource investigation and monitoring, ecological civilization construction, and response to global climate change.




5. Summary


We obtained water levels from ICESat GLA14 between 2003 and 2009, and a long-term and continuous investigation of lake surface areas was conducted using Landsat images from 1989 to 2015. The data showed shrinkage in non-alpine lakes and expansion in alpine lakes. The minimum increase rate of the water levels of alpine lakes was 0.06 m/y, indicating rapid expansion from 2003 to 2009. By contrast, non-alpine lakes decreased more substantially, and the maximum decrease rate of the water level was 0.40 m/y.



We analyzed five typical alpine lakes, all of which were glacier-fed lakes. In addition, they were less affected by human activities than other lake types. In the lake basins, the supply coefficients exhibited a close correlation with the change rate of water level. On the other hand, the G–L ratio had only a weak correlation. From 2003 to 2009, the water level changes agreed well with variations in precipitation in the wet seasons and temperature in the snowmelt period. It was found that in different geographical environments, different factors may lead to different changes in the water resources of alpine lakes. Alpine lakes in the Kunlun Mountains increased more rapidly, with an average change rate of 0.40 m/y, compared with alpine lakes in the Tianshan Mountains (0.06 m/y). Thus, it can be seen that the expansion of alpine lakes is affected by comprehensive factors, precipitation, temperature, and snowmelt.



Our research was limited to analyzing the response of lake water resources to factors such as precipitation, glacier meltwater, temperature, and runoff. The change rate of the mooring water level may also be related to the characteristics of lake bathymetry, groundwater discharge, and other factors. However, because of the limitations of the measured water level, meteorological station data, and other potential factors, it is difficult to establish a reliable numerical model of the water balance of alpine lakes. To quantitatively clarify the driving mechanism of water balance in alpine lakes, reliable meteorological factor data, high-precision remote sensing satellites, and advanced modeling technology are requisite.
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Figure 1. Technology roadmap. 
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Figure 2. Geographic locations of study lakes. 
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Figure 3. From 1989 to 2015: lake area changes of typical lakes. 
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Figure 4. Water level change rate of eight typical lakes from 2003 to 2009. 
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Figure 5. (a) Water level change rate of alpine lakes (type 1) and non-alpine lakes (type 2); (b) analysis of relationship between water level change rate and G–L ratio in type 1 lakes; (c) analysis of relationship between water level change rate and supply coefficient in type 1 lakes. 
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Figure 6. From 1989 to 2015: the rate of change in temperature and precipitation in Xinjiang: (a) precipitation, (b) temperature. 
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Figure 7. The raster number of cultivated land from 1980 to 2015. 






Figure 7. The raster number of cultivated land from 1980 to 2015.



[image: Atmosphere 13 00713 g007]







[image: Table] 





Table 1. Variations in water levels and lake area of eight typical lakes in Xinjiang (the lake type is coded as ‘‘1′’ for alpine lakes and ‘‘2′’ for non-alpine lakes.).
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	ID
	Lake
	Lake Area (km2)
	Level (m)
	Glacier Area

in Basin (km2)
	Lake Basin/Lake
	Glacier

/Lake
	Type





	1
	Ebinur Lake
	567.75
	194.52
	597.15
	88.51
	1.05
	2



	2
	Ulungur Lake
	856.31
	483.45
	0.00
	37.37
	0.00
	2



	3
	Bosten Lake
	987.25
	1047.14
	321.51
	21.56
	0.34
	2



	4
	Aksai Chin Lake
	198.25
	4852.98
	707.66
	40.31
	3.57
	1



	5
	Changhong Lake
	30.11
	4907.62
	0.83
	32.22
	0.03
	1



	6
	Aqqikkol Lake
	417.60
	4256.17
	231.79
	31.59
	0.55
	1



	7
	Ayakekum Lake
	765.95
	3880.33
	395.52
	33.07
	0.52
	1



	8
	Sayram Lake
	459.16
	2074.55
	6.73
	2.88
	0.01
	1
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Table 2. The relationship between water levels and climate variables of alpine lakes between 2003 and 2009.
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Lake

	
Temperature in Snowmelt Period

	
Precipitation in Wet Seasons




	
Correlation Coefficient

	
Correlation Coefficient






	
Aksai Chin Lake

	
0.49

	
0.48




	
Changhong Lake

	
0.20

	
0.60




	
Aqqikkol Lake

	
0.47

	
0.57




	
Ayakekum Lake

	
0.32

	
0.60




	
Sayram Lake

	
0.82

	
0.50
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