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Abstract:



The change in snow cover under climate change is poorly understood in Tianshan Mountains. Here, we investigate the spatiotemporal characteristics and trends of snow-covered area (SCA) and snow-covered days (SCD) in the Tianshan Mountains by using the cloud-removed MODIS fractional snow cover datasets from 2001–2015. The possible linkage between the snow cover and temperature and precipitation changes over the Tianshan Mountains is also investigated. The results are as follows: (1) The distribution of snow cover over the Tianshan Mountains exhibits a large spatiotemporal heterogeneity. The areas with SCD greater than 120 days are distributed in the principal mountains with elevations of above 3000 m. (2) In total, 26.39% (5.09% with a significant decline) and 34.26% (2.81% with a significant increase) of the study area show declining and increasing trend in SCD, respectively. The SCD mainly decreases in Central and Eastern Tianshan (decreased by 11.88% and 8.03%, respectively), while it increases in Northern and Western Tianshan (increased by 9.36% and 7.47%). (3) The snow cover variations are linked to the temperature and precipitation changes. Temperature tends to be the major factor effecting the snow cover changes in the Tianshan Mountains during 2001–2015.
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1. Introduction


Snow cover, as an important component of land cover, is one of the natural materials on the Earth’s surface with wide distribution, obvious seasonal variation, and high sensitivity to climate change [1]. Snow plays an important role in the global energy and water cycles because of its high albedo and thermal and water storage properties, and can indicate the changes in global climate [2,3,4]. Studying snow cover variation is of great importance in monitoring and maintaining water management for ecosystem processes and irrigation practices [5]. For example, in arid and semi-arid regions of Western China, snow cover is a very important water resource, since water from melted snow forms the headwaters for several of the largest rivers in Asia. In these regions, the snowmelt water is dominant among all water sources [6]. Consequently, snow can also largely influence agriculture and animal husbandry [7,8]. More importantly, more than one sixth of the global population relies on water from mountainous snowmelt [9].



The Tianshan Mountains, as the water tower of Central Asia [10], are the source of major rivers in Central Asia (e.g., the Chu River, Syr Darya River, Ili River, Tarim River and others). They have attracted a large amount of attention for climate and cryosphere studies during the past decades; being consistent with the global warming, most mountain glaciers and glacial lakes in Tianshan Mountains are in a state of rapid change [11,12,13]. Snow cover in Tianshan Mountains, is an important predictor of regional climate change, as well as a crucial water source for its surrounding arid regions, and greatly influences the hydrological and biological processes. The snowmelt water from Tianshan Mountains is the lifeblood of agriculture and animal husbandry in its downstream arid regions [14]. Particularly, in Xinjiang, the big agricultural province of China, the rivers runoff comes from the Tianshan Mountains is 474 × 108 m3, accounting for 53.6% of the total rivers runoff in Xinjiang Province [14]. However, due to the scarcity and limitation of meteorological station, the in-situ snow cover observations are difficult to adequately quantify the spatiotemporal variability of snow cover in the mountainous regions [15,16]. There should be many uncertainties and incompleteness in those previous studies that only applied in-situ observations to monitor the long-term snow cover change in the Tianshan Mountains [17,18,19,20,21]. Therefore, an updated and exhaustive analysis of spatiotemporal variation of snow cover in the Tianshan Mountains is necessary.



Recent technological advances in satellite remote sensing have allowed remote sensing data to extract the information of snow cover in the inaccessible areas with rugged terrain and hostile climate [16]. The most recent and advanced remote sensing snow cover product is produced by the Moderate Resolution Imaging Spectroradiometer (MODIS) flown on the Earth Observing System (EOS) Terra and Aqua platforms, is launched in 1999 and 2002, respectively [22,23]. A suite of MODIS snow cover products [24], including binary snow cover map (snow or non-snow) and fractional snow cover (FSC) map at various spatial and temporal resolutions, have been widely used to depict the spatiotemporal patterns of snow cover in mountainous areas [16,25,26,27]. Evaluation studies have suggested a high accuracy of MODIS snow cover products under clear skies, when comparing with the in-situ observations and other higher resolution satellite data at both regional and global scales [15,23,26,27,28,29]. However, the extensive cloud obscuration in MODIS snow cover products greatly limits their applications [22,23]. A validation study of MODIS snow cover images over Tibetan Plateau by Tang et al. [26] found that about 47.3% of the areas were cloud-covered. In recent years, A series of methods have been developed to eliminate the cloud obscuration in using the binary MODIS snow cover products, such as the daily images combination from two MODIS platforms (Terra and Aqua) [30,31], adjacent temporal deduction [32,33,34], multi-sensor combination [35,36,37] (combining MODIS and passive microwave snow products), and the snow-line method (SNOWL) [38]. These methods can effectively reduce the cloud obscuration in the daily MODIS binary snow-cover maps for the monitoring of snow cover dynamics. However, they sacrifice temporal and spatial resolution and introduce some uncertainties to different degrees [39]. Because the MODIS fractional snow cover (FSC) maps [24,40] more accurately represent the gradual changes in snow cover in each pixel than the binary snow cover maps, the use of the FSC data could be better for the removal of the cloud cover by temporal filtering. Consequently, a cubic spline interpolation cloud removal method was developed to effectively eliminate the cloud covered pixels from the MODIS FSC products and was well applied in Tibetan Plateau [26,41,42]. The advantage of the cloud removed MODIS FSC products is that the FSC changing curve (the characteristic of gradual changes) for each pixel are considered, rather than the simple substitution by multiday combination for the binary snow cover products, and all of the cloud pixels and other missing or abnormal pixels are removed with a high snow-classification accuracy, thus providing considerable application value for snow cover monitoring.



The spatiotemporal variation of the snow cover is affected substantially by both the temperature and precipitation [6,16,26,43]. As one of the most sensitive and prominent areas responding to global climate changes, the temperature of the Tianshan Mountains in Central Asia has increased more than twice the rate of global warming in the past decades (1960–1998) [44,45]. Under the context of global warming hiatus [46,47], since there was a sharp increase in 1998, the temperatures of the Tianshan Mountains have been in a state of high variability from 1998 to 2015; and this 17-year period is still the warmest in nearly half a century [44,48]. Precipitation in Tianshan Mountains remained relatively stable and with a small increase [44]. The state of high variability in temperature of the Tianshan Mountains has led to changes in mountainous hydrological processes and water resources, and increased the runoff in the Tianshan Mountains due to the accelerated glacier/snowmelt [44,49,50,51]. Therefore, it is very necessary to examine the possible linkages between the snow cover and the climatic parameters (precipitation and temperature) in the Tianshan Mountains.



In this work, we investigate the spatiotemporal variations of snow cover in the Tianshan Mountains during 2001–2015, based on the cloud removed daily MODIS FSC data, and the possible linkages between snow cover and two main climate parameters (temperature and precipitation). We also examine the snow cover variations from different subregions (Central Tianshan, Western Tianshan, Northern Tianshan and Eastern Tianshan) of the Tianshan Mountains. The specific aims are to examine the snow cover variations in the Tianshan Mountains during the state of high variability in temperature of the Tianshan Mountains since 1998 [44,48] and to address the possible cause for the snow cover changes from the perspective of climate factors.




2. Study Area


The Tianshan Mountains are largest mountain systems in Asia, stretching 2500 km across Central Asia within 67°–95°E and 38°–47°N (Figure 1). The Tianshan Mountains cover a large fraction of Central Asia, spanning regions from Uzbekistan to Kyrgyzstan and from southeastern Kazakhstan to Xinjiang of China. The major peaks in Tianshan Mountains stand about 4000 to 6000 m above sea level, with the highest peak, Thomuer, at 7439 m [20]. Tianshan Mountains are heavily glaciated and snow-covered region; there are 15,953 glaciers with a total area of 15,416 km2 [52]. The Tianshan Mountains play an important role in determining the climatic processes in northern Central Asia. It is also a region of internal drainage in Central Asia, which affects the great Aralo-Caspian, Central Asia, Balkhash, Issik Kul, and Tarim hydrographic systems [20]. Based on mountain ranges, drainage and climate features, Tianshan Mountains are subdivided into the following regions [10,13]: Central Tianshan, Western Tianshan, Northern Tianshan and Eastern Tianshan (Figure 1). The climate characteristics and cryosphere change showed obvious differences in these four subregions [10,13,20]. The total area of the study area is 135.5 × 104 km2; and the areas of these subregions are accounted for 13.9% (Central Tianshan), 34.7% (Western Tianshan), 20.3% (Northern Tianshan), and 31.1% (Eastern Tianshan), respectively (Figure 1). The monthly average of precipitation and temperature in the Tianshan Mountains are shown in Figure 2.


Figure 1. Location and the extent of the study area, and boundaries of four subregions. Blue dots denote meteorological stations.
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Figure 2. Monthly average of precipitation and temperature in the Tianshan Mountains during 2001–2015.
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3. Data and Methodology


3.1. Data


3.1.1. MODIS Fractional Snow Cover (FSC) Data


In this study, the MOD10A1 data for 2001–2015 from the National Snow & Ice Data Center (NSIDC) (https://nsidc.org/) are employed to investigate snow cover variations in the Tianshan Mountains. MOD10A1 data are daily snow cover products, which include both binary snow cover and fractional snow cover (FSC) products (with a resolution of 463.3 m), gridded in sinusoidal projection [24]. The MODIS FSC mapping algorithm is developed by Salomonson and Appel [40], which is based on a statistical-linear relationship developed between the normalized-difference snow index (NDSI) from MODIS and the true subpixel fraction of snow cover as determined using Landsat scenes. Evaluation studies have proved a high accuracy (with a mean absolute error less than 0.1) of the MODIS FSC data [23,26,40]. The daily MOD10A1 FSC products, including five MODIS tiles (h22v04, h23v04, h23v05, h24v04 and h24v05), are used in this study.



Using the MODIS Reprojection Tool (MRT) [53], the MOD10A1 FSC data are mosaicked and resampled from the original 463.3 m pixel size to 500 m, and georeferenced into a UTM projection with a datum of WGS84. The final mosaicked images are converted to GeoTIFF file format.




3.1.2. Meteorological Observation Data


Daily temperature and precipitation and snow depth data from 47 meteorological stations (Figure 1) in the Tianshan Mountains for 2001–2015 are collected from China Meteorological Administration (http://data.cma.cn) and NOAA’s National Centers for Environmental Information (NCEI) (https://www.ncdc.noaa.gov/), formerly known as National Climatic Data Center. The temperature and precipitation data are used to survey the linkages between snow cover changes and climate variations during the study periods. Snow depth data are used to validate the improved daily cloud-free MODIS FSC maps produced in this study.





3.2. Methods


3.2.1. Cloud Removal from MODIS FSC Data


The extensive cloud obscuration in the mountainous area greatly limits the use of MODIS snow cover products to monitor the snow cover change [23,26,54]. Due to the daily shifting characteristics of the clouds, and the FSC changes gradually (day by days) with the snow melting, it is possible to accurately acquire the FSC value of the cloud pixel through temporal filtering using the observations in the days of clear sky. Therefore, the cloud removal method for MODIS FSC products developed by Tang et al. [26,41], which is based on the cubic spline interpolation algorithm, is used in this study to remove cloud cover. Details on the cubic spline interpolation cloud removal method and the relevant accuracy evaluation strategies can be found in the work of Tang et al. [26,41]. It was efficient in retrieving the FSC information of these cloud covered pixels over Tibetan Plateau, with the overall mean absolute error is 0.092; and there was a high consistency between MODIS-derived snow-covered days (SCD) (derived from the cloud-removed MODIS FSC products) and the in-situ observed SCD, the mean absolute error is 3.82 days [26,41].



Based on this cloud removal method, the daily cloud-free MODIS FSC datasets in Tianshan Mountains from 2001 to 2015 are produced. Figure 3 shows the comparisons of original MODIS FSC map and cloud-free MODIS FSC map in the Tianshan Mountains, using the 315th day of 2014 as an example. Two methods have been used to evaluate the accuracy of the cloud-free MODIS FSC products.


Figure 3. Original MODIS fractional snow cover (FSC) map (a); and the cloud-removed MODIS FSC map (b) on the 315th day of 2014.
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(1) The “cloud assumption” method, which was mentioned in the Section 3.3.2 and Figure 3 in Tang et al. [26]. In this validation process, the four original MODIS FSC images of the Tianshan Mountains with relatively less cloud obscuration (on 62nd, 109th, 272nd, and 307th day of 2012) are selected as the reference images (i.e., “true value” images) for validation. Our results show the overall mean absolute error for the retrieved FSC information of these cloud covered pixels in the Tianshan Mountains is 0.097, which indicates that the cubic spline interpolation cloud removal method is possible to accurately acquire the FSC value of the cloud pixels.



(2) The in-situ observed snow-covered days (SCD) validation. The MODIS-derived SCD (derived from the cloud-free MODIS FSC products) values are validated using in-situ observed SCD at the 47 climate stations in the Tianshan Mountains (Figure 1) for the 15 years (2001–2015). The in-situ observed SCD is the days in a year when the snow depth is larger or equal to 1 cm. The MODIS-derived SCD is calculated as the description in Section 3.2.2. The mean consistency (%) between MODIS-derived SCD and in-situ SCD is determined by:


[image: ]



(1)




where C is the mean consistency (%), and SCDmod and SCDground are MODIS-derived SCD and in-situ SCD, respectively. N is the total number of in-situ SCD observations for the 15 years.



The validation results show that the MODIS-derived SCD maps have a mean consistency of 85.79% with in-situ observed SCD, and the mean absolute error is 4.17 days. The higher consistency between MODIS-derived SCD and in-situ SCD indicates that the cloud-free MODIS FSC datasets have a high accuracy to monitor the snow cover in the Tianshan Mountains.




3.2.2. Methodology of Snow Cover Changes


For the period from 2001 to 2015, the daily cloud-free MODIS FSC datasets of the Tianshan Mountains are derived from MOD10A1 FSC products using the cubic spline interpolation cloud removal method. To investigate the spatiotemporal variations of snow cover, we obtain the snow-covered area (SCA) and snow-covered days (SCD) from daily cloud-free MODIS FSC data and examine them from the study area and the four subregions. In addition, four seasons, spring (March–May), summer (June–August), autumn (September–November), and winter (December–February), are used to differentiate the seasonal effects.



In the process of SCA analysis, only the pixels in the MODIS FSC images with the value greater than 50 (i.e., FSC greater than 50%) are considered as snow covered pixels. The SCD is the total number of days that a pixel is covered with snow in a year [31]. The SCD represents the overall snow cover conditions for a region in a year. Therefore, the maps of the spatial distribution of SCD have potential significance for local water resources, the livestock industry, agriculture, and emergency management [43]. In this study, the SCD images are calculated using all cloud-free MODIS FSC images for a given year. The calculation equation is shown as:


[image: ]



(2)




where N is the total number of days (images) within a year and Di is the snow cover fraction (%) in a pixel (0 ≤ Di ≤ 100). Ceil (Di ≥ 50) counts the numbers of Di ≥ 50. For instance, if the pixel value on the image is 60 (i.e., 60% snow cover), the SCD adds 1. If the pixel value on the image is 10 (i.e., 10% snow cover), the SCD adds 0 and is unchanged.



Trend analysis of a time series consists of the magnitude of trend and its statistical significance. Linear regression analysis is one of the most common methods of simulating the change trend of a time series. In this study, the ordinary least squares (OLS) regression is employed to calculate the linear trends of the SCD over the 15 years. A trend is considered statistically significant if its significance levels at 5%. Specifically, the slope of the least-squares line fitting of the SCD is calculated as:
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(3)




where Slope is the slope of the least-squares line fitting; i is the serial number from 1 to 15 for the years from 2001 to 2015; n is the cumulative number of years; and SCDi is the value of SCD in the ith year. When Slope > 0, there is an increasing tendency; when Slope = 0, there is no increasing or decreasing tendency; when Slope < 0, there is a decreasing tendency. Their significance levels (p) of F-test are presented.



In addition, change percentage (ChP) (%) of SCD in the 15 years is calculated using the following equation:
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(4)







In the same way, the linear trend analysis (Slope) and the change percentage (ChP) are also used to examine the interannual variations of SCA.




3.2.3. Linkages between Snow Cover and Temperature and Precipitation


Pearson correlation analysis is used to investigate the correlations between snow cover (SCA or SCD), and temperature and precipitation dynamics for the 15 years (2001–2015). Pearson correlation coefficient (r) is a measure of the linear correlation between two variables x and y, which can be calculated with Equation (5).
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(5)




where rxy is the correlation coefficients between x and y; x is the SCA (or SCD), y is the temperature or precipitation; n is the number of the samples; and [image: ] and [image: ] denote the average values of the x and y, respectively. Since the correlation coefficients are determined in the period from 2001 to 2015, n equals to 15 here. The correlation is considered significant if it is at the 5% significance levels.






4. Results


4.1. Annual Cycle and Spatial Pattern of Snow Cover


Figure 4 shows the time series of the daily SCA (%) for the four subregions from 2001 to 2015, and the annual cycle of SCA (%) over the entire Tianshan Mountains and the four subregions. There are strong seasonal variations in SCA for the study area (Figure 4). At the entire Tianshan Mountains scale, the SCAs from the end of November to the middle of March are greater than 20%, with relatively large standard deviations reflecting the high interannual variability, whereas, in the June–September period, the SCAs are less than 5% and with a relatively small interannual variability (Figure 4c). The SCAs over the Tianshan Mountains show the highest in January–February (about 62.7%), and then progressively decrease as snow melting, and reach the lowest in August (about 1.2%, 16,260 km2). The annual mean SCF over the Tianshan Mountains is about 20.6% during the study period.


Figure 4. Dynamic changes of daily snow-covered area (SCA) percentage (%) for four subdivided regions during 2001–2015 (a); and annual cycle of SCA (%) for the four subregions (b); and the whole region of the Tianshan Mountains (b). The SCA values in (b,c) are averages of 15 years from 2001 to 2015. The error bars in (c) show the standard deviation, indicating the interannual variations of SCA from 2001 to 2015.
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At subregion scales, the differences in the seasonal fluctuations of SCA exhibit distinct climatological characteristics (Figure 4b). Northern Tianshan is situated under strong influence of the Siberian anticyclonic circulation, where precipitation is mostly in the form of snowfall in the cold season; and it is also influenced by frontal cyclonic circulation and northern jet stream, which bring considerable precipitation, even in cold season [20]. As a result, there are the highest SCAs during winter in Northern Tianshan, unlike the other subregions of the Tianshan Mountains (Figure 4b). In winter, Western Tianshan is under weak influence from the Siberian anticyclonic circulation and moderate southwest cyclonic circulation, which bring in warm moist air and maximize precipitation; but the winter precipitations in Central and Eastern Tianshan are relatively rare [20]. Correspondingly, winter SCAs in Western Tianshan are relatively higher than Central and Eastern Tianshan (Figure 4b). Due to huge mountains of the Central Tianshan, the SCAs during April–October in Central Tianshan are dramatically higher than the other regions. The glaciers and perennial snow cover in July–August are mainly located in Central Tianshan (Figure 4b).



Figure 5 presents the spatial patterns of monthly mean FSC (%) over the Tianshan Mountains during 2001–2015. The distribution of snow cover exhibits a large spatiotemporal heterogeneity over the Tianshan Mountains. In Figure 4 and Figure 5, seasonal dynamic rule of snow cover can conclude as three stages: (1) snow accumulation period from September to January, in which the SCA continue to expand from high altitude mountains to valleys and plains; (2) snowmelt period from February to June, in which the SCA gradually decrease from plains to high mountains; and (3) perennial snow cover appearing stage (July–August), in which the perennial snow cover almost exclusively distributes on the top of high mountains in the study area.


Figure 5. Spatial patterns of monthly mean fractional snow cover (FSC, %) in the Tianshan Mountains for 2001–2015.
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4.2. Spatiotemporal Variations of Snow Cover during 2001–2015


4.2.1. Interannual Variations of Snow Cover Area


Figure 6 illustrates the interannual variation of seasonal mean SCA (%) for different subregions and whole Tianshan Mountains during 2001 to 2015. The corresponding linear trends (Slope, %/year) and change percentage (ChP, %) are presented in Table 1. The time series fluctuations in seasonal mean SCA over the Tianshan Mountains show very high interannual variability (Figure 6). The mean SCA in summer over the Tianshan Mountains displays a decreasing trend (−0.016%/year, and ChP of 12.17%), indicating the mean SCA in summer during 2001–2015 decreased by 12.17%; and the decreases occur at the all subregions, especially for the significant decrease in Northern Tianshan (Slope of −0.018%/year, and ChP of −30.49%). A slight decreasing trend of the mean SCA in winter is also found from the entire Tianshan Mountains (Slope of −0.114%/year, and ChP of 2.93%) during 2001–2015, while the decreases mostly occur in Eastern and Central Tianshan, 14.78% and 12.16%, respectively. Generally, the mean SCA in autumn shows increasing trends in all the subregions (with the ChP of 23.76–24.70%), except for a slight decreasing trend in Central Tianshan. The mean SCA in spring over the Tianshan Mountains displays a slight increasing trend, mostly occurring in Northern and Western Tianshan (Figure 6 and Table 1).


Figure 6. Interannual variation of seasonal mean snow-covered area (SCA, %) in: spring (a); summer (b); autumn (c); and winter (d), for different subregions and whole Tianshan Mountains from 2001 to 2015.
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Table 1. Linear trends (Slope, %/year) and change percentage (ChP, %) of seasonal mean SCA (%) for different subregions and the whole Tianshan Mountains during 2001–2015.







	
Regions

	
Spring

	
Summer

	
Autumn

	
Winter




	
Slope

	
ChP

	
Slope

	
ChP

	
Slope

	
ChP

	
Slope

	
ChP






	
Western Tianshan

	
0.101

	
9.05

	
−0.008

	
−7.66

	
0.153

	
24.17

	
0.170

	
4.52




	
Northern Tianshan

	
0.377

	
31.91

	
−0.018 *

	
−30.49

	
0.171

	
23.76

	
0.158

	
2.92




	
Eastern Tianshan

	
−0.056

	
−6.54

	
−0.013

	
−13.45

	
0.162

	
24.70

	
−0.466 *

	
−14.78




	
Central Tianshan

	
−0.261

	
−13.83

	
−0.044

	
−10.39

	
−0.115

	
−8.18

	
−0.427

	
−12.16




	
Whole Region

	
0.058

	
4.99

	
−0.016

	
−12.17

	
0.122

	
15.96

	
−0.114

	
−2.93








* indicates statistical significance at the 0.05 level of the trends.









4.2.2. Interannual Variations of Snow Covered Days


The spatial distributions of SCD from 2001 to 2015 over the Tianshan Mountains are shown in Figure 7. Table 2 presents the area ratio for different SCD categories during 2001–2015. The spatial distribution and pattern of SCD from year to year over the Tianshan Mountains seem very similar and relatively stable. The areas with SCD greater than 60 account for about half (50.44%) of the Tianshan Mountains, which are mainly distributed in high elevation mountains and northern areas of the Tianshan Mountains. Those areas with SCD greater than 60 are usually considered as regions with stable snow cover [26], are the major source of snowmelt water, and are where numerous large rivers originate. Considering the DEM in Figure 1, the areas with SCD greater than 120 (occupied the area of 20.2%) are consistent with the elevation zone of 3000 m and higher. Corresponding well with the major huge mountains, they are essential water source areas for the Tianshan Mountains. There is a slight decreasing trend for the areas with SCD greater than 240, which can be regarded as an approximate change trend for cryosphere (permanent snow cover, glaciers and glacier lakes) of the Tianshan Mountains. The areas of other SCD categories show relatively high fluctuations in the 15 years, although there is no significant tendency (Table 2).


Figure 7. Spatial distribution of yearly Snow-covered days (SCD) in the Tianshan Mountains from 2001 to 2015.
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Table 2. Area ratio for different SCD categories over the Tianshan Mountains during 2001–2015.







	
Year

	
Area of SCD (%)




	
SCD ≤ 20

	
21 ≤ SCD ≤ 60

	
61 ≤ SCD ≤ 120

	
121 ≤ SCD ≤ 240

	
SCD ≥ 241






	
2001

	
29.35

	
19.77

	
32.39

	
14.68

	
3.81




	
2002

	
21.47

	
31.67

	
29.44

	
13.56

	
3.85




	
2003

	
23.06

	
23.58

	
23.78

	
24.88

	
4.70




	
2004

	
33.50

	
27.43

	
18.77

	
17.03

	
3.27




	
2005

	
23.01

	
24.06

	
34.16

	
15.19

	
3.58




	
2006

	
15.41

	
25.58

	
41.93

	
14.05

	
3.04




	
2007

	
29.36

	
29.25

	
27.31

	
11.89

	
2.18




	
2008

	
17.33

	
26.14

	
39.96

	
14.08

	
2.49




	
2009

	
35.18

	
18.98

	
23.90

	
17.99

	
3.95




	
2010

	
34.54

	
16.37

	
26.84

	
18.22

	
4.03




	
2011

	
27.10

	
19.17

	
27.53

	
23.31

	
2.88




	
2012

	
16.88

	
19.13

	
36.16

	
24.94

	
2.90




	
2013

	
28.88

	
25.33

	
29.70

	
14.01

	
2.07




	
2014

	
26.33

	
17.02

	
34.37

	
19.41

	
2.87




	
2015

	
33.09

	
25.41

	
21.35

	
17.08

	
3.08










Figure 8 illustrates the trend (Slope) of SCD (including its significance level) and the change percentage (ChP) at the pixel scale for the 15 years. A large number of pixels (39.35%) are characterized by very small change trends in SCD (i.e., −0.5 < Slope < 0.5 days/year), and are mainly distributed in the low altitude areas with small SCD value. In total, 26.39% of pixels are characterized by the decrease in SCD (Slope < −0.5 days/year) during 2001 to 2015. Although only 5.09% of pixels with the trend of decrease are statistically significant (p < 0.05), large decreases that with the Slope of less than −1.5 days/year (9.2%) are mostly located in Northern Tianshan and the east of Eastern Tianshan. In contrast, 34.26% of pixels are characterized by the increase in SCD (Slope > 0.5 days/year), with only 2.81% of these statistically significant (p < 0.05). The increases with the Slope greater than 1.5 days/year account for 8.1%. Most of the pixels (60.6%) are with relative small change percentages (−20% < ChP < 20%) in SCD during the 15 years. Overall, 7.9% of the pixels are with the SCD decreased by >40% (ChP < −40%), and 3.7% increased by >40% (ChP > 40%). These pixels with large change percentage of SCD are mainly distributed in the low altitude areas, in which the yearly mean SCD are very small.


Figure 8. Change trend (Slope, days/year) of SCD (a); and its significance level (b); and the change percentage (Chp, %) (c) in pixel scale during 2001–2015 over the Tianshan Mountains. Significant changes indicate its statistical significance at the 5% level.
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Figure 9 and Table 3 further present the linear trends of SCD for different subregions and whole Tianshan Mountains during 2001–2015. Decreasing trends of SCD are found in Central and Eastern Tianshan during the 15 years, with Slope of −0.78 and −0.35 days/year, and decreased by 11.88% and 8.03%, respectively. In Northern and Western Tianshan, the SCD present slight increasing trends, increasing by about 9.36% and 7.47%, respectively. However, the SCD for the whole Tianshan Mountains shows almost no increase or decrease from 2001 to 2015, although it presents a high fluctuation. These results are roughly compatible with the changes of seasonal snow cover (in Table 1).


Figure 9. Interannual variation of SCD for different subregions and whole Tianshan Mountains from 2001 to 2015.
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Table 3. Linear trends (Slope) (days/year) and change percentage (ChP) (%) of SCD for different subregions and the whole Tianshan Mountains during 2001–2015.







	
Regions

	
Slope

	
ChP






	
Western Tianshan

	
0.381

	
7.473




	
Northern Tianshan

	
0.626

	
9.357




	
Eastern Tianshan

	
−0.347

	
−8.034




	
Central Tianshan

	
−0.780

	
−11.882




	
Whole Region

	
0.037

	
0.686








None of the trends (Slope) meet the statistical significance at the 5% level.










4.3. Correlations between Snow Cover, Temperature and Precipitation


To explore the possible mechanisms for snow cover changes over the Tianshan Mountains, we examined the linkages between the snow cover (including SCD and SCA) and two important climate parameters (temperature and precipitation) variations by the correlation analysis. Table 4 presents the Pearson correlation coefficients between the SCD, temperature, and precipitation at annual scale for the period of 2001–2015. Table 5 and Table 6 show the Pearson correlation coefficients between the monthly SCA and temperature and precipitation, respectively, from 2001 to 2015. The SCD shows a significant negative correlation with the annual mean temperature (r = −0.702), and a very slight positive correlation with the precipitation (r = 0.091) over the entire Tianshan Mountains; and analogous correlations are found in the subregions (Table 4). These results suggest that temperature was the dominant climatic factor affecting the interannual variations of SCD in the study area, and the high fluctuation of SCD over the Tianshan Mountains (Figure 9) is mostly due to the variability of temperature.



Table 4. Pearson correlation coefficients between the annually SCD, temperature, and precipitation in different subregions and the whole Tianshan Mountains for the period of 2001–2015.







	
Regions

	
Temperature

	
Precipitation






	
Western Tianshan

	
−0.680 **

	
0.116




	
Northern Tianshan

	
−0.810 **

	
−0.149




	
Eastern Tianshan

	
−0.399

	
0.159




	
Central Tianshan

	
−0.487

	
0.221




	
Whole Region

	
−0.702 **

	
0.091








** indicates statistical significance at the 0.01 level.








Table 5. Pearson correlation coefficients between the monthly SCA and temperature in different subregions and the whole Tianshan Mountains for the period of 2001–2015.







	
Months

	
Western Tianshan

	
Northern Tianshan

	
Eastern Tianshan

	
Central Tianshan

	
Whole Region






	
January

	
−0.598 *

	
−0.384

	
−0.379

	
−0.576 *

	
−0.432




	
February

	
−0.834 **

	
−0.580 *

	
−0.400

	
−0.910 **

	
−0.716 **




	
March

	
−0.525 *

	
−0.681 **

	
−0.599 *

	
−0.553 *

	
−0.643 **




	
April

	
−0.627 *

	
−0.581 *

	
−0.523 *

	
−0.672 **

	
−0.702 **




	
May

	
−0.327

	
−0.756 **

	
−0.426

	
−0.740 **

	
−0.647 **




	
June

	
−0.770 **

	
−0.521 *

	
−0.369

	
−0.486

	
−0.573 *




	
July

	
−0.545 *

	
−0.436

	
−0.246

	
−0.456

	
−0.529 *




	
August

	
−0.491

	
−0.262

	
−0.152

	
0.332

	
−0.325




	
September

	
−0.656 **

	
−0.405

	
0.034

	
−0.483

	
−0.530 *




	
October

	
−0.414

	
−0.574 *

	
−0.170

	
−0.360

	
−0.478




	
November

	
−0.510

	
−0.498

	
−0.366

	
−0.380

	
−0.459




	
December

	
−0.505

	
−0.523 *

	
−0.323

	
−0.405

	
−0.498








** and * indicate statistical significance at the 0.01 and 0.05 level, respectively.








Table 6. Pearson correlation coefficients between the monthly SCA and precipitation in different subregions and the whole Tianshan Mountains for the period of 2001–2015.







	
Months

	
Western Tianshan

	
Northern Tianshan

	
Eastern Tianshan

	
Central Tianshan

	
Whole Region






	
January

	
0.647 **

	
0.202

	
0.316

	
0.797 **

	
0.408




	
February

	
0.286

	
0.460

	
0.246

	
0.458

	
0.307




	
March

	
0.585 *

	
0.113

	
0.107

	
0.730 **

	
0.274




	
April

	
0.559 *

	
−0.009

	
0.075

	
0.624 *

	
0.264




	
May

	
0.352

	
0.349

	
−0.001

	
0.267

	
0.214




	
June

	
0.291

	
0.441

	
0.305

	
0.249

	
0.313




	
July

	
0.056

	
0.353

	
0.347

	
0.193

	
0.212




	
August

	
0.279

	
0.457

	
0.090

	
0.374

	
0.341




	
September

	
0.690 **

	
0.514 *

	
0.340

	
0.798 **

	
0.656 **




	
October

	
0.568 *

	
0.520 *

	
0.543 *

	
0.785 **

	
0.711 **




	
November

	
0.697 **

	
0.386

	
0.527*

	
0.725 **

	
0.582 *




	
December

	
0.636 *

	
0.211

	
0.138

	
0.542 *

	
0.385








** and * indicate statistical significance at the 0.01 and 0.05 level, respectively.








At monthly scales, although there are big differences of the correlation coefficients between SCA and the two climate parameters (varying among different months and subregions), the SCA is mostly negatively correlated with the temperature and positively correlated with the precipitation (Table 5 and Table 6). This means the approximate rule is that a decrease (increase) in the SCA is associated with a decrease (increase) in precipitation or warming (cooling) in climate. In general, the correlation coefficients between SCA and temperature are higher than that of SCA and precipitation (except for autumn months), suggesting that the interannual variations of snow cover over the Tianshan Mountains are mainly caused by temperature. This is in consistent with the significant negative correlation between SCD and temperature at annual scale (Table 4). Specifically, the effects of temperature on SCA over the Tianshan Mountains are highlighted with significant negative correlations in the snowmelt period of February–June (Table 5); it also means that large interannual changes of temperature in February–June will lead to considerable variations of the SCA, advancing or postponing the snowmelt and spring peak runoff. The effects of temperature on snow cover in August is mainly manifested by the rises or falls of snow line rather than the SCA, which contributes to the low correlation coefficients between temperature and SCA in the August. The positive correlation between SCA and precipitation over the Tianshan Mountains is mainly presented in the snow accumulation season (especially in autumn) with the high correlation coefficients.





5. Discussion


In this study, the MODIS FSC products (MOD10A1) are used to investigate the spatiotemporal changes of snow cover over the Tianshan Mountains. Using the developed cloud removal method for MODIS FSC products, the daily cloud-free MODIS FSC datasets in Tianshan Mountains from 2001 to 2015 are produced accurately, allowing efficient and accurate mapping of the SCA and SCD.



Several studies [15,16,26] have shown that there are two maxima appearing in spring and autumn and a relative minimum during winter months for the annual cycle of SCA over the Tibetan Plateau (which is adjacent to the Tianshan Mountains). In this work, we find that only one maximum (62.7%) and minimum (1.2%) of SCA occur in January–February and August (1.2%), respectively. This reflects a clear regional difference and seasonal variance in climate between the Tianshan Mountains and Tibetan Plateau. The lowest SCA values in August over the Tianshan Mountains are compatible with the glaciers area of 15,416 km2 [52], representing the glaciers and permanent snow cover. The differences of seasonal fluctuations in SCA for different subregions exhibit distinct climatological characteristics in Tianshan Mountains (Figure 4), especially the relative higher SCA of winter months in Northern and Western Tianshan are basically congruent with the regional difference of winter precipitation [20].



Under the context of global warming, and the state of high variability in temperature of the Tianshan Mountains since 1998 [44,48], the cryosphere of the Tianshan Mountains has been changing rapidly [10,11,12,13]. A number of studies have investigated snow cover change in Tianshan Mountains of china, using meteorological stations data [17,18,19,21]; one general conclusion of them is that snowfall and snow cover depth in Tianshan Mountains of China show an increasing tendency in the last decades of the 20th century. In this work, we find decreasing trends of snow cover in Central and Eastern Tianshan (the SCD decreased by 11.88% and 8.03% respectively), and slight increasing trends in Northern and Western Tianshan (respectively, the SCD increased by 9.36% and 7.47%) during the 15 years. However, the snow cover for the whole Tianshan Mountains shows almost no apparent tendency from 2001 to 2015, although it presents a high fluctuation (Figure 9 and Table 3). The changes of seasonal snow cover (Table 1) are roughly compatible with the above results. These findings on snow cover changes in Tianshan Mountains are not consistent with the reported snow cover depth increases in the last decades of the 20th century [17,18,19,21], but in keeping with a recent study by Chen et al. [44], which shows the maximum snow cover decreases in Central and Eastern Tianshan, while slight increases in Western Tianshan during 2002–2013.



In a warmer world, less winter precipitation falls as snow and the melting of winter snow occurs earlier in spring, leading to a shift in peak river runoff to winter and early spring, away from summer and autumn when demand is highest [9]. In this study, the snow cover in summer decreases for all the subregions of Tianshan Mountains; and the decreasing trends of the snow cover in spring for Central and Eastern Tianshan are found during 2001–2015 (Table 1). These may imply an early snowmelt and early arrival of spring peak runoff along with the global warming and the state of high variability in temperature of the Tianshan Mountains. Changes of runoff and peaks moving forward are already detected in Central Asian rivers that are mainly supplied by glacier and snowmelt water from Tianshan Mountains [49,50,51]. Changes in SCA may also change the future runoff regimes and water availability in high-altitude catchments [55], thus impacting ecosystem, irrigation and agriculture, and water resources in the densely populated downstream areas [16,26].



It is true that the meteorological stations used in the correlation analysis of this study are heterogeneous and mostly located in the valley, which may not represent the temperature and precipitation conditions at higher altitudes where the snow cover frequently presents. While, strong linkage between the snow cover and climate factors (temperature and precipitation) is found, although the absolute values of the correlation coefficients vary due to the different subregions. That is, the monthly mean SCA variation is generally negatively correlated with the temperature (especially in snowmelt periods) and positively correlated with the precipitation (especially during the snow accumulation periods). In addition, the overall effect of temperature on snow cover was far greater than the influence of precipitation. These results are roughly consistent with the relevant studies that analyzed the linkages between snow cover and climates in this study area, using only the meteorological stations data [17,21]. However, the effect of climate change on snow cover is very complex. First, the other climate factors such as sunshine duration, vapor pressure, wind velocity, and their synergistic effect also give rise to snow cover variation, which should not be ignored. Second, climate changes and their effect on snow cover vary with geographical environment, especially the elevations [16,56]. Furthermore, the period of 15 years, which is a long time considering available MODIS information, is not sufficient for statements about climate change. Most of the trends for snow cover change are not reached at the statistical significant level. A longer time series of data needs to be examined to obtain some more definitive conclusions about temporal trends of snow cover and the relationship with climate change. Therefore, quantifying the effects of climate factors on snow cover is an extraordinary challenge for further studies.




6. Conclusions


In this study, the spatiotemporal characteristics of snow cover in the Tianshan Mountains during 2001–2015 are investigated by cloud removed daily MODIS FSC data, with specific attentions to the four subregions. We also explore the possible linkage between snow cover and temperature and precipitation over the entire Tianshan Mountains and individual subregions. The main findings are summarized as the follows:



(1) The distribution of snow cover exhibits a large spatiotemporal heterogeneity over the Tianshan Mountains. The maximum (62.7%) and minimum (1.2%) of SCA occurs in January–February and August, respectively. The areas with SCD greater than 120 (about 20.2%), located in the elevations above 3000 m, are essential snowmelt water source areas for the Tianshan Mountains.



(2) The mean SCA in summer and autumn over the Tianshan Mountains show decreasing (decreased by 12.17%) and increasing (decreased by 15.96%) trends, respectively. In total, 26.39% (5.09% with a significant decline) and 34.26% (2.81% with a significant increase) of the study area show declining (Slope < −0.5 days/year) and increasing trends (Slope > 0.5 days/year) in SCD, respectively. The SCD decreases in Central and Eastern Tianshan (decreased by about 11.88% and 8.03%), while increases in Northern and Western Tianshan (increased by about 9.36% and 7.47%).



(3) The SCD over the entire Tianshan Mountains shows a significant negative correlation with the annual mean temperature (r = −0.702), and a slight positive correlation with the precipitation (r = 0.091). The monthly mean SCA variation is generally negatively correlated with the temperature (especially in snowmelt periods) and positively correlated with the precipitation (especially in the snow accumulation periods). The overall effect of temperature on snow cover was far greater than the influence of precipitation. If the global warming continues, melting of snow and peak runoff in Tianshan Mountains will occur earlier. The early snowmelt may lead to a reduction in summer flows, and subsequently change the flow regimes and water availability, thus impacting ecosystem, agriculture and water resources in the densely populated downstream areas.
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