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Abstract:



In arid areas, lakes play important roles in sustaining the local ecology, mitigating flood hazard, and restricting economic activity of society. In this study, we used multi-temporal satellite data to study annual variations in 16 natural lakes with individual surface areas over 10 km2, categorized into six regions based on their geographical and climatic information and on their relations with climate variables. Results indicated that annual variations in lake surface areas are different across these six regions. The surface area of Kanas Lake has not obviously changed due to its typical U-shape cross section; the areas of Ulungur Lake and Jili Lake increased sharply in the 1980s and then slightly decreased; the areas of Sayram Lake, Ebinur Lake, and Bosten Lake increased and then decreased, with peaks detected in the early 2000s; the areas of Barkol Lake and Toale Culler decreased, while those of the lakes located in the Kunlun Mountains steadily increased. Lake areas also show various relationships with climate variables. There is no obvious relationship between area and climate variables in Kanas Lake due to the specific lake morphology; the areas of most lakes showed positive correlations with annual precipitation (except Sayram Lake). A negative correlation between area and temperature were detected in Ulungur Lake, Jili Lake, Barkol Lake, and Toale Culler, while positive correlations were suggested in Bosten Lake and the lakes in the Kunlun Mountains (e.g., Saligil Kollakan Lake, Aksai Chin Lake, and Urukkule Lake).
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1. Introduction


In arid areas, lakes play important roles in sustaining local ecology, mitigating flood hazard, and restricting economic activity of society [1,2,3,4]. The Xinjiang Uygur Autonomous Region (abbreviated as Xinjiang hereafter) is an arid area in Northwestern China, and there are 137 lakes larger than 1 km2, covering an area of 5072 km2 in Xinjiang according to the Chinese Lake Catalogue [5]. In addition to the environment, lakes also significantly contribute to the local economy development in Xinjiang, e.g., the tourism in Kanas Lake and Tianchi Lake [6,7], salt mining factories in Barkol Lake, and Toale Culler Lake [8,9], and agricultural activities in Ebinur Lake and Bosten Lake [10,11]. Additionally, lakes are very sensitive to climate change [12]. According to [13], for the period of 1961–2008, the average annual temperature increased by 0.30 °C per decade and the annual mean precipitation increased significantly in Xinjiang. Therefore, it is very important to study their dynamics and how they change with climate variables.



In the literature, there are numerous lake studies in Xinjiang. The traditional way is to set up monitoring sites and measuring lake dynamics (e.g., water level). For instance, in Bosten Lake and Sayram Lake, lake level data were used to analyze temporal and spatial variation [14,15]. With the advancement of information technology, remote sensing has been used over the past two decades. Compared to traditional methods, remote sensing is less time-consuming, much more cost-effective, and has gained popularity in the study of lakes worldwide. For example, Bao et al. studied the dynamics of Ebinur Lake [16]; Cheng et al. studied the dynamics of Sayram Lake [15]; Chen et al. studied impact of glacier melt on Bosten Lake [17]; Yu et al. studied the impact of human activity on lakes in Northern Xinjiang [18]; Jing et al. studied major driving forces in six lakes in Xinjiang [19]; Li et al. researched major lake changes in Xinjiang [20]. However, most of these studies have focused either on a specific lake or on lakes in a specific region. There is a need to study the spatio-temporal dynamics and its relationship with climate variability in a holistic way. This will benefit lake management at the provincial level.



In this study, multi-temporal satellite remote sensing data was used to study 16 natural lakes with areas of over 10 km2, which have been subject to six different geographical and climatic circumstances across Xinjiang from 1972 to 2015.




2. Materials and Methods


2.1. Study Area


Xinjiang, with an area of more than 1.66 million km2, is located in the northwest of China. It is divided by the Tianshan Mountains into two parts: Northern Xinjiang and Southern Xinjiang. The Northern Xinjiang is composed by the Gurbantünggüt Desert and bound by the Altay Mountains in the north. The Southern Xinjiang is dominated by the Taklamakan Desert and bounded by the Kunlun plateau in the south (Figure 1). The annual mean temperature is about 8 °C and annual precipitation is less than 200 mm with a strong spatial heterogeneity [21]. Water is generated in the mountains, flows through the oasis, and finally disappears in the desert.


Figure 1. Geographic locations of the studied lakes.
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In this study, 16 natural lakes with an individual area larger than 10 km2 were investigated (Figure 1). According to the geographical and climate characteristics of Xinjiang and the distribution of lakes, these lakes were divided into six regions (Table 1). In Region I, one lake (Kanas Lake) in the Altay Mountains is featured with the high mean annual precipitation (up to 567 mm) with a high variation (coefficient of variation 24.2%). Region II includes two lakes, i.e., Ulungur Lake and Jili Lake, which are near the Gurbantünggüt Desert. Region III includes Sayram Lake and Ebinur Lake, which are located in the Northwestern Tianshan Mountains. In Region IV, two lakes (i.e., Barkol Lake and Toale Culler) located in the northeastern Tianshan Mountains are included. In Region V, lakes distributed in the southern Tianshan Mountains and the Bosten Lake are included. In Region VI, eight lakes are distributed at the north slope of the Kunlun plateau with an average elevation of 4953 m. These lakes and regions are shown in Figure 1 and listed in Table 1.


Table 1. Basic information on lakes in the six regions and the changing rates of lake areas in the past 45 years.





	
Region

	
Lakes

	
Area in the 1970s (km2)

	
Change Rate (%)

	
Area in 2015 (km2)




	
1970s–1993

	
1993–2004

	
2004–2015

	
1970s–2015






	
I

	
Kanas Lake

	
43.72

	
0.04

	
0.15

	
−0.29

	
−0.09

	
43.68




	
II

	
Ulungur Lake

	
778.76

	
12.32

	
−2.63

	
0.21

	
9.60

	
853.50




	
Jili Lake

	
162.57

	
7.18

	
−2.66

	
0.17

	
4.51

	
169.90




	
III

	
Sayram Lake

	
455.79

	
0.29

	
0.54

	
0.30

	
1.13

	
460.96




	
Ebinur Lake

	
554.01

	
−7.44

	
44.66

	
−47.14

	
−29.22

	
392.12




	
IV

	
Barkol Lake,

	
74.18

	
−12.02

	
−37.78

	
22.71

	
−32.82

	
49.83




	
Toale Culler

	
21.39

	
10.94

	
−0.13

	
−4.99

	
5.26

	
22.51




	
V

	
Bosten Lake

	
987.70

	
−5.65

	
9.32

	
−9.36

	
−6.51

	
923.41




	
VI

	
Saligil Kollakan

	
47.34

	
4.36

	
38.18

	
−8.78

	
31.54

	
62.27




	
Aksai Chin Lake

	
168.99

	
−0.93

	
11.18

	
39.94

	
54.14

	
260.48




	
Urukkule Lake

	
14.98

	
3.31

	
4.21

	
5.94

	
14.05

	
17.09




	
Tashkule Lake

	
11.11

	
−4.57

	
9.70

	
158.49

	
170.62

	
30.05




	
Changhong Lake

	
17.77

	
−19.09

	
112.48

	
81.86

	
212.64

	
55.56




	
Whale Lake

	
276.53

	
−7.01

	
12.01

	
17.40

	
22.28

	
338.16




	
Aqqikkol Lake

	
359.66

	
0.65

	
16.31

	
27.97

	
49.81

	
538.81




	
Ayakekum Lake

	
615.44

	
3.63

	
15.92

	
34.41

	
61.47

	
993.73











2.2. Data Collection


Satellite images were used to extract lake surface areas. Four hundred sixty-four Landsat MSS, TM, ETM+, and OLI images were collected from the U.S. Geological Survey (http://glovis.usgs.gov/). These images have a resolution of 30 m, except for the MSS images, which have a spatial resolution of 60 m. Satellite images that were cloud-free over the studied lakes were selected. To eliminate the effect of seasonal snow cover, selected images were taken between August and October.



The monthly mean temperature and the monthly precipitation with a spatial resolution of 0.5° × 0.5° from 1971 to 2015 were obtained from the China Meteorological Data Sharing Service System (http://cdc.cma.gov.cn/). These data were used to study the relation between lake areas and climate variables.



Watershed boundaries and stream networks were used to define lake watershed boundaries. These data were obtained from the HydroSHEDS dataset (www.worldwildlife.org/pages/hydrosheds). Together with digital elevation model (DEM) data (lta.cr.usgs.gov/GTOPO30), these watershed boundaries were inspected and modified with the help of Google Earth Geomorphology. Landuse data is provided by the Data Center for Resources and Environmental Sciences, Chinese Academy of Sciences (RESDC) (http://www.resdc.cn). In addition, glacier data, acquired from the second Chinese Glacier Inventory [22], were also used to identify if there was a glacier in the watershed.




2.3. Extraction of Lake Surface Area from Landsat Image


MSS, TM, ETM+, and OLI images acquired in the form of digital number (DN) were calibrated to surface reflectance values [23]. Although there are various ways to extract lake surface area (e.g., visual interpretation, water ratio index, and normalized difference moisture index [24]), the normalized difference water index (NDWI) was used to extract lake surface area, as this index is a quick and accurate way to extract water body information [25,26,27,28]. NDWI is calculated as


[image: ]



(1)




where [image: ] and [image: ] are the reflectances of green and NIR bands, respectively. The NDWI value ranges from −1 to 1. When applying NDWI, one needs to set the NDWI segmentation thresholds, which are normally between 0 and 0.2 [29,30]. NDWI segmentation threshold was set to 0.2 for salt lakes and 0 for other lakes to distinguish water bodies and vegetation information. Areas with an NDWI greater than 0 or 0.2 were defined as lake area. Finally, all lake areas were visually inspected using a false-color RGB composite image with a combination of Bands 5, 4, and 3 [31,32] and modified based on Google Earth Geomorphology. Figure 2 demonstrates an example of lake area extraction for Sayram Lake and Ebinar Lake in Region III.


Figure 2. Representative lake water extent mapping based on NDWI: (a) A false-color RGB composition of Bands 5, 4, and 3; (b) NDWI map; (c) Distribution of spectral frequency.
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2.4. Statistical Analysis


A linear-regression analysis was used to study the annual trend of lake area, precipitation, and temperature for each lake region as in Equation (2):


[image: ]



(2)




where Y is the dependent variable (i.e., lake area, precipitation, or temperature in the study), and X is the annual time series (e.g., X = 1975, 1976, …, 2015), coefficients a and b are the intercept and slope of the regression model, and [image: ] is the error term. Coeffcient b is used to identify the annual change of dependent variable Y.



Correlation coefficient was used to study the relationship between climate variables and lake area at each region as in Equation (3):


[image: ]



(3)




where [image: ] is a time series of lake area with average [image: ], and [image: ] is a time series of climate variable with average [image: ]. These climate variables include annual precipitation (AP, mm), annual mean temperature (AMT, °C), previous one-month, two-month, and three-month precipitations of the lake area (P1, P2, and P3), temperature from March to May (T3_5), and temperature from June to August (T6_8). P1, P2, and P3 are used to study how fast the lake area responds to precipitation in summer, and T3_5 and T6_8 are used to indicate the effects of snowmelt and glacial melt on lake area.





3. Results and Discussion


3.1. Spatial and Temporal Variability of Temperature and Precipitation


Figure 3 shows mean annual precipitation (AP) and mean annual temperature (AMT) for the period of 1971–2015. Both mean annual precipitation and mean annual temperature exhibit strong spatial variation. AMT ranges from −6.6 to 3.3 °C with a mean −1.0 °C and AP from 157 to 567 mm with a mean of 303 mm. Precipitation decreases from Regions I to VI, while temperature decreases from the Tianshan Mountain regions (Regions III, IV, and V) to the South and the North (Region I).


Figure 3. Mean annual precipitation (AP, mm) and annual mean temperature (AMT, °C) of the six regions for the period of 1971–2015.
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Figure 4 shows the temporal variations in AP and AMT in each region. For all regions, AP slightly increased (i.e., all coefficients are positive) although it is significant (p < 0.05) only in regions II (p = 0.022) and V (p = 0.0153). On the contrary, AMT shows a significant increase in all regions (i.e., p < 0.05). In the six regions, the temperature increasing rate ranges from 0.0192 °C/a (p < 0.05) to 0.0461 °C/a (p < 0.0001). The highest increase rate was found in Region IV, followed by Regions II, III, and VI, where these values approaching 0.04 °C/a (p < 0.0001), and the lowest increase rate was shown in Region I.


Figure 4. Interannual variations in annual precipitation (AP, mm) and annual mean temperature (AMT, °C) at each region from 1971 to 2015.
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3.2. Variations in Lake Area and Landuse in Each Region


Table 1 and Figure 5 shows lake area change from the 1970s to 2015 in each region. The total lake surface area increased from 4594 km2 in the 1970s to 5222 km2 in 2015 with an expansion of 13.7%. However, different regions experience different changes. Region I does not show a significant change, with a mean lake area of 43.76 km2 and a standard deviation of 0.2 km2. For Region II, there was a sharp increase in the 1980s from 941.32 km2 to 1049.62 km2, which was followed by a slight decrease. For Region III, there was a significant increase from 1999 to 2003, followed by a significant decrease to 2015. For Region IV, lake area decreased. Region V had a similar pattern as Region III, and its area peaked in 1999~2002. For Region VI, there is a steady increase trend in the lake area with a rate of 27.78 km2/a with a p value smaller than 0.0001 from the 1970s to 2015.


Figure 5. Inter-annual variations in lake areas in six regions from 1972 to 2015.
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Figure 6a shows the landuse map in Xinjiang in 2015. There were no significant visual changes from 1980 to 2015. Other plots show the percentages of each landuse category in each region from 1980 to 2015. Generally, there have been no significant changes in landuse in each region. Except Region I, Sayram Lake in Region III, and Region VI, there is a certain amount of cultivated land in each region. Although areas of this cultivated land are small (around or over 5%), its influence on lake area is significant, as cultivated land is distributed around lakes and acts either to intercept riverflow before it flows to the lake or to divert lake water for human uses (irrigation, industry, and domestic use).


Figure 6. Landuse map of Xinjiang in 2015 (a) and variations in landuse during 1980 to 2015 in each region (b–h).
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3.3. Relationships between the Lake Area and Climate Variables


Table 2 lists correlations between lake area and climate variables in each region. Except for those in Region III, lakes show similar correlations with these climate variables within the same region. It is worth noting that the lake in Region I (Kanas Lake) is peculiar because the lake area does not change significantly, and this caused a large amount of uncertainty when the satellite images were processed. This region is not discussed here, but will be discussed in Section 4. For all regions (except Sayram Lake in Region III, which has no correlation with precipitation), lake area has a positive correlation with AP, and these correlations are significant (except in Region IV), especially in Regions III (i.e., Ebinur Lake) and VI (i.e., correlation coefficients are 0.44 and 0.58 at a significance level of 0.05). These indicated a relatively strong (compared to other regions) positive impact of precipitation on lake area. Columns P1, P2, and P3 show correlations between lake area and previous one-month, two-month, and three-month precipitations. For P1, lake area has a significant correlation only in Region V, while there is no effect in Regions II and VI. For P2, lake area has a significant correlation only in Region VI, while correlations are not significant in other regions. For P3, correlations in Regions II, V, and VI are significant (especially Region II—0.55). Correlations with P1, P2, and P3 indicates a lagged lake inflow from rainfall.


Table 2. Correlations between lake area and climate variables in each region (* and ** indicate the significance level of 0.10 and 0.05, respectively).





	Region
	AP
	P1
	P2
	P3
	AMT
	T3_5
	T6_8





	I
	0.26
	0.03
	0.26
	0.24
	0.18
	0.14
	−0.02



	II
	0.38 *
	−0.13
	0.21
	0.55 **
	−0.28
	−0.25
	−0.36 *



	III (Sayram Lake)
	−0.02
	0.01
	−0.08
	−0.09
	0.49 **
	0.56 **
	0.47 **



	III (Ebinur Lake)
	0.44 *
	0.31
	0.29
	0.13
	−0.02
	0.01
	0.16



	IV
	0.32
	0.22
	0.26
	0.25
	−0.27
	−0.27
	−0.48 **



	V
	0.34 *
	0.39 *
	0.32
	0.38 *
	0.45 *
	−0.03
	0.35 *



	VI
	0.58 **
	0.09
	0.45 *
	0.44 *
	0.36 *
	0.40 *
	0.20









For AMT, lake area is negatively correlated with AMT in Regions II and IV and has a significant positive correlation in Regions V and VI and in Sayram Lake in Region III. There is no correlation for Ebinur Lake in Region III. Except in Region V, lake area has a similar correlation with T3_5 as with AMT. For T6_8, lake area has significant negative correlations with T6_8 in Regions II and IV, while it has positive correlations in Regions I (0.35) and VI (0.20).





4. Discussion


As mentioned earlier, in Region I, lake area does not change too much. According to Feng [33], cross sections along the longitudinal direction are in U-shape forms through historical glacier erosion (Figure 7). Figure 7 also shows the relations of lake area and volume with water level. At a lake area of 43 km2, the slope of the lake area in Figure 7 is 0.1656 km2/m, while the slope of lake volume is 0.326 × 108 m3/m. This means that a 1 m increase of water level led to a 0.1656 km2 increase in lake area, and a 0.326 × 108 m3 increase in volume. Therefore, it is very hard to study the impact of climate change (or variation) on this lake with this satellite data. The result listed in Table 2 are rather heavily impacted by errors in these satellite data.


Figure 7. Typical cross section area and relations between water level, surface area, and the volume of Kanas Lake in Region I. (Adapted from Feng et al [33])
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Sayram Lake and Ebinur Lake in Region III behave differently with respective to their correlations with precipitation and temperature. Sayram Lake has a strong positive correlation with temperature (AP, T3_5, and T6_8) but no correlation with precipitation, and this indicates snowmelt and glacier melt causes lake area fluctuation. On the contrary, Ebinur Lake has a strong positive correlation with precipitation, but no correlation with temperature. Sayram Lake catchment is a closed catchment surrounded by mountains with little human activity, while Ebinur Lake catchment has been heavily influenced by human activity such as population growth and increased cultivated lands, as was demonstrated in Figure 6 [16]. Human intervention has complicated the relationship between lake area and temperature.



Except for Regions I and III, all regions show a positive correlation with AP. To some degree, these values indicate the extent to which human intervention is involved. For example, Region IV has a low correlation, which suggests strong human activities (e.g., salt extraction) in this region [8,9] as indicated in Figure 6, whereas Region VI has a high correlation and there is less human activity compared to Region IV. The correlation with P1, P2, and P3 indicates if there is a lagged response of lake area to rainfall. As all lake area data were collected in August and September, and given that most rain falls in June, July, and August, if the correlation with P1 is high, then the reaction is very high. However, strong reaction of lake area to P1 will not necessarily indicate a high correlation between them, as there might be human intervention.



Temperature can have two effects on lake inflow, one is to reduce it through evapotranspiration and the other is to increase it by causing snowmelt and/or glacier melt if any. In our study, Regions V and VI have high positive correlations with AMT, which indicates that the effect of snowmelt and/or glacier melt is larger than evapotranspiration. This is confirmed by its correlation with snowmelt factor T3_5 (only for Region VI) and glacier melt factor T6_8. It is worth noting that, in Region V, the correlation with T3_5 is low because of river water use for plant seeding and growing [34,35]. On the contrary, Regions II and IV have negative correlations with AMT, which means evapotranspiration dominates. This is confirmed by its negative correlation with temperature in spring and summer (T3_5 and T6_8).




5. Conclusions


In this study, we used multi-temporal satellite data to study annual variations in 16 natural lakes with individual surface areas over 10 km2, which were categorized into six regions based on their geographical and climate information and on their relations with climate variables. We conclude the following:

	(1)

	
The annual variations in lake surface areas are different across six different regions. The surface area of Kanas Lake (Region I) did not show any obvious change during 1972~2015, due to its U-shape cross-sectional profile, which means that the water level is a better variable than lake area to study the relationship between lake variation and climate factors; lake area in Region II largely increased in the 1980s and then slightly decreased; lake area in Regions III and V increased and then decreased with the peaks in the early 2000s; lake area decreased in Region IV but increased in Region VI.




	(2)

	
Lake areas also show different relationships with climate variables across six different regions. The surface area of Kanas Lake (Region I) did not show any obvious relationship with climate variables; lake area in the other regions of all lakes (except Sayram Lake in Region III) was positively correlated with annual precipitation (AP), and this was significant in Ebinur Lake in Regions III and IV; lake area in Regions II and IV was negatively correlated with annual mean temperature (AMT), and evapotranspiration had a great impact on lake area; lake area in Regions V and VI was positively correlated with annual mean temperature (AMT), and snowmelt and glacier melt had a great impact on lake area. However, in Region V, the effect of snowmelt was diminished by human activity.









The dynamics of lake area is very complicated and influenced by its geographical characteristics, climate variables, glacier coverage, and human activity. However, this study only touches on geological characteristics, climate variables, and glacier coverage. As human interaction with the local water resources in Xinjiang has increased, lake area, as a result, has developed substantially. This needs to be investigated next.
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