& emote sensing

Communication

Spatiotemporal Variations in Snow Cover and Hydrological
Effects in the Upstream Region of the Shule River Catchment,
Northwestern China

Youyan Jiang 12, Wentao Du 1'%, Jizu Chen ! and Wenxuan Sun

check for

updates
Citation: Jiang, Y.; Du, W.; Chen, J.;
Sun, W. Spatiotemporal Variations in
Snow Cover and Hydrological Effects
in the Upstream Region of the Shule
River Catchment, Northwestern
China. Remote Sens. 2021, 13, 3212.
https://doi.org/10.3390/1rs13163212

Academic Editors: Zheng Duan,
Junzhi Liu, Hongkai Gao,
Shanhu Jiang, Jian Peng and
Jianzhi Dong

Received: 9 June 2021
Accepted: 5 August 2021
Published: 13 August 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

3

Qilian Shan Station of Glaciology and Eco-Environment, State Key Laboratory of Cryospheric Science,
Northwest Institute of Eco-Environment and Resources, Chinese Academy of Sciences (CAS),
Lanzhou 730000, China; jiangyouyan1981@163.com (Y.J.); chenjizu@lzb.ac.cn (J.C.);
swxsyy123@126.com (W.S.)

2 Lanzhou Regional Climate Center, Lanzhou 730020, China

University of Chinese Academy of Sciences, Beijing 100049, China

*  Correspondence: duwentao@lzb.ac.cn

Abstract: Precipitation and snow/ice melt water are the primary water sources in inland river basins
in arid areas, and these are sensitive to global climate change. A dataset of snow cover in the upstream
region of the Shule River catchment was established using MOD10A2 data from 2000 to 2019, and the
spatiotemporal variations in the snow cover and its meteorological, runoff, and topographic impacts
were analyzed. The results show that the spatial distribution of the snow cover is highly uneven
owing to altitude differences. The snow cover in spring and autumn is mainly concentrated along the
edges of the region, whereas that in winter and summer is mainly distributed in the south. Notable
differences in snow accumulation and melting are observed at different altitudes, and the annual
variation in the snow cover extent shows bimodal characteristics. The correlation between the snow
cover extent and runoff is most significant in April. The snow cover effectively replenishes the runoff
at higher altitudes (3300—4900 m), but this contribution weakens with increasing altitude (>4900 m).
The regions with a high snow cover frequency are mostly concentrated at high altitudes. Regions
with slopes of <30° show a strong correlation with the snow cover frequency, which decreases for
slopes of >45°. The snow cover frequency and slope aspect show symmetrical changes.

Keywords: snow cover; spatiotemporal variations; climate and topographic causes; hydrological effect

1. Introduction

Snow cover is an important cryosphere component that has strongly influenced the
socioeconomic development in the arid region of northwestern China, including water
resource management, ecological patterns, and tourism [1,2]. Changes in the snow cover
owing to climate change and topography have also led to increased flood peaks [3-5].
Warming and humidification in northeastern China are projected to continue in the future,
which will further impact the snow cover [6]. An understanding of snow cover variations
and their causes at multiple scales is therefore critical, particularly to offset the negative
impacts of runoff in arid regions [7].

Snow cover plays a crucial role in the global water cycle, especially in the mid-latitudes
and mid- to low-altitude mountains in the Northern Hemisphere. For example, snowmelt
water accounts for 75% of the total runoff in the mountainous Western US [8], but only
approximately 13% of the national annual surface runoff in China. River runoff trends in
northwestern China have generally increased over the past 50 years owing to a climatic
shift from warm-dry to warm-humid in most areas [9]. Precipitation is the main factor that
affects river runoff in northwestern China, and rising temperatures are the main reason for
the reduced amount of snow cover in spring and summer [10]. The onset time of snowmelt
runoff has advanced in response to global warming, the amount of rainfall converted to
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snowfall has decreased, and winter accumulation may lead to reduced snowmelt runoff
in spring [11-13]. Similar changes have taken place in snowmelt water recharge basins in
western China. For example, the maximum monthly runoff of the Crane River has shifted
from June to May and increased by 15% [14]. Since the 1960s, the onset of snowmelt in the
source region of the Yangtze River has become earlier (0.9-3 days/10a), and the end time
of snowmelt has also advanced by 0.6-2.3 days 10a~! [15].

The upper stream regions of the Shule River catchment have the most developed
cryosphere in the Qilian Mountains, and the climatic and hydrological effects on snow
cover change have been significant. To investigate the spatiotemporal variations in the
snow cover in the upstream regions of the Shule River catchment and its response to climate
change and topography, this study established a snow cover dataset since 2000 based on
remote sensing and field monitoring data in the Qilian Mountains. The hydrological effects
on the snow cover are also discussed. This work provides basic data and guidance for
regional ecological environment changes, as well as a scientific foundation for decision
making in ecological environment management.

2. Data and Methods
2.1. Study Region

The Shule River catchment is one of the three major inland river basins in the Hexi
Corridor [16]. The Shule River catchment originates along the northern slope of Shule South
Mountain in the hinterland of the Qilian Mountains and has a total length of 670 km. This
work mainly focuses on the upstream region of the Shule River catchment, which covers an
area of approximately 1.14 x 10* km?. The annual runoff of the Changmaxia section, the
main stream of the Shule River, is 10.31 x 10 m® a~!, which is mainly precipitation and
ice and snowmelt water [17]. The cryosphere has mainly developed at elevations above
4500 m in the high mountainous region, in which the glacier and permafrost areas are 549
and 9447.16 km?, respectively, which account for approximately 5% and 83% of the total
area [18] (Figure 1). The climate of the Shule River catchment is mainly affected by dry and
cold westerlies with low precipitation and strong winds. The precipitation distribution
shows distinct vertical and horizontal zones in this region. The upstream region of the
Shule River catchment is characterized as an alpine and semi-arid area with an annual
average precipitation of 294 mm [19]. The annual average extent of evaporation increases
from southeast to northwest with increasing terrain [20].

2.2. Data Sources

The MODIS/Terra8 daily emerging snow data (MOD10A2) were downloaded from
the US National Snow and Ice Data Center (http://nsidc.org/ (accessed on 1 March 2020)).
This work used two MOD10A2 datasets: orbit numbers h25v04 and h25v05. The time series
was collected from 26 February 2000 to 27 December 2019, with a spatial resolution of 500 m.
Previous studies have demonstrated that the MOD10A2 products from mountainous areas
have higher snow recognition rates, which can be applied to a wide range of snow cover
conditions, which is especially useful for studying snow cover variation in mountainous
areas [21,22].

The meteorological data sources were obtained from field observations by the State
Key Laboratory of Cryospheric Science, Chinese Academy of Sciences and China Meteo-
rological Science Data Sharing Service Network (http://cdc.cma.gov.cn/ (accessed on 10
March 2020)). The daily temperature and precipitation data were collected from 10 meteo-
rological stations located in and near the upstream region of the Shule River catchment
from 1 January 2000 until 31 December 2019. The national station was treated as a standard
to control the meteorological data quality. Data quality control was performed referring to
WMO observation, data quality manuals, and the process method of CMA. Specifically,
in the first run, erroneous temperature and precipitation data, such as precipitation val-
ues below 0 mm or days with Tmax < Tmin, were identified. Additional execution was
carried out to identify potential outliers, which have to be manually checked, validated,
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corrected, or removed. In our case, we chose 3 standard deviations as the threshold for a
finer quality control of the data. The automatic weather station in the Laohugou Glacier
region is located 2 km from the front region of the glacial snout (Figure 1, 39°30'N, 96°30’E,
elevation: 4260 m). The data were identified and corrected using manual observations and
conventional approaches.
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Figure 1. Location and terrain of the upper reaches of the Shule River Basin and weather stations.

The runoff data were obtained from the Gansu Provincial Bureau of Hydrology and
Water Resources, which collects daily runoff data from the Changmabu hydrological station
in the region. The time series is from1 January 2000 to 31 December 2019. The digital
elevation data were downloaded from http://www.gscloud.cn/ (accessed on 20 March
2021), with a resolution of 30 m.

2.3. Methodology
2.3.1. Remote Sensing

The MOD10A2 products were processed as follows. (1) The image data were processed
in terms of the projection, format conversion, and montage and set in a unified longitude-
latitude projection. (2) The processed image was edited with the vector boundary of the
research area. (3) A statistical analysis of the regional snow cover was performed according
to the different pixel values of the snow cover extent and other areas. (4) The snow cover
pixels were extracted, and a MODIS snow cover image was created. All of the snow cover
pixel values were converted to 1, and others to 0. An image overlay operation was used
to obtain the spatial distribution of the snow cover frequency from 2000 to 2013. (5) The
snow cover extents at different altitudes were extracted based on the digital elevation data.
Step (1) was implemented using MRT, a MODIS software program, and steps (2)—(5) were
implemented using the ENVI and IDL software platforms.
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2.3.2. Influence of Topography on Snow Cover

The DEM (digital elevation model) data were used to calculate the slope and aspect of
the upstream region of the Shule River catchment in ARCGIS10.7. The correlations between
snow cover and slope, aspect, runoff, and altitude were analyzed using ENVI5.5.

3. Results and Analysis
3.1. Accuracy Assessment

The AWS (automatic weather station) of the Qilian Shan station was selected to
validate the MODIS snow cover data using the relationship between albedo and the snow
cover frequency. Considering the large albedo difference between the snow cover and
land surface, the relationship between the snow depth and albedo of grassland, sandstone,
and other types was generally good and not greater than 0.35. Previous studies that used
MODIS data to investigate the snow cover in the Qilian Mountains [23-25] reported a
threshold snow cover index value of 0.35 to distinguish the snow cover.

The snow cover identification accuracy from the MOD10A2 image in the Lachugou
region during 2010-2015 ranged from 45.5% to 87.5% (Table 1), with an average of 64.6%.
The total recognition accuracy ranged from 58.7% to 83.7%, with an average of 71.3%. The
multi-score error rate (0-13.1%) of MOD10A2 snow recognition was less than the missed
score error rate (11.6-32.6%), and the total recognition accuracy was 83.7% for 2014 and
87.5% for 2011. The overall multi-score error rate was acceptable, and the missed score
was found to be the factor that most strongly affected the recognition accuracy, which is
consistent with previous studies. The results confirm that the MOD10A2 image data can
be used for snow monitoring in the upper reaches of the Shule River Basin [26].

Table 1. Accuracy of the MOD10A2 image for snow recognition in the upstream region of the Shule
River catchment.

Year Total Recognition Snow Recognition Multi-Score Missed Score
Accuracy/% Accuracy/% Error/% Error/%
2010 69.6 86.9 0 30.4
2011 67.4 87.5 0 32.6
2012 58.7 45.5 13.1 28.2
2013 76.9 50.0 10.3 12.8
2014 83.7 53.3 47 11.6
average 71.3 64.6 5.6 23.1

3.2. Spatial Pattern of Snow Cover

The snow cover frequency represents the number of pixels that appear as snow cover,
which is an important indicator of the snow cover range. A grid operation of the snow
cover map in 2000-2019 was synthesized into a snow cover frequency map for different
seasons (Figure 2). The results show that the snow cover in spring and autumn mainly
concentrates in the edge zone, which is mostly distributed on the southern mountain. The
snow cover pattern in autumn is more notable than that in spring. The snow cover in
winter and summer is mainly distributed in the southern region, whereas the snow cover
frequency in the central section is relatively low. The snow cover frequency and uniformity
in winter are more concentrated than in other seasons, and the distribution range is also
wider. The annual snow cover frequency pattern is similar to that in spring.
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Figure 2. Spatial distribution of snow cover frequency in the upper reaches of the Shule River in different seasons.

The ratio of snow cover extent and total area in different seasons was also analyzed.
The regions with a snow cover ratio of <20% are the largest in summer and the smallest in
winter, whereas the regions with a ratio of >20% are the smallest in summer. The largest
ratios between the snow cover extent and total area are 20-40%, 40-80%, and >80% in
winter, autumn, and spring, respectively.

3.3. Temporal Snow Cover Variation

The maximum, minimum, and average extents of snow cover over an 8-day interval
each year were extracted to obtain the long-term snow cover extent from 2000 to 2019
(Figure 3a). The average snow cover extent continuously increased until 2010, gradually
decreased until 2016, and then gradually increased. The maximum snow cover extent
continually increased until 2007, decreased until 2012, and then increased. The minimum
snow cover extent increased from 2000 to 2009, gradually decreased until 2016, and then
increased. Overall, the three indicators increased until 2010 and then decreased at different
transition times.

The maximum, minimum, and average extents of snow cover over the 8-day intervals
were extracted to obtain the snow cover range data in a given year, and the annual variation
characteristics of the snow cover extent were analyzed (Figure 3b). The variations in the
maximum, minimum, and average frequency of snow cover are similar, whereas the largest
and smallest fluctuations are found for the maximum snow cover extent and average value,
respectively. The duration of the snow cover frequency shows the longest minimum value,
followed by the average value, and the maximum value is the shortest. The maximum
snow cover frequency was found to occur in January, April, and October; the average
value reaches a maximum in May and October; and the minimum values occur in May and
December. The maximum, average, and minimum valley values appear in June, July, and
July—-August, respectively.
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Figure 3. Variations in snow cover range in the upstream region of the Shule River catchment: (a) interannual variation;

(b) 8-day interval variation.
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Variations in the maximum, minimum, and average cases within the year indicate
analogous phases. This means that any valley values under the three conditions occurred
in mid-July. The snow cover extent rapidly expanded in July—October and reached a
maximum in October-January of the following year. The snow cover melts upon the arrival
of spring. The snow cover extent therefore gradually decreases owing to snowmelt in
March, and then it rapidly decreases from the middle of April to a minimum in early July.

The average snow cover frequency in 2000-2019 was used to analyze the snow pat-
tern cover at different altitudes (Figure 4). The relatively high snow cover frequency in
spring, autumn, and winter was mainly distributed in areas with altitudes of 3200-3900 m.
The annual snow cover variations show significant differences with altitude, following a
bimodal pattern. There was less snow at altitudes below 2800 m. The snow cover showed
an increasing fluctuation pattern in mid-August in areas with an altitude of 2800-3900 m,
and then it melted from early March to late May in the following year. The areas located
at 3900-4500 m showed an increase in the snow cover extent in mid-October, which then
turned to melt in early March in the following year, and melting ended in late April. The
snow cover extent in areas above 4500 m was relatively large and varied only slightly from
mid-April to mid-September; however, the snow cover rapidly increased in late September
owing to reduced temperatures and peaked in late October. The ratio between the snow
cover and total area then decreased owing to the low temperature and low precipitation
and was less than that in spring and autumn. This is consistent with the annual variations
in the snow cover extent at high altitudes in the Qinghai-Tibet Plateau including the West
Kunlun Mountains [27-29].

Coverage ratio of snow cover in total rear / %

65 97 126 161 193

Time / Junlian Day

225 257 289 321 353

Figure 4. Seasonal cycle of the absolute snow cover extent (km?2) at different altitudes in 100 m elevation bands.
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3.4. Snow Cover Extent and Hydrological Effects

The snow cover extent and runoff for the 8-day interval results and monthly and
average values were compared in March-May (Figure 5). The results show the strongest
correlation in April, followed by March, and a significant decrease in May. A possible
explanation is the initial snowmelt in March, at which time the hydrological effect has not
yet appreciably formed. In April, significant warming and a slight increase in precipitation
highly strengthened the snowmelt and led to the peak contribution of the melted snow
cover to runoff. The correlation then decreased and did not clearly reflect the importance of
the role of the reduced snow cover extent in runoff owing to the changed form of snowmelt
with decreasing thickness, glacier melt, and increasing precipitation.
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Figure 5. Correlation between snow cover extent and runoff at the monthly scale.

A comparison of the snow cover extent at different elevations and runoff allows three
relationships to be identified (Figure 6). A negative relation is significant below 3300 m,
which can be ascribed to the relationship between the precipitation form and air temper-
ature. Specifically, the precipitation was almost entirely liquid because of the warmer
conditions. When the air temperature decreased, the increased amount of solid precipita-
tion resulted in more snow cover, and the snowmelt was suppressed. The low amount of
liquid precipitation and snowmelt weakened the contribution to runoff, causing a negative
relation. The correlation between the snow cover and runoff prominently increased with
increasing altitude. In this height interval, the precipitation amount notably increased, but
the temperature was relatively low, which led to a greater snow cover. However, increased
temperatures caused more snow and glacier ablation, which strengthened the contribution
of the snow cover to runoff. Some contributions of glacial melt to runoff were also regarded,
although the contribution of snow and ice cannot be clearly identified. The hydrological
contribution was thus noted to increase with elevation. For altitudes higher than 4900 m,
the positive correlation between the snow cover extent and runoff gradually decreased
and became negative above 5700 m. The precipitation at this height is almost entirely
solid precipitation, which is conducive to the formation of the snow cover. Furthermore,
owing to the large number of glaciers at this altitude, some glaciers were classified as
snow cover because snow and ice are not easily distinguished in remote sensing images,
which may cause the snow cover extent to be overestimated. At very low temperatures, the
small amount of snow or melt at a given time is mainly preserved in the snow layer and
has little influence on runoff; the effect of solid precipitation on runoff is also very small.
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The positive relationship therefore weakens with increasing altitude and even becomes
negative.
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Figure 6. Correlation coefficient between snow cover extent and runoff at different elevations.

Although the glaciated area is only approximately 4% of the upper stream of the Shule
River catchment, glacier melt water change is greatly important for the projection of the
impact of future climate change on local water resource management [30]. There is still
large uncertainty in remote sensing monitoring for variations in the snow cover extent, but
it plays an important role in improving the accuracy of snow/ice melt water runoff [31,32].
The contribution of snowmelt water to runoff was approximately ~15% [33], and the high
flow was mainly concentrated from May to September. However, the flow was found to
increase in March, which is connected with the primary contribution of raising snowmelt
water to runoff under increasing temperature and stable precipitation conditions [34].
During May-September, the sharp increase in glacier melt water significantly adjusted the
runoff variation [35,36]. The period from March to May was therefore chosen to investigate
the potential relationship between the snow cover and runoff.

3.5. Influence of Terrain and Climate Parameters on Snow Cover

Topography is an important factor that affects the snow cover distribution. In this
study, a correlation analysis was conducted between the snow cover extent, altitude, slope,
and aspect (Figure 7). The areas with a higher snow cover frequency were mostly concen-
trated in high-altitude areas. Higher altitudes were associated with stronger correlations
between the snow cover frequency and altitude. The snow cover frequency and slope also
showed a distinct relationship. A strong positive correlation was observed in areas with
slopes less than 30°, whereas areas with slopes greater than 45° showed that the snow
cover frequency decreased with increasing altitude, resulting in a negative correlation, and
areas with slopes of 30°45° showed no variation. The correlation analysis between the
snow cover frequency and slope aspect indicated symmetrical changes. The snow cover
frequency varied slightly in the southern slope and showed a large correlation with the
slope aspect, whereas that in the northern slope varied greatly and showed little correlation
with the slope aspect. Greater snow cover was observed on the northern slope than on
the southern slope, which may be related to the source of water vapor and influence of
solar radiation.
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Temperature and precipitation are two important meteorological factors that deter-
mine the melting and accumulation of snow cover [37]. This work analyzed the potential
relationship between the snow cover and temperature/precipitation and found a relatively
large sensitivity to altitude (Figure 8). Both temperature and precipitation significantly
increased from 2000 to 2019, which is consistent with other results of climate changes in
the Shule River catchment [38,39]. The monthly precipitation gradually increased in early
March to a maximum in late July and then gradually decreased. The temperature was
below 0 °C from late October to late February in the following year and gradually increased
to above 0 °C in early March to a maximum in late July.
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Figure 8. Spatial distribution and interannual and intra-annual changes in precipitation and temperature in the upper
stream of the Shule River catchment.

The variations in the snow cover extent were influenced distinctively by the air

temperature and precipitation at the different elevation bands [29,40,41]. In areas below
3900 m, the variation in the snow cover extent in different seasons showed a significant
negative correlation with the air temperature and a positive correlation with precipitation.
Snow melting in this area mainly occurs in spring when increasing temperatures cause the
snow to rapidly melt. Snow melting essentially ends at the end of spring and beginning of
summer. The temperature is also relatively high in summer, and precipitation mostly exists
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in liquid form. No significant correlation was found between summer precipitation and
the snow cover extent because of the high temperatures and increased amounts of liquid
precipitation. For areas above 3900 m, the snow cover extent increased in late September
to a maximum in late October because of decreasing temperatures in September, reduced
precipitation, and less snowmelt.

4. Conclusions

The spatial distribution of the snow cover of the upper reaches of the Shule River is
highly uneven. The snow cover in spring and autumn is mainly concentrated in the edge
zone distributed on the southern slope of the mountain. The snow cover in winter and
summer is mainly distributed in the southern region, whereas the snow cover frequency in
the central region is relatively low. The snow cover frequency and evenness are the highest
in winter.

The annual snow cover changes show significant variations with altitude and a
bimodal pattern. The snow cover extent begins to be established in mid-July. From July
to October, the snow cover extent rapidly expands and accumulates, peaking in October
and January of the following year. After spring, the snow cover melts. In March, the snow
cover extent gradually decreases with increasing snowmelt. In mid-April, the snow cover
extent rapidly decreases to a minimum at the beginning of early July.

The correlation between the snow cover extent and runoff is the most significant in
April and tends to vary in different altitude zones. A negative relation is significant below
3300 m. In areas between 3300 and 4800 m, the correlation between the snow cover and
runoff prominently increases with altitude, but this correlation weakens at altitudes above
4900 m.

The areas with a higher snow cover frequency are mostly concentrated in high-altitude
areas. There is a strong correlation with the snow cover frequency in areas with slopes less
than 30°, whereas areas with slopes between 30° and 45° show little change, and the snow
cover frequency decreases with an increasing slope above 45°, with a gradually worsening
correlation. Correlation analysis indicates symmetrical changes in the snow cover frequency
and slope aspect. The results presented here provide important information regarding the
spatiotemporal variations in the snow cover over a relatively long time duration in the
upper reaches of the Shule River, and similar methods can be applied to investigate snow
cover changes in other regions.
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