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Abstract: In the context of global warming, snow cover changes have an extremely important impact
on the hydrological cycle and the redistribution of water resources in arid and semi-arid regions.
In this paper, based on the daily cloud-free snow area remote sensing product data in the source
region of Yangtze River (SRYR) from 2000 to 2019, the snow phenology variables such as the snow
cover day (SCD), snow onset date (SOD), snow end date (SED), and snow duration day (SDD) were
extracted separately for each hydrological year, and the vertical distribution of snow cover area (SCA)
in the SRYR was analyzed by combining with the digital elevation model (DEM). In addition, we
also combined climate factors and land cover types to further explore the spatiotemporal variation
characteristics of snow phenology in response to different influencing factors, in order to reveal the
spatiotemporal variation patterns of snow cover in the SRYR. The results showed that: (1) The SCA
in the SRYR has a more obvious vertical distribution, with the maximum SCA reaching 61.58% at
high elevation, while at low elevation, the SCA is mostly below 20%. The distribution of SCD in the
study area showed a significant exponential correlation with DEM (R2 = 0.87). (2) The area of SOD
in the SRYR showed an advanced trend of about 63.37%, while the area of SED showed a delayed
trend of about 69.59%, and the area which showed significant trends is 4.29% and 4.36%, respectively.
Therefore, the trends of both SOD and SED showed insignificant changes. (3) Temperature change is
the main factor affecting the change of snow cover in the SRYR. Among them, 90.9% of the regions
showed a significant positive correlation between temperature and SCD, while precipitation showed
a significant negative correlation with SCD in about 75.3% of the total area of SRYR. Under the stable
snow area (SCD > 60), the land cover type is glacial or permanent snow about 1.5 × 103 km2, which
covers almost the entire glacial or permanent snow of the SRYR.

Keywords: snow cover area; snow phenology; spatiotemporal variation; climate change; source
region of Yangtze River

1. Introduction

Snow cover is an important component of the cryosphere and a key part of the
hydrological cycle [1,2], and snow cover has properties such as high reflectivity, high latent
heat of phase change, and low heat conduction [3]. Snow accumulation and melting have
important effects on surface energy balance, atmospheric circulation, and water cycle and
water allocation [4], which play a critical role in the self-adjustment of the global and
regional climate system. Snow cover is extremely sensitive to climate change [2,5], and
with increasing global warming, the snow cover in the Northern Hemisphere is showing a
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decline, which in turn triggers a series of climatic, hydrological, and disaster effects [6,7].
At present, snow melt is still the main source of water resources in arid and semi-arid
regions [8]; therefore, it is of great importance to effectively monitor snow phenology
(including snow onset date (SOD), snow end date (SED), and snow duration day (SDD))
and snow cover changes for water redistribution and response to climate change.

In recent years, with the continuous development of remote sensing technology, the
advantage of remote sensing data in obtaining snow information on a large scale for a
long time has gradually been highlighted, which also provides new ideas for scholars
to analyze snow changes over a long time series [9]. The key to using remote sensing
data to monitor snow changes lies in the discrimination of snow pixels, and whether the
pixels can be accurately identified as snow or not directly affects the results of related
analysis. Yang et al. [10] conducted surveying and mapping of snow cover in China based
on Chinese meteorological satellite data FY-2D, FY-2E, and FY-3B, and the accuracy of
the measurements was verified with meteorological station observations. The results
showed that the combined use of FY-2D and FY-2E VISSR data reduces the cloud occlusion
by 30.47%, and the accuracy of snow accumulation images reaches 91.28%. Gascoin
et al. [11] conducted surveying and mapping of snow cover in the Pyrenees (France) by
calculating the normalized difference snow index using 20 m high-resolution Sentinel-2 data.
Muhuri et al. [12] constructed an algorithm for snow monitoring in forest landscapes by
combining satellite data such as Sentinel-2 and Landsat-7/8, and evaluated the algorithm
at test sites in forest landscapes in the Pyrenees (Spain) and the Sierra Nevada (USA).
The results showed that the algorithm has high accuracy in snow detection in forested
landscapes. Traditional optical remote sensing methods are limited to daytime monitoring,
and the monitoring accuracy is greatly affected by frequent cloud occlusions. Therefore,
Huang et al. [13] developed a minimum error thresholding algorithm to detect snow in
combination with S-NPP VIIRS satellite data based on the property that nighttime light
sensors have a strong perception of low-level reflected moonlight, and the results showed
that S-NPP VIIRS nighttime satellite data can provide reliable snow products for polar and
mid-latitude mountains, which are complementary to the standard moderate-resolution
imaging spectroradiometer (MODIS) snow products.

Currently, MODIS snow product data, such as MOD10A2 and MYD10A2, are widely
used in snow cover monitoring in different regions [14,15], and relevant studies have
shown that the overall absolute accuracy of MODIS snow cover data reaches 93% [16,17],
which also demonstrates the advantages of MODIS snow cover area product for snow
cover monitoring. Zhang et al. [18] focused on the vertical distribution of snow in different
elevation zones of the Manas River basin and its relationship with elevation and tempera-
ture by combining the measured surface temperature data and MODIS 8-day snow data.
Jin et al. [8] analyzed the spatiotemporal characteristics of snow cover on the Loess Plateau
using MODIS 8-day snow product data and found that the distribution of snow cover
was significantly correlated with elevation and snow cover was significantly negatively
correlated with temperature change. Notarnicola [19] analyzed global snow cover changes
and associated phenology based on MODIS snow product data and found that the global
snow cover in alpine regions has mainly shown a decreasing trend since the start of the
21st century and that nearly 78% of the regions had a decrease in snow duration of 43 days
or more. Anjum et al. [20] combined TRMM and MODIS multi-source remote sensing data
to analyze the snow cover variability in the Swat basin of the Hindu Kush, Pakistan, and
explored the influence of climatic and hydrological variables on snow cover variability,
and the results showed that snow and temperature effects at high elevation can have a
significant impact on net flows.
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The source region of the Yangtze River (SRYR) is located in the eastern alpine region
of the Qinghai-Tibet Plateau with higher elevation, and the SRYR is rich in alpine snow and
glacier resources. In recent years, the snow cover of glaciers in the SRYR has changed with
increasing global warming. At present, there are few studies on snow cover changes in the
SRYR; most of them are on the large-scale snow cover changes in the whole Qinghai-Tibet
Plateau, but the spatiotemporal changes of snow cover at the small scale are neglected, so it
is necessary to carry out research on snow cover change monitoring in the SRYR. Using the
MODIS daily cloud-free snow cover area product for SRYR from 2000 to 2019, this paper
analyzed the spatiotemporal characteristics of snow cover in the SRYR by extracting snow
phenology and snow cover area (SCA), and further explored the effects of different factors
on snow cover changes by combining digital elevation model (DEM), land cover type, and
meteorological data.

2. Materials and Methods
2.1. Study Area

The Yangtze River, which originates in the Tanggula Mountains on the Tibetan Plateau,
is the third longest river in the world. The SRYR is the catchment region above the
Zhimenda hydrological station, with a basin area of about 1.59 × 105 km2 [21], accounting
for about 8.83% of the total area of the Yangtze River basin. The SRYR (32◦25′~35◦53′ E,
89◦43′~97◦19′ N) is located in the southern part of Qinghai Province, which belongs to
the hinterland of the Qinghai-Tibet Plateau, and the main rivers are the Tuotuo River, the
Dangqu River, and the Chumal River, etc. (Figure 1). The elevation of the study area
ranges from 3512 m to 6456 m, with an average elevation of about 4779 m [22], and the
topography shows an overall trend of high in the west and low in the east. The SRYR has a
typical plateau continental monsoon climate with a clear distinction between dry and rainy
seasons. The average annual temperature in the study area ranges from −5.5 to 4 ◦C, and
the average annual precipitation is about 429.7 mm, of which the precipitation from June to
September can account for 76.7% of the total annual precipitation [23]. The land cover type
in the SRYR is mainly grassland, which has an area of about 1.16 × 105 km2, followed by
bare land with an area of about 1.52× 104 km2. In addition, the SRYR is rich in rivers, lakes,
alpine snow, and glaciers, with about 1.55 × 103 km2 of glaciers and permanent snow, and
is an important flow-producing and water-conserving area in China. Therefore, the SRYR,
together with the source region of the Yellow River and the source region of Lancang River,
is known as the largest alpine wetland ecosystem in the world [24].

2.2. Dataset

The snow cover data used in this paper are the “MODIS daily cloud-free snow cover
area product for Sanjiangyuan from 2000 to 2019” [25] provided by the National Tibetan
Plateau Data Center (http://data.tpdc.ac.cn (accessed on 5 May 2022)). Based on MODIS
snow data, this dataset guarantees the recognition accuracy of snow extent by improving
different snow extraction methods for different subsurfaces, while combining the hidden
Markov model algorithm and Special Sensor Microwave/Imager to achieve the production
of completely cloud-free daily snow cover products [26,27]. The dataset has a spatial
resolution of 0.005◦ (approximately 500 m) and the time span is from 2000 to 2019.

The monthly precipitation data were obtained from the “1-km monthly precipitation
dataset for China (1901–2020)” [28] provided by the National Tibetan Plateau Data Center
(http://data.tpdc.ac.cn (accessed on 6 May 2022)) with a spatial resolution of 1 km, and
only the data from 2000 to 2019 were selected in this paper. The dataset was generated by
downscaling in the Chinese region using the Delta spatial downscaling scheme based on
the global 0.5◦ climate dataset published by CRU and the global high-resolution climate
dataset published by WorldClim. This dataset was validated using data from 496 indepen-
dent meteorological observation sites before publication and the validation results were
credible [29–32].

http://data.tpdc.ac.cn
http://data.tpdc.ac.cn
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Figure 1. Geographical location of the SRYR.

The land surface temperature data were obtained from the “A combined Terra and
Aqua MODIS land surface temperature and meteorological station data product for China
(2003–2017)” [33] provided by the National Tibetan Plateau Data Center (http://data.tpdc.
ac.cn (accessed on 5 May 2022)). The dataset has a spatial resolution of 5600 m and spans
the period from January 2003 to December 2017. This dataset mainly combines MODIS
daily data (MOD11C1 and MYD11C1), monthly data (MOD11C3 and MYD11C3), and
meteorological station data to recalculate the true monthly-scale surface temperature, and
further improves the accuracy by constructing a regression analysis model. The accuracy
analysis showed that the surface temperature reconstruction results were closely related to
the in situ measurements [34].

The DEM data were obtained from the Geospatial Data Cloud site, Computer Network
Information Center, Chinese Academy of Science (http://www.gscloud.cn/ (accessed on 10
March 2022)) with a spatial resolution of 90 m. The land cover types were obtained from Glo-
beland30: Global Geographic Information Public Product (http://www.globallandcover.com
(accessed on 25 April 2022)) with a spatial resolution of 30 m (Figure 2).

http://data.tpdc.ac.cn
http://data.tpdc.ac.cn
http://www.gscloud.cn/
http://www.globallandcover.com
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Figure 2. The land cover type map of SRYR.

2.3. The Research Methods
2.3.1. Snow Cover Indices

The main purpose of this paper is to study the vertical distribution of snow cover
and the relationship between snow cover changes and meteorological factors, including
the vertical distribution of SCA in different months, the intra-annual variation of snow
cover area in different elevation zones, the spatial distribution and change trend of annual
average snow cover days (SCD), the correlation between SCD and meteorological factors,
and the variation of snow phenology. Some indices are calculated as follows:

(1) Calculation of SCA and SCD

In the snow cover data adopted in this paper, 1 represents snow cover and 0 represents
non-snow cover. Therefore, the ratio of the number of snow pixels to the number of total
pixels can be used to represent the proportion of SCA. SCD represents the total number of
days covered by snow for a certain pixel in a hydrological year, and its calculation formula
is as follows:

SCD =
365

∑
i=1

is snow (i) (1)

where is_snow(i) = 1 represents a snow cover. is_snow(i) = 0 represents a non-snow cover;
i represents the position of a day in a hydrological year, where the hydrological year can
be defined as 1 September of the current year to 31 August of the following year. SCD
represents the number of days of snow cover in a year [18,35].

(2) Extraction of snow phenology

The snow phenology to be extracted in this paper includes: SOD, SED, and SDD. SOD
is the time of the first snow event in a hydrological year, and we record the first day of the
first snow event as SOD. Similarly, SED is the time of the last snow event in a hydrological
year, and we record the last day of that snow event as SED. SDD is the number of days
from SOD to SED, which is the difference between SED and SOD.

2.3.2. Trend Analysis Method

The trend analysis method used in this paper is a one-dimensional linear regression
analysis of a set of variables that vary with time series using the least squares method. This
method detects the trend of dynamic changes of variables on the pixel scale and can reflect
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the spatiotemporal characteristics of variables in an integrated manner [18]. The calculation
formula is as follows:

slope =
n×

n
∑

i=1
i× Xi −

n
∑

i=1
i

n
∑

i=1
Xi

n×
n
∑

i=1
i2 −

(
n
∑

i=1
i
)2 (2)

where n is the total number of time series, Xi represents the variable for the ith year, slope is
the variation trend, slope > 0 represents an increasing trend of the variable, and slope < 0
represents a decreasing trend of the variable.

2.3.3. The Pearson Correlation Coefficient

The Pearson correlation coefficient method is used in this paper to calculate the
correlation between SCD and meteorological factors (precipitation and surface temperature),
and then the potential relationship between them is analyzed. The calculation formula is
as follows:

R =

n
∑

i=1
[(xi − x)(yi − y)]√

n
∑

i=1
(xi − x)2

√
n
∑

i=1
(yi − y)2

(3)

where R is the correlation coefficient; n is the total research year; Xi and Yi represent the two
variables needed to be calculated for the ith year, respectively. x and y are the corresponding
multi-year averages of the two variables, respectively.

3. Results

Based on the daily snow cover data of SRYR, the corresponding analytical study on
the snow cover variation of SRYR was conducted in this paper. We found that the SCA of
SRYR is generally higher from October to December each year. Among them, the largest
SCA occurred on 7 November 2008, and nearly 1.005 × 105 km2 of SRYR was covered by
snow on that day, which accounted for 73.1% of the total area of SRYR. The snow cover
variation of SRYR is analyzed as follows.

3.1. Vertical Distribution of SCA

In this paper, the elevation of SRYR was divided into 15 zones at an interval of 100 m.
Then, the percentage of SCA within each zone was calculated by counting the total number
of pixels in different elevation intervals with the number of pixels under snow cover, and
finally the vertical distribution of snow area in different months in SRYR was plotted
(Figure 3). The SCA is the ratio of the total number of pixels under snow cover to the total
number of pixels in the elevation area. The SCA is monthly averages for the 2000–2019
time span. Based on the trends of SCA at different elevations, this paper further divided
the SRYR into four main elevation zones (A: <4500 m, B: 4500–5000 m, C: 5000–5500 m,
and D: >5000 m), and the areas are 2.02 × 104 km2, 9.6 × 104 km2, 1.95 × 104 km2, and
0.13 × 104 km2, respectively. On the whole, the vertical distribution of SCA in SRYR was
more obvious. In the elevation Zone A, the SCA percentage of each month was below 10%,
and the snow accumulation is mainly concentrated in November to February, and the SCA
of these four months is slightly higher than that of other months. In the elevation Zone B,
the SCA in October and November changed more obviously by elevation, and increased
significantly with the increasing elevation. In this elevation zone, although the SCA from
December to May also increased with the rising elevation, the overall SCA did not change
much and the SCA was relatively less influenced by the elevation. Within the C elevation
zone, the effect of elevation change on SCA in each month was more obvious, especially
in July and August when there were few changes in both A and B zones, and the SCA in
October and November was still high, ranging from 20% to 40%. In addition, the SCA from
April to June also showed a significant increase with the rise of elevation, and they were
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22.8%, 31.2%, and 21.8% in the 5400–5500 m elevation range, respectively. In the elevation
Zone D, the SCA reached the maximum in each month, and it can be seen that in the high
elevation area above 5500 m, the snow coverage rate was above 20% throughout the year,
and in the middle of November, the SCA was 54.1%, which reached the maximum.
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Based on the four different elevation zones, the daily SCA of different elevation zones
in the SRYR in 19 hydrological years was extracted in this paper, and the interannual
variation of SCA of the four elevation zones was plotted (Figure 4). Among them, the SCA
is the ratio of the total number of pixels under snow cover to the total number of pixels in
the elevation area, and the SCA is the average of 19 hydrological years.
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As can be seen in Figure 4, the overall trend of SCAs at different elevations was
generally consistent, but each elevation partition had its own characteristics. In Zone A,
the snow accumulation period was mainly in autumn and winter and the SCA reached a
maximum of 9.98% in January. From March, the snow in Zone A started to melt gradually
and melts away by early June, and from June to October, Zone A was basically free of
snow cover. Only after October, with the onset of the snowfall season and the decrease
in temperature, the SCA in Zone A steadily increased. The trend of SCA in Zone B was
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basically the same as that in Zone A, and the SCA in Zone B was below 20% and peaked at
the beginning of November (19.76%). Compared to Zone A, the snow accumulation period
in Zone B was slightly advanced, and the snow melt in Zone B continued until the end of
June. The snow accumulation period in Zone C can be divided into two periods, one from
October to November in the fall and the other in the winter and spring. During the first
snow accumulation period, the SCA in Zone C increased abruptly and reached 36.01% in
early November. However, soon in mid to late November, the snow melted rapidly and the
SCA decreased to 7.45%. At the beginning of the second snow accumulation period, the
SCA in Zone C increased at a slow rate of increase and reached an extreme value (18.6%)
at the end of May. After two accumulation periods, the snow cover in Zone C began to
gradually melt. By the end of July, the SCA in Zone C was almost zero, and then again
in late August, with the appearance of seasonal snowfall, the SCA in Zone C gradually
increased again. The elevation of Zone D was above 5500 m. Zone D has low temperatures
all year round and the snow melts more slowly. The percentage of SCA in Zone D was
mostly between 20 and 60% throughout the year, and the snow accumulation period was
also mainly in autumn (September–November) and spring (March–May). The duration of
the snow melt period in Zone D was relatively long, with a slow melt rate from November
to March and a faster melt rate from June to August, probably due to the gradual warming
of temperatures in the summer.

3.2. The Spatiotemporal Variation Trend of the Snow Phenology

Generally, the distribution of snow phenology in the study area showed strong spatial
variability. Based on the SCD, the study area can be divided into stable snow zone and
unstable snow zone, and generally speaking, SCD over 60 days can be called stable snow
zone. The average SCD of 19 hydrological years in the SRYR was calculated in this paper
(Figure 5a). Among them, the stable snow area was mainly distributed in the southeast
Tibetan Plateau, the eastern Tibetan Plateau, and the high elevation areas of the Qinghai
Plateau, accounting for 7.21% of the total area of the SRYR, while the area of the area with
SCD over 100 days only accounts for 2.35%. Nearly 67.27% of the area of SRYR had SCD
below 20 days, mainly distributed in the elevation Zone A and Zone B, which are below
5000 m in elevation. Topographically, Zone A and Zone B are surrounded by high elevation
areas, resulting in obstructed water vapor transport and thus little precipitation in the area,
which may be the main reason for the low SCD in low elevation areas.

The spatial distribution of SOD, SED, and SDD of SRYR in recent years is shown in
Figure 5b–d. On the whole, both SOD and SED of SRYR were closely related to the change
of elevation, with SOD gradually advancing and SED gradually delayed as the elevation
gradually increases. The SOD in most areas of SRYR was after 20 December, accounting for
62.76% of the total area, and most of these areas were below 5000 m in elevation. The areas
with earlier SOD were still mainly located in the southwestern part of SRYR and some
higher elevation areas such as the eastern part, especially in the southwestern part of SRYR,
where the elevation is above 5500 m, and the SOD was also advanced to before October,
much earlier than the other areas of SRYR. In terms of the spatial distribution of SED, the
areas where SED appeared after 20 June were mainly distributed in the southwestern and
western parts of SRYR and on both sides of the Tongtian River, and these areas were mostly
at the summit of the mountain range, where SED was slightly later than other areas due
to their special geographical location as well as environment. The areas at 4400–4800 m
elevation, such as the sides of Dangqu River and Beilu River, the central part of Chumal
River, and the part of the confluence of Tuotuo River and Dangqu River, were the earliest
areas of SED in SRYR, and their area accounts for 51.99% of the total area of the study area.
SDD differs numerically from SCD because SDD only considers the time of the start and
end of snow accumulation, but both showed a more similar spatial distribution pattern.
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In this paper, the trends of three snow phenology (SOD, SED, and SDD) in the SRYR
were calculated, respectively, by using the one-dimensional linear regression analysis, and
the Mann–Kendall trend test was combined to test the significance of the trends of snow
phenology. The SOD of SRYR showed a slow advance trend on the whole, but the trend of
SOD in most areas was not significant (Figure 6a,b). The areas with gradual advancement
of SOD were mainly distributed on the eastern side of Ulan-Ula Mountain, the western
part of the Qinghai Plateau, and some areas on both sides of the lower part of the Tongtian
River, accounting for about 63.37% of the total area. Among them, in the source of the Beilu
River and most of the northern part of the Tuotuo River, the areas where the rate of SOD
advancement was above 6 d/y accounted for 12.21% of the total area, and only 3.41% of the
areas showed a significant advancement trend. The area showed that a delayed trend of
SOD in SRYR accounted for 36.63%, and the rate of delay was about 1–6 d/y, but only 0.55%
of the area showed a significant delayed trend. From the trend of SED and the distribution
of significance (Figure 6c,d), 69.59% of the regions in SRYR showed a delayed trend of
SED, mainly in the northwestern part of SRYR, with 13.48% of the regions having a delay
rate of 6 d/y or more. The area where SED showed a significant delayed trend accounted
for 4.14% of the total area, while only 0.5% of the area showed a significant advanced
trend. Figure 6e,f illustrate the trend of SDD in the SRYR and the significance distribution,
respectively. The SDD in 55.81% of the SRYR showed an increasing trend, mainly in the
high elevation areas in the southwestern part of the SRYR, the mountainous areas on both
sides of the lower part of the Tongtian River, and the confluence of the Beilu River and the
Tongtian River, while the SDD showed a decreasing trend in 44.19% of the total area of the
area. From the distribution of significance of SDD change trends, the percentage of area
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that showed a significant increase and decrease in SDD was 0.67% and 0.45%, respectively,
which indicated that the change of SDD in the SRYR was not significant. In general, the
SOD in the northwest part of SRYR, such as the east side of Ulan-Ula Mountain, the north
side of Tuotuo River, and the south side of Beilu River, showed an advanced trend and the
SED showed a delayed trend. While in the high elevation areas such as the southern and
southwestern regions of SRYR, SOD showed a delayed trend, SED showed an advanced
trend, and SDD showed a shortened trend.
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3.3. Correlation of SCD with Temperature and Precipitation

Figure 7a,b show the spatial distribution of multi-year average temperature and the
correlation coefficient between temperature and SCD in the SRYR, respectively. Combined
with the elevation distribution of SRYR (Figure 1), we can see that the average temperature
is above 0 ◦C at lower elevations, such as parts of the river confluence and both sides of the
banks of the Tongtian River. The elevation of these areas was generally below 4500 m, and
the temperature change had a greater influence on the snow melt rate, and the correlation
coefficient between temperature and SCD in this region was mostly below −0.4, showing
a strong negative correlation. Therefore, temperature was a major factor influencing the
change of snow cover in this region. As the elevation gradually increases, the average
temperature also gradually decreases, and the influence of temperature on snow cover
also gradually decreases. In areas such as the southwestern and northwestern parts of
SRYR, the annual average temperature was below −4 ◦C, and in some areas, the average
temperature was even below −6 ◦C. The effect of temperature change on SCD in these
areas was relatively small, and the correlation coefficients are mostly between −0.2 and 0,
showing a weak negative correlation. In general, the area showing a significant negative
correlation between temperature and SCD in SRYR was about 1.25 × 105 km2, which
accounted for about 90.9% of the total area of SRYR. In addition, 18.35% of the regions have
a correlation coefficient below −0.4, especially in the southeastern part of the SRYR. In
some areas such as the southwest and northwest of SRYR, although temperature and SCD
also showed negative correlation, the overall correlation coefficient was smaller, mainly
because the effect of temperature change on snow melt rate decreases significantly with
increasing elevation, thus leading to a poor correlation between temperature and SCD in
some high elevation areas.
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Figure 8a,b illustrate the spatial distribution of average precipitation in the SRYR
and the correlation coefficient between precipitation and SCD, respectively. The average
precipitation in SRYR showed a high spatial distribution pattern in the northwest and a low
spatial distribution pattern in the southeast. Among them, the areas with more precipitation
were mainly concentrated in the southeast side of Tuotuo River and Tongtian River, and
the precipitation in these areas is mostly above 380 mm, especially in the lower part of
Tongtian River, where the average precipitation reaches more than 500 mm. Different from
temperature, precipitation showed a positive correlation with SCD in 85.36% of the regions.
As can be seen in Figure 8b, the areas with correlation coefficients above 0.4 were mainly
distributed in the northern part of the upper part of Tongtian River, which accounted for
14.94% of the total area. On the whole, the area showing a significant positive correlation
between precipitation and SCD is about 1.04 × 105 km2, accounting for 7% of the total
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area of SRYR, and the correlation coefficients are mainly concentrated between 0.2 and
0.4. In addition, combined with the elevation distribution of SRYR (Figure 1), we can
see that some regions with low correlation coefficients were mainly located in some high
elevation regions, such as the eastern side of Ulan-Ula Mountains, Zulqen-Ula Mountains,
and the northern side of Tanggula Mountains. These high elevation regions had relatively
low temperatures and precipitation mostly occurs in the form of snow, so they may be
covered with snow all year round, which makes the influence of precipitation events on
SCD changes gradually decrease. The relatively low elevation region does not have the
same stable snow cover as the high elevation region, and its snow cover mainly comes from
precipitation, so the correlation between precipitation and SCD is more obvious.

Atmosphere 2022, 13, x FOR PEER REVIEW 13 of 18 
 

 

 

Figure 8. Average precipitation of SRYR (a) and correlation coefficient between SCD and precipi-
tation (b). 

4. Discussion 
Based on the DEM data, the distribution of snow variation at different elevations 

was discussed, and the influence of precipitation and temperature on SCD variation in 
SRYR was analyzed by using the Pearson correlation coefficient method. The results 
showed that there is a very obvious vertical distribution of snow phenology and snow 
variation, and both temperature and precipitation have an obvious correlation with snow 
variation, among which temperature is the main factor to determine snow variation. 

4.1. The Effect of Elevation Changes on Snow Cover 
In this paper, the vertical distribution of SCA and the spatial distribution of snow 

phenology were focused on based on the DEM data of SRYR, and the distribution of SCD 
under different DEM was counted (Figure 9). The results showed that the change in ele-
vation has a significant effect on snow cover, and SCD showed an exponential correlation 
with DEM. In the area above 5000 m, the SCD changed significantly with the change of 
elevation. The spatial distribution of snow in SRYR varies more obviously, with more 
snow in the high mountain areas in the west, southwest, and southeast, and less in the 
interior, so the SCA shows more obvious differences in different elevation zones. In ad-
dition, the results also showed that SCA was generally less and SCD was relatively less at 
low elevations, while SCA was generally high at high elevations and SCD showed a sig-
nificant correlation with elevation, which is consistent with the findings of Chu [36] in the 
Tuotuo River basin. In the low elevation area, the snow mainly comes from seasonal 
snowfall, and the snow melts quickly, so it is difficult to form stable snow, so the SCD in 
this area is mostly below 20 d. In contrast, at high elevation, where temperatures are 
subzero year-round, snow melting rates are slow, especially at summits or ridges [6,36,37], 
and stable snow is highly susceptible to formation. At elevation above 5500 m, snow cover 
gradually decreases in November, and the main reason for this phenomenon may be the 
sublimation of snow in low temperatures, strong winds, and low-pressure environments 
[38]. 

Figure 8. Average precipitation of SRYR (a) and correlation coefficient between SCD and precipita-
tion (b).

4. Discussion

Based on the DEM data, the distribution of snow variation at different elevations was
discussed, and the influence of precipitation and temperature on SCD variation in SRYR
was analyzed by using the Pearson correlation coefficient method. The results showed
that there is a very obvious vertical distribution of snow phenology and snow variation,
and both temperature and precipitation have an obvious correlation with snow variation,
among which temperature is the main factor to determine snow variation.

4.1. The Effect of Elevation Changes on Snow Cover

In this paper, the vertical distribution of SCA and the spatial distribution of snow
phenology were focused on based on the DEM data of SRYR, and the distribution of
SCD under different DEM was counted (Figure 9). The results showed that the change in
elevation has a significant effect on snow cover, and SCD showed an exponential correlation
with DEM. In the area above 5000 m, the SCD changed significantly with the change of
elevation. The spatial distribution of snow in SRYR varies more obviously, with more snow
in the high mountain areas in the west, southwest, and southeast, and less in the interior,
so the SCA shows more obvious differences in different elevation zones. In addition,
the results also showed that SCA was generally less and SCD was relatively less at low
elevations, while SCA was generally high at high elevations and SCD showed a significant
correlation with elevation, which is consistent with the findings of Chu [36] in the Tuotuo
River basin. In the low elevation area, the snow mainly comes from seasonal snowfall, and
the snow melts quickly, so it is difficult to form stable snow, so the SCD in this area is mostly
below 20 d. In contrast, at high elevation, where temperatures are subzero year-round,
snow melting rates are slow, especially at summits or ridges [6,36,37], and stable snow is
highly susceptible to formation. At elevation above 5500 m, snow cover gradually decreases
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in November, and the main reason for this phenomenon may be the sublimation of snow in
low temperatures, strong winds, and low-pressure environments [38].
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4.2. The Effect of Climatic Factors on Snow Cover

The change in elevation not only affects the distribution of snow cover, but, most
importantly, it also affects the change in climatic factors [39]. Since the variation of SCD
with elevation is more obvious in the area above 5000 m, we combined the distribution
of elevation and climatic factors in the SRYR, and plotted the variation of temperature
and precipitation in the area above 5000 m elevation (Figure 10). By comparing the trend
distribution of temperature (Figure 10a) and precipitation (Figure 10b) with DEM, as
Figure 10 shows, the change of temperature has a highly significant negative correlation
with the elevation, while the precipitation gradually increases with the elevation and shows
a positive correlation with DEM. Since SRYR is located in the plateau area with an average
elevation of 4779 m and a year-round low temperature, the temperature in the study area
gradually decreases with the rise in elevation and shows a significant negative correlation.
From the distribution of temperature, precipitation, and SCD at different elevations, the
change of snow cover is significantly influenced by the temperature and precipitation at
different elevation zones. The influence of precipitation and temperature on the change
of snow cover can be visualized in the area with elevation above 5000 m. The gradual
decrease of temperature and the gradual increase of precipitation are the main reasons for
the obvious increase of SCD at high elevation.
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Since the start of the 21st century, temperature and precipitation in the SRYR have
shown a yearly increasing trend in the context of global climate change, which is mainly
characterized by warming [40]. However, as the trend of global change becomes more
pronounced, the temperature of the SRYR is also affected, which will inevitably lead to
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an increase in the rate of glacial snow melt in the SRYR [41,42]. From the results of this
paper, the spatial distribution of temperature is more obviously influenced by elevation,
and temperature shows a negative correlation with SCD. At low elevation, the increase of
temperature accelerates the melting of snow, so temperature is the main factor determining
the change of SCD, which is consistent with the results of previous studies [15,18]. In
addition, in some low elevation areas, the average annual temperature is mostly above 0 ◦C.
The increase in temperature will make it difficult for snow to exist for a long time in these
areas and will prevent the formation of a stable snow cover. However, as the elevation
continues to rise, the effect of temperature and SCD gradually decreases, which is due to
the fact that at high elevation where the temperature is often changing below 0 ◦C all year
round, it is difficult for the snow to melt in this environment. The main factor affecting
snow melt at this time is snow sublimation under low-pressure conditions [38], so the effect
of temperature change on snow accumulation is significantly lower at high elevation than
at low elevation.

Snow cover variation is a more complex process that is influenced not only by elevation
and temperature alone [38,43], but also by changes in precipitation, especially during the
warm season when temperatures begin to rise [18,44]. Huang et al. [41] conducted a
systematic analysis of precipitation and snowfall in the Tibetan Plateau region, and the
results showed that some of the precipitation at high elevation is in the form of snow, and
there is a non-significant trend of increasing snowfall in the western part of the SRYR,
while there is a significant trend of increasing precipitation. Due to the lack of stable snow
cover, precipitation is the driving factor of snow cover variability at lower elevations. In
contrast, at some high elevations, precipitation may delay the period of snow melt due to
the presence of stable snow, but the effect on snow variability also decreases significantly,
which is consistent with the results of some studies in the Qinghai-Tibet Plateau and
Tianshan region [44,45].

4.3. The Effect of Land Cover Type on Snow Cover

This paper also analyzes the differences in snow cover under different land cover types.
We divided the areas with SCD over 60 d (stable snow cover area), then compared the land
cover type distribution of the SRYR, and counted the proportion of land cover type under
stable snow cover area (Table 1). Combined with SRYR’s land cover type and SCD spatial
distribution, it was found that the total area of stable snow cover was about 9.73 × 103 km2,
and the main land cover types in the stable snow cover area were grassland, bare land, and
glacier or permanent snow. In the eastern part of SRYR, the stable snow cover is mainly
distributed in grassland and bare land, while in the southwest part of SRYR, the main land
cover type is glacier or permanent snow, and the SCD under glacier or permanent snow is
more than 60 d in almost all of SRYR. In addition, the SCD of some lakes in the western
part of SRYR is also above 60 d, which may be due to the snow cover caused by the freezing
of the lake surface.

Table 1. Land cover types under stable snow cover.

Land Cover Type
The Percentage of Land

Cover Types under Stable
Snow Cover Areas

The Area of Land Cover
Type under Stable Snow

Cover Area (km2)

Grass land 43.06% 4363.71
Water 4.90% 490.64

Bare land 36.34% 3683.19
Glaciers or permanent snow 14.81% 1504.16

Other 0.89% 90.12

4.4. Future Studies

Combining precipitation and temperature data, this paper focuses on the effect of
precipitation and temperature variability on snow cover. However, there are many other
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factors that affect snow cover variability, such as wind speed, slope, aspect, and subsur-
face [46,47], which can affect snow cover and snow melt. In addition, snow sublimation
is also an important hydrological process at high elevation, which also affects the change
of snow cover [18,38]. Due to the thin air and low air pressure at high elevation, the local
snow distribution will also change when there are strong winds blowing through, and
this will also accelerate the snow sublimation process [39]. Therefore, we will continue to
investigate the effects of other different factors on snow cover in our subsequent study.

5. Conclusions

Based on the daily snow cover data of SRYR, the SCD, SOD, SED, and SDD of each
hydrological year were extracted in this paper, and the spatiotemporal variation trends
of different snow cover were analyzed by one-dimensional linear regression analysis.
In addition, the vertical distribution of snow cover and the correlation between SCD
and meteorological factors were also analyzed by combining DEM, temperature, and
precipitation data. The results of the study indicate that:

1. The SCA of SRYR has more obvious differences in the distribution at different eleva-
tions; the higher the elevation, the larger the SCA, and the SCD showed a significant
exponential correlation with the elevation, with R2 reaching 0.87. In the elevation
above 5500 m, the SCA can reach a maximum of 61.58%, while in the lower elevations,
the SCA is mostly below 20%. The snow accumulation period in SRYR is mainly from
September to November each year, while the snow melting period is mainly from
June to August.

2. Overall, the distribution of snow phenology in SRYR showed an obvious vertical
trend. Nearly 63.37% of the areas in SRYR showed an advanced trend in SOD and
nearly 69.59% showed a delayed trend in SED, but only 4.29% and 4.36% of the areas
showed significant trends in SOD and SED, respectively. This indicates that the snow
phenology changes in SRYR showed a non-significant trend. The results also showed
that the SOD in the low elevation area mostly showed an advanced trend and the SED
showed a delayed trend in the area, while in the high elevation area, the SOD mostly
showed a delayed trend and the SED showed an advanced trend.

3. The variation of precipitation and temperature is the main reason for the variation
of SCA in the SRYR. As the elevation rises, the SCD gradually increases, while
the temperature gradually decreases. The temperature of SRYR showed a negative
correlation with SCD, and the areas with a more significant negative correlation were
about 1.04 × 105 km2, accounting for 90.9% of the total area of SRYR. Precipitation, on
the other hand, showed a positive correlation with SCD, with 1.25 × 105 km2 areas
showing a significant correlation, standing at 75.3% of the total area of SRYR. The
correlation of SCD with both precipitation and temperature decreases significantly
with increasing elevation, which may be caused by the influence of the perennial
stable snow cover (SCD > 60) at high elevation. In addition, the land cover types
under the stable snow area in SRYR are mainly grassland, bare ground, and glacial or
permanent snow, where the areas with land cover types of grassland and bare ground
are mainly in the southeastern part of SRYR. Although the area with the land cover
type of glacier or permanent snow only accounts for 14.81% of the stable snow area, it
contains almost all of the glacier or permanent snow in SRYR.
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