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Abstract: Warming in mountainous areas has obvious elevation dependence (warming rate increases
with elevation), which deeply impacts runoff change in mountainous areas. This study analysed
the influence of elevation-dependent warming on runoff in the headwater region of the Urumqi
River Basin (URB) based on meteorological data, remote sensing images, and runoff data. Results
indicated a significant warming rate in the URB from 1960 to 2019 (0.362 °C/decade; p < 0.01). The
temperature increased with an obvious elevation-dependent warming in the URB, especially during
winter. Glaciers sharply retreated in the headwater region of the URB under regional warming,
and remote-based results showed that glacier areas decreased by 29.45 km? (—57.81%) from the
1960s to 2017. The response of glacier mass balance and meltwater runoff to temperature change
has a lag of 3 years in the headwater region of the URB. The elevation-dependent warming of
temperature changes significantly impacted glacial meltwater runoff in the URB (R? = 0.49). Rising
temperatures altered the glacial meltwater runoff, and the maximum annual runoff of the Urumqi
Glacier No. 1 meltwater runoff increased 78.6% in 1990-2017 compared to 1960-1990. During the
period of 19601996, the total glacial meltwater runoff amounted to 26.9 x 108 m?, accounting for
33.4% of the total runoff during this period, whereas the total glacial meltwater runoff accounted for
51.1% of the total runoff in 1996-2006. Therefore, these results provide a useful reference for exploring
runoff changes in mountainous watersheds in the context of elevation-dependent warming.

Keywords: climate change; elevation-dependent warming; glacial mass balance; runoff; Urumgqi
River Basin

1. Introduction

According to the Fifth Intergovernmental Panel on Climate Change (IPCC) report,
global mean temperature has risen by 0.85 °C (0.65-1.06 °C) from 1880 to 2012, which
is faster than any 50-year warming rate in the last 200 years, and this warming trend is
expected to continue [1]. Mountain systems are extremely sensitive to climate change,
and the warming context is characterized by accelerated glacier melt in mountainous
areas [2], reduced seasonal snowpack [3], permafrost degradation [4], and larger runoff
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variability coefficients [5], which not only trigger imbalances in mountain ecosystems but
also stimulate conflicts over the co-requirements of water resources in the course of regional
socioeconomic development.

Mountain areas are an important part of the surface critical zone, providing habitat
for approximately 33% of terrestrial biodiversity, and solid water resources such as snow
and ice are abundant and provide more than 50% of the world’s freshwater [6]. Changes in
mountain climate hydrological processes in the context of global warming are manifested
by changes in precipitation forms, from snowfall to rainfall [7], a reduction in multiyear
snowpack [8], accelerated glacier ablation [9], and significant intra- and interannual changes
in mountain runoff [10]. Therefore, a comprehensive and systematic understanding of the
climatic and hydrological processes in mountainous regions under global warming is of
great importance [11].

Current research results have shown that there is an evident elevation-dependent
characteristic of warming changes in mountain areas, called elevation-dependent warming
(EDW) [12], which is a distinctive feature of the response of mountain climate change to
global warming. For example, warming rates in the tropical Andes were in the range
of 0.10-0.11 °C/decade (p < 0.05) from 1939 to 1998 [13]. The elevation dependence of
warming is significant in the alpine region, with a correlation of 0.83 between temperature
change and elevation change [14]. Temperature change in the Rocky Mountains has a clear
EDW phenomenon and is strongly influenced by the season [15]. In addition, the rate of
elevational warming in the Saint Elias Mountains increased from 1979 to 2016, with an
average rate of surface warming at 5500-6000 m above sea level of 0.028 & 0.013 °C/a,
which is 1.5 times the surface warming rate between 2000 and 2500 m during the same
period [16]. The warming trend has reached 0.04 °C/yr in the Tibetan Plateau [17], which is
much faster than the surrounding areas and shows obvious elevation-dependent warming.
This elevation-dependent warming will continue [18], which will have far-reaching effects
on the cryosphere system, ecosystem, and climate and hydrological systems of the Tibetan
Plateau. The warming rates of mean, maximum, and minimum temperatures in the Tian
Shan have all accelerated with increasing elevation [19], and the EDW phenomenon is
particularly pronounced in the Tian Shan [20].

Driven by the altitudinal dependence of warming, glaciers in the High Asia re-
gion are showing an accelerated retreating trend, which has caused great concern to
the community [21]. Over the last half-century, glaciers have been in a state of general
retreat in China [22], which shows a reduction of 7625 km? (15%) in glacier area and
0.9-1.3 x 10® km? (20-28%) in ice reserves. Increase in glacier meltwater runoff due to
glacier retreat was estimated to be more than 5.5%. Glacial retreat of the No. 1 glacier
in the URB from 1960 to 1993 was caused by increasing temperatures and decreasing
precipitation [23].

The No. 1 Glacier of the URB is one of the longest monitored records and best-
documented glaciers worldwide. Numerous studies have been conducted on the No. 1
glacier, such as changes in glacier area and length [24], glacier movement velocity [25],
glacier mass balance [26], and glacier runoff response processes to climate change [27].
Based on meteorological data and glacier observations from the Tian Shan glacier station,
Li et al. [24] found that the source area of the URB has been in a significantly warm and
wet phase since the mid-20th century, and that the area of the Urumgi River No. 1 glacier
showed an accelerated retreat from 1962 to 2000. Thus, glaciers retreating in the MRB has
altered surface albedo and accelerated warming in high-elevation regions, exacerbating
the elevation dependence of warming, which in turn accelerates regional snow and glacier
melting and changes intra- and interannual variability in basin runoff. However, there is a
lack of attention to runoff changes in the context of the elevation dependence of warming.

Therefore, in this study, we focus on the influences of elevation-dependent warming
on runoff changes in the headwater region of the URB from the 1960s to 2017. Section 2
presents the study area, data sources, and methodology. Section 3 focuses on the effects of



Remote Sens. 2022, 14, 1780

3 0f20

warming on runoff in the URB. Section 4 provides a discussion, and Section 5 concludes
the study.

2. Data and Methods
2.1. Study Area

The Urumgqi River originates from Glacier No. 1 near the Tiangeer II peak in the Tian
Shan Mountains, and the entire basin spans the alpine cold zone, subalpine zone, middle
mountain zone, and low mountain hilly zone [28], making it a typical inland river basin
in the arid region of northwest China (Figure 1). The basin area is 1088.31 km?. The high
mountainous area of the URB is an area of glacial ice margin action, with modern glaciers
and ice erosion and ice accretion landforms developing throughout the region. Urumgi
city, downstream of the URB, is the socioeconomic centre of Xinjiang, and the Urumgi
River is its main water supply source. The Urumgi River supports agricultural, industrial,
domestic, and ecological environmental water consumption, accounting for 62%, 12%,
23%, and 4%, respectively [29]. Future changes in climate and water resources in the URB
will have an important impact on water resource assurance and ecological environmental
protection for the socioeconomic development of the region [30]. In this study, the whole
URB is divided into six elevation ranges, namely, <2000 m, 2000-2500 m, 2500-3000 m,
3000-3500 m, 3500-4000 m, and >4000 m, to analyze the warming change characteristics of
different elevation bands.
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Figure 1. The Urumgqi River Basin. @O, @, and ) are the Houxia hydrological station, Dax-
igou meteorology station, and Glacier No. 1 hydrological station, respectively. Lines A, B, and
C show the topography and temperature profiles in Figure 5. The glaciers boundary shape for-
mat data are from the second glacier inventory data, and DEM elevation data are from the SRTM
(https:/ /earthexplorer.usgs.gov/, accessed on 4 April 2022).

2.2. Data Sources
2.2.1. Landsat Images

Glacier boundary data since 1991 were extracted by decoding Landsat images data.
The Landsat remote sensing image data were provided by the United States Geological
Survey (USGS; https:/ /earthexplorer.usgs.gov/, accessed on 4 April 2022) and the Geospa-
tial Data Cloud (http:/ /www.gscloud.cn/search, accessed on 4 April 2022). The data are
radiometrically corrected and geometrically corrected products, and the corrected image
data are mapped to the specified map projection coordinates.
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To improve the accuracy of glacier interpretation, we followed two principles in the
process of image selection: (1) we selected remote sensing images at the end of the glacier
melting period from July to September in summer, when the glacier area is less affected by
snow, and (2) we selected images with no or few clouds. For some images with more clouds,
although the whole image contains high cloud content, the glacier area is less affected and
could also be selected. In addition, images from the same area and different time periods
(2 years before and after) and the data of the second glacier inventory of China were chosen
to assist in the comparative interpretation of this study so that the effects of seasonal snow
and clouds could be removed to the greatest extent possible. The final remote sensing

imagery selected are shown in Table 1.

Table 1. Basic information of the remote sensing images used in this study.

Year Sensors Obtaining Data  Cloudiness (%) Resolution (m) Image Information Reference Image
1991 ™ 1 September 1991 1 30 LT51430301991244BJC01 29 August 1996
1996 ™ 29 August 1996 0 30 LT514303019962421SP00 28 July 1996
2001 ™ 10 July 2001 12 30 LT51430302001191BJC00 28 July 1996
2002 ™ 15 September 2002 21 30 LT51430302002258BJC01 14 August 2002
2003 ™ 17 August 2003 1 30 LT51430302003229BJC00 15 September 2002
2004 ™ 2 July 2004 11 30 LT51430302004184BJC00 17 August 2003
2005 ™ 7 September 2005 1 30 LT51430302005250BJC00 2 July 2004
2006 ETM 1 August 2006 2 30/15 LE71430302006213ASN00 7 September 2005
2008 ™ 30 August 2008 21 30 LT51430302008243BJC00 1 August 2006
2009 ETM 25 August 2009 1 30/15 LE71430302009237 ASNOO 30 August 2008
20 August 2010 1 30 LT51430302010232IKR00
2010 ™ 4 Auggust 2010 8 30 LT51430302010216IKR00 -0 AAugust 2008
2011 ™ 23 August 2011 0 30 LT51430302011235KHCO01 20 August 2010
2012 ETM 2 September 2012 0 30/15 LE71430302012246PFS00 23 August 2011
28 August 2013 1.22 30/15 LC81430302013240LGNO1

2013 OLLTIRS oyl 2013 631 30/15 LC81430302013208LGNo1 2 September 2012
2014  OLL_TIRS 31 August 2014 1.32 30/15 L.C81430302014243LGNO1 28 August 2013
2015  OLL_TIRS 18 August 2015 1.76 30/15 LC81430302015230LGNO1 31 August 2014
2016  OLL_TIRS 4 August 2016 1.72 30/15 LC81430302016217LGN02 18 August 2015
2017  OLL_TIRS 22 July 2017 1.24 30/15 LC81430302017203LGN00 4 August 2016

The digital elevation data are mainly used to assist in the geometric correction of
remote sensing imagery and the extraction of elevation for the study area. The Shuttle
Radar Topography Mission (SRTM) digital elevation data used in this study have a spatial
resolution of 30 m. This dataset was produced by NASA and the National Imagery and
Mapping Agency (NIMA) of the Department of Defense using SRTM data collected by the
U.S. Space Shuttle Endeavour on 11 February 2000. The radar image data were produced
using the SRTM system onboard the space shuttle Endeavour on 11 February 2000, covering
a range of 60° north and south latitude.

2.2.2. Glacier Inventory Data

The glacier inventory data are from the first glacier inventory and the second glacier
inventory of China conducted by the Lanzhou Institute of Glacial Permafrost, Chinese
Academy of Sciences, in accordance with international glacier inventory standards.

2.2.3. Temperature Data

Temperature data were obtained using the 1 km resolution monthly average tempera-
ture dataset for China in 1960-2017 from the National Science and Technology Infrastruc-
ture Platform—National Data Centre for Earth System Science (http://www.geodata.cn,
accessed on 4 April 2022) with a spatial resolution of 0.0083333° (approximately 1 km). In
this study, the monthly temperature data of the Daxigou meteorological station in the head-
water region of the URB were compared with the grid data corresponding to the station.
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The results show that there is an underestimation of the grid data in the temperature range
less than 0 °C, and the lower the temperature is, the more serious the underestimation.
In the temperature range greater than 0 °C, the grid data and the observation data are
very close, basically along the diagonal (y = x) distribution. On the whole, the determi-
nation coefficient R? = 0.98, indicating that this set of data has good applicability in the
headwater region of the URB (Figure 2), which can be used to analyze the temperature
change characteristics.
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Figure 2. Scatter plot of the monthly mean temperature of meteorological station observations from
the Daxigou station compared to the monthly mean temperature at the corresponding grid point,
with the black dashed line indicating that the temperature is equal to 0 °C.

2.2.4. Glacier Mass Balance Data

The Glacier No. 1 mass balance data in the URB are provided by the world glacier
monitoring service centre (https://wgms.ch/, accessed on 4 April 2022). The center
collected standardized observation data and glacier inventory of glacier mass, volume,
area, and length (glacier fluctuation) changing with time and provided basic data of glacier
mass balance.

2.2.5. Runoff Data

The glacier meltwater runoff data for Glacier No. 1 of the URB come from the relevant
literature [31], and the year range is 1960-2017. The runoff of the outlet in the headwater
region of the URB is from the Hero Bridge hydrological station provided by the hydrological
bureau of the Xinjiang Uygur Autonomous Region. The selected period is 1960-2007
because of the interference of building the Hero Bridge reservoir after 2007.

2.3. Methods
2.3.1. Extent of Glacier Extraction

First, based on ENVI 5.1 software, the Landsat satellite image was corrected by system
radiation. The remote sensing image was then fixed by the geometric correction of ground
control points through DEM. Referring to the relevant literature, a simple test comparison of
supervised classification, unsupervised classification, and the ratio threshold method was
carried out [32,33]. The ratio threshold method combined with the visual interpretation
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method was selected to extract the glacier boundary [34]. The ratio threshold method
calculates the ratio of band 3 to band 5 (TM3/TM5) based on ENVI 5.1 software to obtain
the ratio image. On this basis, based on ArcGIS10.2 software, combined with the second
glacier catalogue data and DEM data, the glacier was visually interpreted and identified,
and the glacier range boundary was extracted and then converted into shape format.
Finally, the remote sensing images in different periods were compared to correct the glacier
boundary. The advantage of this method is that it can improve the accuracy of glacier
extraction, reduce the error, and effectively avoid the influence of clouds and snow.

Errors arising from processes such as remote sensing image correction can be calculated
by Equation (1). The formula for calculating the accuracy of glacier length change typically
uses the root mean square error, which is given by [35]

E=+02+¢ (1)

where E is the length change error, J is the resolution of the previous period of remote
sensing images, and ¢ is the resolution of the later period of remote sensing images.

The error in the change in glacier area was calculated using the formula for the
uncertainty in the change in area and length, which is given by

a=A-(2E/x) )

where a is the area change error, A = x2, x is the resolution of the remote sensing image.

In this study, the spatial resolution of the remote sensing images is 30 m (Landsat TM)
and 15 m (Landsat OLI_TIRS). Based on Equations (1) and (2), the error in length change for
the area from 1991-2011 and 2011-2017 can be calculated as 33.5 m and 21.2 m, respectively;
the error in the area is 0.002 km? and 0.001 km?, not exceeding 0.01 km?.

2.3.2. Estimates of Glacial Storage Volume

The estimation of glacier storage is based on empirical Equation (3) obtained by
Liu et al. [36]:
V =0.045'%° (3)

where S is the glacier area (km?) and V is the glacier ice storage volume (km3).
The glacier meltwater runoff in the URB is obtained by calculating the glacier storage
and loss at different periods.

2.3.3. Mann—Kendall Nonparametric Tests

The Mann-Kendall (M-K) test sample does not need to follow a certain distribution
and is not disturbed by a few outliers. It is widely used in the analysis of climatic parameters
and hydrological series [37]. In this study, the M-K trend test was used to assess the trends
in temperature, glacial material balance, and runoff. The trend slope was estimated using
Sen’s estimation [38]. In addition, the M-K abrupt test was used to detect the abrupt points
of temperature, glacier mass balance, and runoff.

3. Results
3.1. Temperature Change

The average annual temperature is —2.72 °C in the headwater region of the URB
from 1960 to 2017. The lowest temperature appeared in 1969 at —4.61 °C, and the highest
temperature in 2007 at —1.34 °C (Figure 3). The temperature change shows a significant
upwards trend, with a warming rate of 0.362 °C/decade (p < 0.01). This value is much
higher than the global average temperature changes (0.23 °C/decade) during the same
period [39]. The average temperature in 1990-2017 was 1.13 °C warmer than that in
1960-1989. The warming rate of the mean temperature increases with elevation (Table 2);
therefore, there is an elevation-dependent warming phenomenon in the URB.
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Figure 3. Average annual temperature in the headwater region of the Urumgqi River Basin.

Table 2. Temperature variation in different elevation zones in the headwater region of the URB.

Elevation Zone Mean (°C) Std Trend (°C/Decade) p-Value

<2000 m 291 0.824 0.357 **
2000-2500 m 1.31 0.827 0.360 **
2500-3000 m -1.13 0.825 0.361 i
3000-3500 m —4.34 0.823 0.362 **
3500-4000 m —6.78 0.824 0.363 **

>4000 m —8.50 0.822 0.362 *
Study region —-2.72 0.824 0.362 **

Note: “**” indicates that the results passed the significance test at the 0.01 confidence level (p < 0.01).

At the same time, there is significant seasonal variation in the elevation-dependent
warming of temperature change in the headwater region of the URB. The changes in the
annual mean temperature show a more obvious elevation-dependent warming (Figure 4a),
in which 3500-4000 m is the elevation band with the largest warming rate, reaching
0.363 °C/decade. In spring, the warming rate of temperature had no obvious elevation-
dependent warming (Figure 4b). In summer, the warming rate increases below 3500 m, from
0.280 °C/decade to 0.285 °C/decade, reaching a maximum at 3000-3500 m. The warming
rate slows down at elevations above 4000 m, but overall, the rate of temperature change in
summer tends to increase with elevation (Figure 4c). In autumn, the rate of warming is signif-
icantly elevation-dependent, rising from 0.273 °C/decade at <2000 m to 0.286 °C/decade
near 3000 m, reaching a maximum of 0.287 °C/decade at 4000 m (Figure 4d). In win-
ter, the rate of warming increases with elevation, reaching a maximum of approximately
0.456 °C/decade near 3500 m above sea level before slowing down (Figure 4e).

Overall, significant warming has occurred in the headwater region of the URB since
1960, with the highest warming rate in winter (0.45 °C/decade), followed by spring, with
the lowest warming rates in summer and autumn. In addition, the warming rate increases
with elevation, i.e., showing obvious elevation-dependent warming. It can be seen that
there is a consistency between the topographic relief and the average annual temperature
change rate (Figure 5). The elevation-dependent warming in the basin will have positive
feedback on glacier changes, for example, accelerating glacier ablation.
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Figure 4. Elevation change of warming in the headwater region of the URB from 1960 to 2017;
(a) annual average, (b) spring, (c) summer, (d) autumn, (e) winter.
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Figure 5. Comparison of topographic profiles and mean annual warming rate profiles: (al) Line A
topographic profile, (a2) Line B topographic profile, (a3) Line C topographic profile, (b1) Line A mean
annual warming rate profile, (b2) Line B mean annual warming rate profile, (b3) Line C mean annual
warming rate profile.

3.2. Glacial Changes
3.2.1. Glacier Area Change

All glaciers in the URB are small glaciers in the headwater region because the largest
individual glaciers do not exceed 5 km? in area. A total of 136 glaciers were catalogued in
the first glacier inventory of China, 81 glaciers in 1991, 93 glaciers in 2001, 98 glaciers in 2011,
and 100 glaciers in 2017; accordingly, the glacier areas were 50.95 km?, 39.33 km?, 35.52 km?,
26.32 km?, and 21.50 km?, respectively. Glacial areas showed a rapid decrease (Figure 6),
with retreat rates from 1960s-2017, 1960s-1991, 1991-2001, 2001-2011, and 2011-2017 of
9.97%/10 a, 7.35%/10 a, 9.71%/10 a, 25.90%/10 a, and 30.52%/10 a, respectively. Compar-
ing the number of glaciers, it is seen that the number of glaciers increased in the URB, but
this is not due to the creation of new glaciers but to the ablation of large glaciers split into
smaller pieces. Thus, the accelerated retreat of glacier areas has been more pronounced in
the Urumgi River Basin from 1960 to 2017, especially in the last ten years.
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Figure 6. Glacier area changes in the URB during different periods. From (a—e) is glacier boundary in
1960s, 1991, 2001, 2011, and 2017, respectively; (f) shows the glacier changes in the URB in different
periods. The background images in (b—e) are corresponding Landsat images.

3.2.2. Glacier Area Changes at Different Elevation Zones

The results show that the glacier area is concentrated between 3600 and 4200 m, with
the smallest area between 3300 and 3600 m above sea level. The area of glacier distribution
increases as the elevation rises and gradually decreases after reaching 3800-3900 m (Figure 7).

45 -

40 +

T 1
3300-3400 3400-3500 3500-3600 3600-3700 3700-3800 3800-3900 3900-4000 4000-4100 4100-4200  >4200

Elevation{m)

Figure 7. Glacier changes at different elevation zones in the headwater region of the URB.

The results in Figure 8a show that glacier areas tend to decrease in all elevation zones.
The retreat of glaciers in the URB generally tends to increase and then decrease with
elevation; the greatest retreat change was concentrated between 3700 and 3900 m, and the
greatest retreat was at 3800-3900 m, reaching —7.34 km?. The rate of glacier changes in the
3300-3500 m range is 100%, indicating that all glaciers in this elevation range have ablated.
The rate of glacier change is lowest at 4100-4200 m and tends to increase again at >4200 m



Remote Sens. 2022, 14, 1780

11 of 20

(Figure 8b). Combined with the rate of warming increasing with elevation (Figure 8c),
although there was elevation-dependent warming, there was no increase in the glacier
retreat rate. This is due to the lower temperatures at higher elevations, and although the
rate of warming increases, the overall temperature does not have a high impact on glacier
ablation. Overall, there is a close relationship between the rate of warming and the rate of
glacier change at the same elevation (R% = 0.49) (Figure 8d).
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Figure 8. Glacier changes at different elevation zones: (a) area of glacier change at different elevations,
(b) rate of glacier change at different elevations, (c) rate of warming at different elevations, and
(d) scatter plot of warming rate vs. rate of glacier change at corresponding elevations.
3.3. Runoff Changes in the Headwater Region of the URB
3.3.1. Changes in Glacial Meltwater Runoff
Rising temperatures are the dominant factor in the change in glacier meltwater runoff
in the URB. Table 3 shows that an abrupt change in the annual mean temperature in the
URB occurred around 1990, and the annual mean temperature has increased significantly
since 1990, with a mean temperature increase of 1.13 °C. An abrupt change in glacier mass
balance and glacier meltwater runoff for Urumgqi Glacier No. 1 both occurred around
1993. The average annual mass balance for Urumgqi Glacier No. 1 from 1960 to 1992
was —141 mm w. e., whereas it reached —597 mm w. e. from 1993 to 2017. Similarly, the
average annual meltwater runoff of Urumgi Glacier No. 1 from 1960 to 1992 was 157 10* m?,
whereas it reached 269 10* m3 from 1993 to 2017, with an increase of 112 10* m3. Therefore,
the response of glacier changes to temperature lags by 3 years in the URB.
Table 3. Abrupt changes in temperature, Urumgqi Glacier No. 1 mass balance, and glacier meltwater
runoff in the URB from 1960 to 2017.
. Mean Value before Mean Value after .
Variables Abrupt Years Abrupt Abrupt Difference
Average annual temperature (°C) 1990 —3.27 —2.14 113
Mass balance of Glacier No. 1 (mm w-e) 1993 —141 —597 —456

Meltwater runoff of glacier No. 1 (10* m3) 1993 157 269 112
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The glacier area in the whole URB decreased sharply, from 50.95 km? in the 1960s to
21.50 km? in 2017, a reduction of 57.81% (Table 4). The glacier area in 1991 was 22.8% less
than that in the 1960s, in 2006 was 25.6% less than that in 1991, and in 2017 was 45.3% less
than that in 1991. According to Equation (3), the glacier storage in the 1960s was 8.07 km?,
that in 1991 was 5.69 km?, and that in 2017 was only 2.69 km? (Table 4). The glacier storage
in 1991 decreased by 29.5% compared with that in the 1960s, contributing 23.8 x 108 m?
runoff from 1960 to 1991. The glacier storage in 2006 decreased by 32.9% compared with
that in 1991, which contributed 18.7 x 108 m? runoff from 1991 to 2006. Glacier storage in
2017 decreased by 55.8% compared with that in 1991, contributing 31.7 x 108 m? runoff
from 1991 to 2017.

Table 4. Variations in glacier area and storage in the headwater region of the URB from the 1960s to 2017.

Glacier Storage Rate of Change Relative to 1960s Rate of Change Relative to 1991
Periods Area (km?) 3 - -
(km>) Area Glacier Storage Area Glacier Storage
1960s 2 50.95 8.07 100% 100% - -
1991 39.33 5.69 —22.8% —29.5% 100% 100%
1996 37.74 5.38 —25.9% —33.4% —4.1% —5.5%
2001 35.52 4.96 —30.3% —38.6% —9.7% —12.9%
2006 29.26 3.82 —42.6% —52.7% —25.6% —32.9%
2011 26.32 3.31 —48.4% —59.0% —33.1% —41.9%
2017 21.50 2.52 —57.8% —68.8% —45.3% —55.8%

Note: ? represents the first glacier inventory of China.

The mass balance of Urumgqi Glacier No. 1 was in a negative balance state from
the 1960s to 2017 (Figure 9). The maximum negative balance occurred in 2010, reaching
—1327 mm w. e. The maximum positive mass balance occurred in 1965, which was 374 mm w. e.
The cumulative mass balance of Urumgi Glacier No. 1 reached —19,572 mm w. e., which means
that Glacier No. 1 became thinner by approximately 19.57 m from the 1960s to 2017.
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Figure 9. Changes in mass balance of Urumgqi Glacier No. 1.
The annual glacier meltwater runoff at Urumgqi Glacier No. 1 hydrological station

shows a slight upwards trend (Figure 10a), with a trend rate of 2.928 x 10* m3/a. The
glacier meltwater runoff changes were relatively stable from 1960 to 1992, with an average
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of 1.57 x 10 m3, whereas the glacier meltwater runoff increased from 1993 to 2017, with an
average value of up to 2.69 x 10° m?, an increase of 1.12 x 10° m? in 1993-2017 compared
to 1960-1992. The cumulative anomaly of annual runoff in Urumgqi Glacier No. 1 shows
a relatively stable change from 1960 to 1992, whereas it has rapidly increased since 1993
(Figure 10b). This indicates that the runoff of Glacier No. 1 experienced an obvious abrupt
change around 1993.
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Figure 10. Observed runoff from Glacier No. 1 hydrological station at URB; (a) annual runoff,
(b) cumulative anomaly of annual runoff, (c) annual runoff probability density from1960 to1989,
(d) annual runoff probability density from 1990 to 2017.

Rising temperatures altered the maximum annual glacial meltwater runoff. An abrupt
change in temperature in the URB occurred around 1990, which accelerated glacier ablation,
resulting in an increase in glacial meltwater runoff. The maximum annual runoff of
Urumgi Glacier No. 1 was only 1.4 x 10° m? in 19601990 (Figure 10c), whereas it reached
2.5 x 10® m? in 1990-2017 (Figure 10d), an increase of 78.6%.

3.3.2. Total Runoff Changes in the Headwater Region of the URB

The Hero Bridge hydrological station is the outlet of the headwater region of the URB,
representing the total runoff. The observation results show a relatively stable (with a slight
upwards trend) runoff variation at the Hero Bridge hydrological station from 1960 to 2007.
In 2001, the maximum negative runoff anomaly was —5.775 x 10”7 m?, and the maximum
positive runoff anomaly was 1.136 x 108 m? in 1996 (Figure 11a). The change in total runoff
in the headwater region of the URB can be divided into two stages: from 1960 to 1996,
runoff showed an increasing trend (5.8 x 10° m3/a), whereas runoff showed a decreasing
trend from 1996 to 2007, with a decreasing trend of —4.6 X 10 m3/a. In addition, the
results show that the change in the annual runoff anomaly was relatively stable from 1960
to 1990 (Figure 11b), but it has turned into a sharp increase since 1991, probably due to the
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increase in glacial meltwater. However, after 2000, the variation in annual runoff became
flat again (Figure 11b).
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Figure 11. Runoff changes at the Hero Bridge hydrological station of the headwater region of the
URB: (a) annual runoff, (b) cumulative anomaly of annual runoff, with the anomaly base period
of 1960-1989.

4. Discussion

The annual temperature in northwest China showed a significant warming trend at a
rate of 0.26 °C/decade from 1960 to 2019 [40], which is higher than the same period warm-
ing rate in all of China (0.23 °C/decade) [41]. In the Tian Shan Mountains, the response to
global change is more sensitive [42]. Li et al. found that the overall warming trend in the
Tian Shan region in 1961-2017 was 0.308 °C/decade [43], which is lower than the warming
rate in the URB (0.362 °C/decade). Xu et al. analyzed meteorological data from 20 stations
in the Tian Shan region from 1960 to 2016 and concluded that EDW exists only in summer
in the Tian Shan region, with spring, autumn, winter, and annual warming trends showing
a slight negative correlation with elevation [44]. The warming rate in the URB is faster
than the increasing trend in the whole Tian Shan region, especially after 1990, when the
warming was more significant, which is consistent with the results of others [45]. There are
significant elevation differences in the warming rates in the Urumgi River Basin, which are
0.357 °C/decade, 0.360 °C/decade, 0.361 °C/decade, 0.362 °C/decade, 0.362 °C /decade,
and 0.362 °C/decade. This indicates that there is elevation-dependent warming in the URB,
but there are obvious seasonal differences, with increasing rates of change with increasing
elevation in summer, autumn, and winter but not in spring.

Temperature and precipitation are key factors influencing glacier change [46], with
precipitation determining glacier accumulation and temperature determining glacier abla-
tion [47]. In the context of global warming, the accelerated retreat of glaciers in the Tian
Shan [48] has become more sensitive to changes in temperature. Although precipitation in-
creased during the same period, the contribution of increased precipitation to runoff could
no longer compensate for the negative effects of increasing temperatures [49]. Wang et al.
calculated the area change of approximately 3000 glaciers in each basin of the Tian Shan
region from 1960 to 2009 and found that the area of the Tian Shan glaciers has shrunk by
11.5% in the last 50 years [50]. Changes in glacier area in the URB are related to climatic
conditions and glacier size, but warming is the main cause of accelerated glacier melt in
the URB. The rate of glacier retreat on the southern slopes of the URB is greater than that
on the northern slopes due to the receipt of solar radiation and topographic differences.
Over the past 58 years, the area of glaciers in the URB has shrunk by 57.8%, much higher
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than the rate of retreat for the entire Tian Shan Mountains. The sensitivity of glaciers to
climate change varies among different sizes. The smaller the area of the glaciers, the more
sensitive they are to climate change, and high values of average annual retreat rates are
often observed in smaller glacier areas in the Tian Shan Mountains [51]. The glaciers within
the URB are small, with the largest individual glaciers not exceeding 5 km? in area, so
glacier retreat in the URB is much higher than in the whole Tian Shan region. In this study,
uncertainty calculations of 0.002 km? and 0.01 km? for individual glacier areas can be used
for glacier analysis studies in the study area in comparison to other study cases for glacier
uncertainty areas (Table 5). The advantage of this study compared to past studies [52] is
that it not only studies glacier change, but also analyzes the impact of glacier changes on
runoff with the background of EDW.

Table 5. Summary of relevant literature on glacier area based on remote sensing images in the Tian
Shan Mountains.

Study Area Images Sources Resolution Mean Errors References
Tomur Peak Landsat ETM+ 15m +0.002 km? Huai et.al., 2015 [53]
Aksu River basin Landsat MSS/TM/ETM+/OLI 79 m/30 m/15m +0.5 pixel Zhang et.al., 2019 [54]
Hala Lake Basin Landsat MSS/TM/ETM+/OLI 79m/30m/15m - Li et.al., 2019 [55]
. . SPOT5 +0.003 km? .
Urumgi River Basin Landsat ETM-+ 5m/15m 10,0001 km?2 Huai et.al., 2018 [52]
Karatal river basin Landsat TM/ETM+ 30m/15m <5% Azamat et al., 2016 [56]
Tian Shan Landsat TM/ETM+ 30m/15m <6% Huai et al., 2017 [57]
Landsat TM <2.6%
Tian Shan Sentinel-2 30m/10 m/20 m <1.9% Li et.al., 2020 [58]
Hexagon <2.9%
2
Urumgi River Basin Landsat TM/ETM+/OLI 30m/15m :tiodo(%zlf:r?z This study

There is a lag in the effect of climate warming on glacier change, and the length of
this lag period is mainly determined by the size of the glacier [59]. Wang et al. suggested
that the changes in mountain glaciers in the Northern Hemisphere lag climate change by
approximately 12-13 a [60]. In this study, the abrupt change in temperature in the URB
occurred in 1990, whereas the abrupt change in mass balance of Urumgqi Glacier No. 1
occurred in 1993. Therefore, the glacier changes in response to temperature change lags
3 years in the URB.

Glacial meltwater is an important factor in the change in total runoff in the URB.
From 1960 to 1996, glacier storage decreased by 33.4% (Table 4), generating runoff of
approximately 26.9 x 10% m3, which accounted for 30.1% of the total runoff in the URB in
this period. From 1996 to 2006, glacier storage decreased by 29.1%, and it generated runoff
of approximately 15.6 x 108 m?, which accounted for 51.1% of the total runoff during this
period. Thus, glacial storage has decreased dramatically, and the contribution of glacial
meltwater runoff to the total runoff has increased since 1990.

Global warming leads to increased river runoff affected by glacier replenishment.
By analyzing the changes in glacier mass balance, Zemp et al. believed that from 1961
to 2016, the mass loss of glaciers worldwide was severe. The contribution rate of glacier
meltwater to sea level rise reached 25% to 30% [61]. It is expected that glacier retreat and
mass loss will continue throughout the 21st century [62,63]. Huss et al. simulated and
calculated the glacier runoff changes in 56 glacier cover basins in the world through the
model and analyzed the influence of glacier changes on runoff. The simulation results
showed that about half of the glacier runoff in the basin would continue to rise, and there
would be a steady downward trend after reaching the peak [64]. With the background
of global warming, with the decrease of glacier area, glacier meltwater would inevitably
decrease in a certain period, called the inflection point of glacier runoff [65]. Based on the
observation data of the Tian Shan glacier observation experimental station from 1959 to
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2017, the runoff of No. 1 Glacier Basin in URB has showed a ladder-shaped increase since
1992, which was related to the significant increase of precipitation and temperature [31].
Glacier runoff in the URB will show a decreasing trend in approximately 2050 [66]. The
temperature rise accelerates the melting and retreat of glaciers in mountainous areas,
changes the composition of water resources, and intensifies the volatility and uncertainty
of water resources.

The Urumgi River is an important source of water resources for the downstream
region. The trend of glacier runoff in the URB is broadly similar to the trend of temperature
in the basin. Rising temperatures and increased glacial meltwater were important causes
of the total runoff increase in the Urumgqi River until 1996, accounting for 30% of the
total runoff from the 1960s to 1996. The total runoff in the URB is influenced not only by
glacier melt but also by snowmelt and precipitation (especially precipitation in the high
mountainous areas), which together determine the magnitude of total runoff [67].

5. Conclusions

The headwater region of the URB warmed significantly from 1960 to 2017, with a
warming rate of 0.362 °C/decade, and an abrupt change occurred around 1990. At the
same time, the warming rate increased with elevation in the URB. The elevation-dependent
warming is distinctly seasonal, with the most pronounced warming in summer, autumn,
and winter, and the least pronounced warming in spring.

The retreat of glaciers has accelerated under regional warming in the headwater
region of the URB. The decreasing rate of glacier area reached 10%/decade, especially
in the middle- and low-elevation regions. The cumulative anomaly of mass balance in
Urumgi Glacier No. 1 reached —19,572 mm w. e. from 1960 to 2017, which indicates that
Urumgi Glacier No. 1 thinned by 19.572 m. The mass balance and glacier meltwater runoff
of Urumgqi Glacier No. 1 experienced an abrupt change around 1993. This indicates that
there is a lag of 3 years in the response of glacier changes to temperature in the headwater
region of the URB. Elevation-dependent warming has a significant influence on glacier
changes (R? = 0.49), especially in areas below 4000 m above sea level.

Glacial meltwater is an important factor in the change in total runoff in the headwater
region of the URB. From 1960 to 1996, runoff showed an increasing trend (5.8 x 10° m3/a),
and glacial meltwater accounted for 33.4% of the total runoff, whereas runoff showed a
decreasing trend of —4.6 x 10° m3 from 1996 to 2007.
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