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Abstract: Glaciers are sensitive indicators of climate change, and investigation of their dynamics is cru-
cial for ensuring regional ecological security as well as disaster prevention and mitigation measures.
Based on Landsat Thematic Mapper (TM)/Enhanced Thematic Mapper Plus (ETM+)/Operational
Land Imager (OLI) imagery, the outlines and length of glaciers in the West Kunlun Main Peak Area
(WKMPA) during 2000-2020 were obtained by combining a band ratio method with manual inter-
pretation and an automatic extraction method for the glacier centerline, respectively. There were
440 glaciers in the WKMPA in 2020, covering an area of 2964.59 + 54.87 km?, with an average length
of 2916 + 60 m. The glacier count increased due to division, while the area and length all exhibited
a declining trend from 2000 to 2020, at rates of —0.04%-a~! (24.83 km?) and —0.11%-a~! (66 m),
respectively. Glacier retreat was primarily observed during the early period (2000-2005). Except for
glaciers located above an elevation of 6250 m, the glacier area decreased with each altitude interval
from 2000 to 2020, and the rate of relative change in glacier area generally decreased with increasing
altitude. Moreover, except for a slight increase in north-facing glaciers, the area of glaciers facing
other orientations decreased during 2000-2020. The accuracy of the empirical formula fit for glacier
length was highly dependent on glacier class, with greater precision observed for smaller glaciers
and lower precision for larger valley-basin glaciers due to their complex morphological structures
being neglected and only a single quantitative relationship being considered. There was a time lag of
12 years between temperature changes and glacier area response in this region. The mechanism by
which glacier division affects glacier change is complex, requiring dissection of multiple factors such
as area, length, and terminal elevation before and after division.

Keywords: glacier area; glacier length; the West Kunlun Main Peak Area; climate change

1. Introduction

In 2023, the Intergovernmental Panel on Climate Change (IPCC) has unequivocally
reported that global warming, with a global surface temperature increase of 1.1 °C above
the 1850-1900 baseline, is primarily caused by human activities through greenhouse gas
emission [1]. The cryosphere is undergoing significant changes, exerting a direct and
sensitive influence on the climate system. Its alterations have substantial impacts on global
and regional climates and ecosystems, as well as human wellbeing [2]. Glaciers, as a
crucial component of the cryosphere, serve as highly sensitive indicators of climate and
environmental change. Their meltwater not only regulates river runoff but also acts as an
essential water resource in arid and semi-arid regions, where they are commonly referred
to as solid reservoirs [3-5]. Meanwhile, natural disasters such as glacier collapses and
glacial lake outburst floods resulting from glacier change have posed significant threats to
local residents and downstream infrastructure [6-8]. Therefore, it is imperative to enhance
regional glacier monitoring, analyze its trends, and explore its relationship with climate
change. This can contribute to the protection of the regional ecological environment and

Remote Sens. 2023, 15, 4236. https:/ /doi.org/10.3390/1s15174236

https://www.mdpi.com/journal /remotesensing


https://doi.org/10.3390/rs15174236
https://doi.org/10.3390/rs15174236
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://orcid.org/0000-0002-1879-3796
https://orcid.org/0000-0003-3127-9473
https://doi.org/10.3390/rs15174236
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/article/10.3390/rs15174236?type=check_update&version=2

Remote Sens. 2023, 15, 4236

2 0f23

ensure water resource security, enhance the utilization and management of water resources,
and prevent and mitigate disasters.

In recent years, the heating rate of the Tibetan Plateau and its surrounding areas has
exceeded that of other regions [9,10]. According to previous research, the Tibetan Plateau
region is projected to experience a temperature increase of 2.1 °C under a global warming
scenario of 1.5 °C [11]. Abnormal climate change has accelerated glacier melting in this
area, resulting in an estimated reduction of glaciers by 49%, 51%, and 64% respectively
under RCP4.5, RCP6.0, and RCP8.5 scenarios [12] and leading to their abnormal state [13].
Meanwhile, the glaciers in the Pamir-Karakoram—West Kunlun region, also known as the
Karakoram anomaly [14-18], depict a situation of general stability.

The West Kunlun region is the most concentrated area of large mountain glaciers
in China [19]. Several studies on glacier change in the West Kunlun region have been
conducted in the 21st century [17,20-23]. Studies on glacier area have primarily relied
upon early digital topographic maps and Landsat images with long time intervals. The
findings indicate that the rates of change in glacier area within the West Kunlun Main Peak
Area (WKMPA) during the periods 1970s-1990, 1990-2010s, 1970s-2016, and 2010-2017
were —0.16 + 0.10%-a~' [20], —0.01 £ 0.32%-a~! [20], —0.07 + 0.10%-a~! [17], and
0.16%-a~! [21]. Research on glacier mass balance has traditionally relied on topographic
maps, SRTM DEM, and ICESat data [17,20,22]. However, the results have shown significant
discrepancies: —0.06 + 0.13 m w.e.a~! during 1970-2000 [17] and 0.23 & 0.24 m w.e.a™!
during 2003-2009 [20], respectively. Some glaciers exhibit a mass balance close to zero
or even a slight thickening trend [22]. Research on glacier velocity has primarily focused
on extraction methods and the short-term continuous trend, utilizing techniques such
as optical image cross-correlation and feature tracking [21]. The findings indicate that
the surface motion velocity of the Duofeng Glacier was marginally lower in 2013-2014
compared with 2001-2002 [23].

Previous studies on glacier change in this region have mainly focused on individual
characteristics such as area, surface elevation, and movement velocity with relatively long
time intervals. However, given the current state of glacier anomalies, it is of great signifi-
cance to investigate glacier change using long-term time series and high spatial-temporal
resolution remote sensing images. Glacial meltwater constitutes a crucial water resource in
this area and holds immense significance for maintaining its own resource security [24,25].

In this study, Landsat images from 2000 to 2020 were utilized to delineate the glaciers
in the WKMPA by integrating a band ratio method with manual interpretation. The glacier
changes in the WKMPA were quantified based on diverse parameters such as number,
area, length, and volume. Then, the linkages among glacier change, climate change, and
topographic factors were investigated to enhance our comprehension of the response of
glaciers to climate change. This can serve as a scientific basis for water resources assessment
and eco-environmental protection in the WKMPA.

2. Study Area

The Kunlun Mountains traverse the northern region of the Tibetan Plateau, stretching
from the Pamir Plateau in the west to the Ruoergai Basins in the east. They borders
on the hinterland of the plateau, and are adjacent to the Tarim and Qaidam Basins in
their northward direction [26]. They are delimited by the Kunlun Mountain Pass and
Qiongmuzitage Peak on the Tibetan Highway, and comprise three distinct sections, about
5500~6000 km?. The area is characterized by a series of parallel mountain ranges that
run from northwest to southeast. The elevation of the WKMPA (80°E~82°E, 35°N~36°N)
ranges from approximately 4800 to 7200 m, with the highest peak being Kunlun Peak
(7167 m) [20]. The climate is predominantly characterized as a plateau mountain arid
climate. Both the average daily mild temperature and the annual temperature show
significant fluctuation [25]. It is administratively subordinate to Cele County, Hetian
County, and Yutian County in the Hotan prefecture of Xinjiang province and Ritu County
in the Ngari prefecture of the Tibet autonomous region. There is no inherent geographical
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condition conducive to glacier development in the Kunlun Mountains; rather, it was the
uplift of the Tibetan Plateau since the Pleistocene that elevated this region to rise above
the snow line in ice ages and interglacial periods [27]. The glaciers in the WKMPA are
classified as continental glaciers, primarily composed of valley glaciers, ice caps, and glacial
cirques. Many valley glaciers with multiple branches are distributed in the steep north-
facing region, where meltwater primarily flows into the Tarim Basin via the Yurungkash
and Keriya Rivers. The southern slope of the terrain is more gently undulating, flat and
wide at the ice tongue, with meltwater flowing into salt lakes such as Aksai Chin, Guozaco,
and Bondarco (Figure 1).
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Figure 1. Overview of the research area [20].

3. Materials and Methods
3.1. Data

Due to the inaccessibility of most glaciers, remote sensing technology is widely uti-
lized for glacier monitoring [28]. To delineate and analyze changes in glaciers within
the WKMPA, Landsat Multi Spectral Scanner (MSS)/Thematic Mapper (TM)/Enhanced
Thematic Mapper Plus (ETM+)/pan-sharpened Operational Land Imager (OLI) images
(Figure 2) were obtained from the United States Geological Survey (USGS) website (https:
/ /earthexplorer.usgs.gov/, accessed on 1 December 2022). The images underwent Level 1
processing, including radiometric, geometric, and topographic correction. To improve the
spatial resolution of images while preserving their multi-spectral information, we fused the
visible bands and panchromatic band of the Landsat ETM+ and OLI images, resulting in a
spatial resolution of 15 m with the Create Pan-sharpened Raster Dataset Arctool in ArcGIS.
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Figure 2. Landsat image series for glacier interpretation.

In this study, the Shuttle Radar Topography Mission Version 3 (SRTM V3) DEM dataset
with a spatial resolution of 30 m and a vertical accuracy of 16 m [29] was acquired from the
Geospatial Data Cloud platform (http://www.gscloud.cn/, accessed on 1 December 2022)
of the Chinese Academy of Sciences, to extract topographic information such as elevation,
orientation, and glacier centerlines.

We opted for ERA5-Land monthly temperature and annual precipitation data to
investigate the climatic characteristics in the WKMPA. ERA5-Land is a global land-surface
dataset, consistent with atmospheric data from the ERA5 reanalysis. ERAS is the fifth-
generation global atmospheric reanalysis dataset from the European Centre for Medium-
Range Weather Forecasts (ECMWEF), which employs an integrated forecasting system (IFS)
and significantly improves data accuracy [30,31]. ERA5-Land data were obtained from the
Copernicus Climate Change Service platform (https://cds.climate.copernicus.eu/cdsapp#
!/home, accessed on 1 December 2022) and possessed a spatial resolution of 0.1°.

3.2. Methods
3.2.1. Glacier Information Extraction

Existing studies have demonstrated that the band ratio threshold method has the
highest efficiency and requires minimal manual intervention [32-36]. The glacier delin-
eation process can be divided into three main steps: band ratio (red/SWIR), threshold
segmentation, and manual revision [37] (Figure 3). Firstly, the red band’s raw digital
number was normalized with that of the SWIR band, and an optimal threshold value for
distinguishing between glacier areas and non-glacier areas was manually determined. The
threshold values ranged from 1.8 to 2.0. Then, a median filter was applied to address small
gaps caused by rocks on ice and eliminate snow patches [38]. Thirdly, the binary images
depicting glacier and non-glacier areas in raster format were subsequently converted into
vector format to depict glacier outlines. To ensure the accuracy of the glacier boundaries,
we manually verified and revised them using Google Earth images and glacier inventory
data as reference. Finally, the ridgelines extracted from the SRTM DEM [39] were utilized
to automatically partition the glacier outlines, resulting in individual glacier delineations.
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Figure 3. The process of glacier (a) delineation and (b) length extraction.

Glacier length, a crucial parameter of glacier geometry, serves as the foundation for
calculating the retreat and advance distance of a glacier’s terminus. This parameter effec-
tively reflects changes in glaciers and is an essential component of global glacier inventories.
Based on Euclidean allocation and glacier surface topography features, we employed the
automated extraction method for glacier centerlines proposed by Zhang et al. [40] to derive
the length of glaciers (Figure 3). Its input data solely comprises glacier boundary vector
and DEM data. For a simple glacier, the length is defined as the distance along its center-
line. However, for complex glaciers, such as valley glaciers and ice caps, their length is
determined by measuring the maximum distance along each of their respective centerlines.

3.2.2. Accuracy Estimation

We reviewed the four main sources of error in the process of glacier mapping [41-43],
which include positional errors, processing errors, conceptual errors, and classification
errors [33], respectively. Here, we employed several methods to minimize all of these errors.
To reduce positional errors, we selected and manually inspected all acquired Landsat
images to ensure accurate georeferencing based on ground control points geolocated by
the USGS. To reduce processing errors, we used automatic methods of glacier classification,
which have been found to be more robust than manual digitization for ice bodies larger than
0.1 km? [44]. To reduce conceptual errors, we processed and manually inspected all cloud-
free observations in the Landsat archive to try to ensure that our glacier area measurements
represented the annual snow minima. This left classification errors, described below, as
the main source of uncertainty in our study. Classification errors are mainly affected by
the spatial resolution and spectral features of the images [36,41,42], glacier debris, snow,
and manual visual interpretation. These errors are primarily observed in the exposed rock
areas on the glacier’s edge and within the glacier itself [19]. Due to the challenging field
conditions at high altitudes where glaciers are located, only errors caused by the spatial



Remote Sens. 2023, 15, 4236

6 of 23

resolution of the images are considered in this paper. The area error was calculated using
the following equation:

a a
ea=) & =Lpupx ) P 1
i-1 i=1

where ¢4 is the error in glacier area resulting from image spatial resolution (m?), P; is the
perimeter of the glacier outline (m), Lyp is half of the pixel side length (m).

The method for assessing the uncertainty of glacier area change (e4¢) is basically the
same as above. Taking a single glacier as an example (Figure 4a), we firstly erased two
phases of data from each other to obtain the results in Figure 4b,c. The two data were
merged to obtain vector data, Figure 4d. Then, we cropped the terminus of the glacier
and deleted the excess, that is, the purple layer in Figure 4e. Finally, according to the
calculation idea of the glacier area error, the area error of the beauty layer in Figure 4e was
calculated. The calculation formula is shown in Equation (1); that is, the area in Figure 4f is
the uncertainty of glacier area change.

C
I‘\.» . .
. \
- \ y
',l l“,: N \‘\<='a
i \ )
: . 2
. g -
0 Skm 0 Skm
e — —
d e f
. N B N
?) ‘ / é)) ‘
¢ ¢
10 Skm 10 Skm 0 200m

Figure 4. The process of glacier area change error extraction. (a) Glacier data and raw images.
(b) Erase data b with data a. (c) Erase data a with data b. (d) Erased data. (e) The region of the glacier
terminus change based on the erased data. (f) The range of the buffer zone based on the region of the
glacier terminus change, namely the glacier area change error.

Assuming correct classification of glacier morphology types, the accuracy of glacier
length calculation primarily relies on the precision of the glacier outline and the quality
of the DEM data. Relevant studies have indicated that the influence of the latter can be
ignored [45]. Therefore, the accuracy of a single glacier’s length is contingent upon the
error introduced by the spatial resolution of the DEM utilized for extracting its extreme
altitude point, i.e., the local maximum peak, and the lowest point [46,47]. The calculation
formula is as follows:

e =(n+1)xLy )

where ¢; is the accuracy of glacier length, 7 is the number of the glacier centerlines, L, is
the spatial resolution of the DEM (m).
3.2.3. Analysis of Glacier Change

Given the inherent discrepancies in manual visual interpretation, such as mixed pixels
and debris, this study aimed to scientifically assess glacier changes by referencing previous
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studies on lake area changes [48]. The following formula was used to analyze glacier
changes:
Increase, if AS > 0and AS > AE
C = < Decrease, if AS < 0 and Abs(AS) > AE (©)]
Stable, if Abs(AS) < AE

AS=5;-S5; ()

(Pi + P]) X Lyp
2

where AS is the difference in glacier area (km?) between two time periods, denoted by
iand j, AE is the error in glacier area between these two periods, P; and P; refer to the
glacier perimeter (m) at time i and j, Lyp is half of the Landsat TM/ETM+/OLI image pixel
size (m).

To facilitate the analysis of glacier changes (including area and length) across different
periods and regions, this study employed the rate of change and relative rate of change [49]
for quantification. The calculation equations are as follows:

AE = (5)

GS - Gf
Voe = —L (6)
GC Y
. 1/Yp_s
PVee = (GS> — 1| x100% )
f

where V¢ and PV represent change rate and relative change rate of glaciers, respectively,
Gs and Gy represent the values of glacier characteristics at different time periods, Yy ; is the
time interval between the two periods.

4. Results
4.1. General Change

Table 1 and Figure 5 present the number, total area, and average length of glaciers
in the WKMPA during 2000-2020. The glacier count increased from 2000 to 2010 due to
glacier division, but remained stable thereafter. Except for a slight increase in glacier area
during 2010-2015, there was a consistent decrease in glacier area throughout all other years,
indicating an ongoing retreat. From 2000 to 2020, the area and length of glaciers decreased
by 24.83 km? and 66 m, with relative change rates of —0.04%-a~! and —0.11%-a~!. By
comparing the relative change rates over a five-year period, it was found that the most
significant changes in glacier area and length occurred between 2000 and 2005, with relative
change rates of —0.09%-a~! and —0.23%-a !, respectively. Comparing the relative rates of
change over a decade, it is evident that glacier area and length experienced greater changes
during 2000-2010 than during 2010-2020. In other words, the major retreat of glaciers
within the WKMPA occurred in the early period, with the most substantial retreat taking
place between 2000 and 2010, remaining stable in the later period.

Table 1. The number, total area, and average length of glaciers in the WKMPA in different years.

Year Number Area (km?) Length (m)
2000 437 2989.42 4+ 109.87 2982 + 60
2005 439 2975.52 + 110.10 2947 £+ 60
2010 440 2973.86 + 109.34 2935 £ 60
2015 440 2974.61 + 54.81 2935 + 60

2020 440 2964.59 + 54.87 2916 + 60
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4.2. Characteristics of Glacier Area Change

In terms of glacier area classification, the majority of glaciers in the WKMPA in 2020
had an area ranging from 0.1 to 0.5 km? (164 glaciers) and 1 to 5 km? (100 glaciers), while
those with an area between 50 and 100 km? (9 glaciers) and >100 km? (8 glaciers) were
the least abundant. Apart from a significant increase in the number of glaciers with an
area <0.1 km?, there was only a slight change in the number of glaciers across other area
classes during the period 2000-2020 (Figure 6a). When comparing glacier area changes
among different area classes, we observed glacier area increasing for areas ranging from 50
to 100 km?, while all other area classes experienced a decreasing tendency. Notably, the
glaciers of the <0.1 km? and 0.5-1 km? area classes exhibited the most significant declines,
with relative change rates of —0.85%-a~! and —0.57%-a~!, respectively. Comparing changes
over a five-year period (Figure 6b—e), the glacier area of each area class showed different
trends of increasing and decreasing within different periods. For the change trend over a
decade (Figure 6f,g), there was a two-stage increase followed by a decrease in glacier area
for area classes between 10 and 50 km? and >100 km?2, a decrease followed by an increase
in glacier area for areas ranging from 50 to 100 km?, and a continuous decrease in the other
area classes.

The absolute elevation of mountain ranges or peaks, as well as the relative height
difference above the equilibrium line, constitute the primary topographic factors that
determine both the number and area of mountain glaciers [50]. The glacier mass balance
is the algebraic sum of the mass inputs and outputs per unit area, dominated by solid
precipitation and glacier melt. It serves as a valuable climate-geomorphologic indicator of
glaciers, reflecting the combined influence of regional climate and topography on glacier
evolution. Based on statistical analysis of glacier coverage altitude intervals of 250 m, the
distribution of glacier area in the WKMPA approximately conforms to a normal distribution
with respect to altitude (Figure 7a). The majority of glaciers were distributed within
elevations from 4600 to 7100 m, with a concentration of 95.22% occurring between 5500 and
6500 m in 2020. With the exception of glaciers located above an elevation of 6250 m, the
glacier area at each altitude interval decreased during the period 2000-2020, and the relative
change rate of glacier area generally decreased as altitude increased. Comparing the change
trend over a five-year period (Figure 7b—e), it is evident that there are significant differences
in glacier area and relative change rate among different altitude intervals during various
periods. While analyzing the decadal change trend (Figure 7f,g), four distinct patterns were
identified, including “continuous decrease”, “increase followed by decrease”, “decrease
followed by increase”, and “stable”. The median elevation of all glaciers exhibited a slight
upward trend, rising from 6071 m in 2000 to 6075 m in 2020.
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Figure 6. The change of glacier number and area in different sizes in the WKMPA.

Orientation is a crucial topographical factor that impacts the energy balance of glaciers,
exerting significant influence on their size and changes through temperature and precipi-
tation conditions. In the WKMPA, the number and area of north- and northeast-oriented
glaciers were found to be the largest (Figure 8a,b). The number of northwest-oriented
glaciers ranked second only to those facing north and northeast, while their area was larger
than that of east-oriented glaciers. Although relatively few in number, south-oriented
glaciers had an area ranking second only to those facing north and northeast. Except for a
slight increase in the area of north-oriented glaciers, the glacier areas facing other orienta-
tions experienced a decrease during 2000-2020 (Figure 8i). Among them, northeast-oriented
glaciers retreated the most (—10.91 km?), followed by those facing southeast (—7.21 km?),
south (—6.72 km?2), and northwest (—5.03 km?2), while the recession area of glaciers facing
other orientations was less than 5 km?. Comparing the change trend over a five-year period
(Figure 8c—f), the area of north-oriented glaciers exhibited a pattern of “decrease followed
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by increase”, while the area of glaciers facing all other orientations showed a continuous
decreasing trend. During the period 2000-2005, glaciers of all orientations exhibited a
continuous decrease in area. While the glacier area with north orientation slightly increased
(0.73 km?, 0.02%-a~!) during 2015-2020, other orientations showed a decreasing trend.
Comparing the decadal change trend (Figure 8g,h), it can be observed that the area of
glaciers of all orientations decreased from 2000 to 2010. Except for an increase in the area of
the north-oriented glaciers, other orientations experienced a decline during 2010-2020.
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Figure 7. Altitudinal characteristics of glacier area changes in the WKMPA.
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Figure 8. Orientational characteristics of glacier number and area changes in the WKMPA.

Figure 9 shows the status of glacier area change by comparing the changes in both
area and perimeter of individual glaciers. Among them, seven glaciers experienced an
increase in area during 2000-2020 while two glaciers had an area larger than 50 km?, namely
Alagishayi Glacier (90.56 km?) and Binghuohe Glacier (85.70 km?). The areas of 271 glaciers
remained stable. Comparing the trend of change over a five-year period, 14, 7, 13, and
1 glaciers respectively exhibited an increasing trend in area during the four time periods,
while 82, 22, 11, and 76 glaciers showed a decreasing trend; the remaining glaciers were in a
stable state. When comparing changes over a decade, we found that only 10 and 2 glaciers,
respectively, presented an increasing trend in area during the two time periods, while as
many as 84 and 43 glaciers showed a decreasing trend. In the past two decades, the glacier
changes in the WKMPA have remained largely stable, with some glaciers exhibiting an
advance and surge state, resulting in an increasing trend in area. Glacial changes during
2010-2020 were comparatively more stable than those observed during 2000-2010.
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Figure 9. State of glacier area changes in the WKMPA.

4.3. Characteristics of Glacier Length Change

In terms of glacier length classification, the majority (76.61%) of glaciers in the WKMPA
in 2020 were 0.5-5 km in length (Figure 10a). Specifically, the majority of glaciers had a
length between 0.5 and 1 km (128 glaciers) and 1 and 2 km (109 glaciers), while those
exceeding a length of 20 km (9 glaciers) were the least numerous. The glacier lengths across
all length classes decreased during 2000-2020, with the relative change rates showing
a trend of “decrease followed by increase” as length increased. The glaciers of length
<0.5 km experienced the largest relative change rate (—1.04%-a~!), decreasing from 471 m
to 382 m, while the range of glacier length between 5 and 10 km exhibited the lowest
relative change rate (—0.02%-a"!), decreasing from 6988 m to 6957 m during 2000-2020.
The relative change rates in glacier length for those of 10-20 km and >20 km were relatively
small (—0.07%-a~! and —0.10%-a~'), but their absolute changes were significant, namely
—116 m and —534 m, respectively. When comparing the length of a single glacier with its
corresponding relative change rate (Figure 10b), no simple linear relationship was observed.
However, it is generally noted that smaller glaciers exhibit greater relative change rates
and more acute retreats and are more sensitive to climate change. This observation aligns
with the analysis results obtained for glacier area and its corresponding changes.
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Figure 10. Glacier length class and the relationship between glacier length and its relative change rate
in the WKMPA. (a) Glacier number and length relative change rate of all length classes. (b) Glacier
length and its relative change rate.
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To elucidate the relationship between glacier area and length changes, we performed
statistical and correlation analysis on the area and length changes of individual glaciers in
the study area during 2000-2020 (Figure 11). Our findings indicate a positive correlation
between these two variables (R? = 0.24), with a relatively concentrated distribution. Glaciers
located in the third quadrant were predominantly in a state of retreat, with their area and
length decreasing. Conversely, glaciers situated in the first quadrant were mostly advancing
or surging, resulting in an increase in both area and length. Glaciers located in the second
or fourth quadrant exhibited an inverse relationship between changes in area and length,
which can be attributed to the fact that glacier length is predominantly influenced by
morphological characteristics. The change in glacier area is not solely attributed to terminus
changes, but is also influenced by the erosion of glacial lateral moraines. Therefore, the
dynamics of glacier length are more intricate than those of area and require consideration
of both terminus behavior and morphological characteristics.
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Figure 11. Relationship between glacier area change and length change in the WKMPA.

By comparing the relative rates of change in glacier length during 20002020 (Figure 12),
we observed that 8 and 105 glaciers experienced change rates of more than 0.3%-a~! and
less than —0.3%-a~!, respectively. When examining changes over five-year periods, the
numbers of glaciers with change rates greater than 0.3%-a~! were 56, 57, 73, and 7 during
each of the respective time periods, while the numbers of glaciers with change rates less
than —0.3%-a~! were 166, 100, 72, and 135, respectively. This indicates that the glacier
changes remained relatively stable during 2010-2015 in comparison to other time periods.
When comparing trends over a decade, there were 26 and 11 glaciers with annual change
rates greater than 0.3% in the two time periods, while there were 119 and 98 glaciers with
annual rates less than —0.3%.

4.4. Empirical Formula among Glacier Area, Perimeter, and Length

Length is a critical parameter frequently utilized in the analysis of velocity fields [51,52],
ice volume estimation [53,54], and one-dimensional modeling of glaciers [55,56]. The
geometric definition of glacier length is closely associated with glacier area and perimeter
in two-dimensional space. Taking the glacier data in the WKMPA in 2020 as an example, a
power fit curve was applied to analyze the relationship between glacier area, perimeter,
and length (Figure 13). The results indicate that, similar to the empirical formula for glacier
area and volume, the power fit curve yields high correlation coefficients of 0.96 and 0.89,
respectively. However, the accuracy of the empirical formula fit for glacier length is highly
dependent on glacier class. Greater precision can be achieved for smaller glaciers, while
lower precision may result from neglecting complex morphological structures in large
valley-basin glaciers and considering only a single quantitative relationship.
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Figure 12. Relative change rate of glacier length in the WKMPA.
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Figure 13. The relationship between glacier length and (a) glacier area, (b) glacier perimeter.

5. Discussion
5.1. Response of Glacier Area to Climate Change

Air temperature and precipitation conditions and their combination are the primary
climatic factors influencing glacier change. The intra-annual distribution and inter-annual
variability of precipitation affect glacier recharge and activity, while temperature directly
influences glacier ablation and ice formation, both of which determine the nature, de-
velopment, and evolution of glaciers [57]. At longer temporal and larger spatial scales,
temperature exerts a more significant influence on glacier change, whereas at shorter tem-
poral and smaller spatial scales, precipitation plays a more dominant role [58]. Furthermore,
there is a lag effect in the response of glaciers to climate change [59], with the duration
of this period primarily dependent on glacier size, type, movement speed, and melting
rate [60].

Based on the ERA5-Land data, we obtained the inter-annual temperature and precipita-
tion data from 1950 to 2020 in the study area, and plotted the change curve of meteorological
elements, anomaly distribution, and 5-year trend chart (Figure 14). To obtain the time lag
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between temperature changes and glacier response in this region, we compared trends in
glacier area with rates of temperature change over five years. Then, we were surprised
to find that the 5-year trend of temperature during 1988-2008 corresponded to the 5-year
trend of glacier area during 2000-2020. Therefore, our findings suggest a 12-year time lag
between temperature changes and glacier area response in this region [17] (Table 2). Fur-
thermore, relevant studies have demonstrated that a 1 °C rise in summer mean temperature
leads to a shift in the equilibrium-line altitude of 100-160 m, necessitating an increase in
precipitation of 40-50% [61,62]. Despite the upward trends observed in both temperature
and precipitation during 2006-2011, the increased precipitation was insufficient to com-
pensate for the mass loss of glaciers caused by rising temperatures. Additionally, Morlet
wavelet analysis was employed to examine the variations in temperature and annual pre-
cipitation during the ablation period [63] within the study area, elucidating their periodic
patterns (Figure 15). The real part of the wavelet analysis coefficient contains both intensity
and phase information of a signal at a specific time and scale, which can be leveraged to
forecast its future trend changes across various temporal scales [64]. The results revealed
conspicuous periodic fluctuations in temperature and precipitation within the study area
during 1950-2020. Specifically, during the ablation period, dominant cycles of interan-
nual precipitation and temperature were observed at 43 years and 38 years, respectively,
while those for annual precipitation and temperature were found at 27 years and 25 years,
correspondingly.
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Figure 14. The change curves of meteorological elements, anomaly distribution, 5-year trend of
temperature during glacial melt, and annual precipitation in the WKMPA.
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Table 2. Changes in glacier area and temperature during glacial melt and annual precipitation in
the WKMPA.

Ch Rat - ‘ Change Rate
ange Rate emperature
Year Area (km?) (km§,a_1) Year €0 Temperature Precipitation
(°C-a™}) (mm-a—1)
2000 2989.42 + 109.87 1988 —4.00
2005 2975.52 =+ 110.10 —2.78 1993 —357 0.07 —0.05
2010 2973.86 + 109.34 ~0.33 1998 —343 0.05 6.67
2015 2974.61 + 54.81 0.15 2003 —431 ~0.19 ~2.18
2020 2964.59 + 54.87 —2.00 2008 —4.18 0.01 2.93
2013 —4.11 0.06 ~1.12
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Figure 15. The periodic pattern of (a) temperature and (b) precipitation in the WKMPA.

Therefore, considering the lag response of glaciers to climate change and the periodicity
of climatic fluctuations, it is anticipated that glaciers’ retreats will persist in this region over
the next decade. However, it should be noted that large glacier systems exhibit a more
intricate response mechanism closely tied to their own hydrological conditions [65,66].

5.2. Glacier Change with an Area More Than 100 km?

According to the second Chinese glacier inventory, there were 22 glaciers with an
area of >100 km?, totaling 3977.91 km? (7.68%), concentrated around the high peaks of the
Tianshan, Karakoram, Kunlun, and Nyaingentanglha Mountains. Among them, the Kunlun
Mountains had the highest concentration of giant glaciers and was the largest glacierized
area in China [19]. This region boasts eight glaciers with an area exceeding 100 km?, namely
Gongxing, Gulia, Xiyulong, Yulong, Chongce, Kunlun, Zhongfeng, and Duofeng. Based on
a comparison of glacier area changes during 2000-2020 (Figure 16), all glaciers except for
the Zhongfeng Glacier (+0.98 km?) exhibited a decreasing trend in their areas. The changes
in glacier area can be classified into three types: “continuous decrease”, “irregular change”,
and “increase followed by decrease”. Among them, the areas of Gongxing, West Yulong,
Chongce, and Duofeng Glaciers have experienced continuous reduction in area. The Guliya
and Yulong Glaciers exhibited irregular changes while the Kunlun and Zhongfeng Glaciers
showed an increasing trend followed by a decrease. Compared with the relative change rate
of glacier area (—0.04%-a ') in the WKMPA during 2000-2020, giant glaciers have retreated
significantly, with only Kunlun (~0), Zhongfeng (0.02%-a~1), and Duofeng (—0.02%-a1)
Glaciers experiencing less pronounced retreat.
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Figure 16. The area change of glaciers whose area is more than 100 km? in the WKMPA.

Glacier change is not only manifested in area but also in length and terminal morphol-
ogy. As illustrated in Figure 17, all glaciers except for the Guliya Glacier have experienced
terminal retreat. Notably, the Guliya Glacier had a 74 m increase in length while its terminal
altitude dropped from 5478 m to 5469 m during 2000-2020. Although an increasing trend
was observed for the Zhongfeng Glacier, this can be attributed to changes in terminal
morphology. Specifically, its length decreased by 991 m while its terminal altitude rose from
5338 m to 5343 m during the same period. In general, there exists a negative correlation
between the changes in glacier length and terminal altitude. An increase in glacier length
indicates its advancement and expansion towards lower altitudes, resulting in a decrease
in terminal altitude. Therefore, when discussing terminal morphology and its changes,
representation of glacier length is evidently more significant than that of area.

Glacier length <2000 - 2005 2015
Glacier boundary C3 2000 C3 2005 52010 C3 2015 C3 2020

Figure 17. The terminus changes of glaciers in the WKMPA whose area is more than 100 km?.
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5.3. Glacier Separation and Advance

The glacier separation phenomenon is a manifestation of the process by which a glacier
splits into multiple branches due to climate change. Compared with an unsplit glacier,
changes in the area, length, and end position of a divided glacier are more complex [46].
With regards to the West Kunlun Glacier, it is necessary to examine changes in area, length,
and terminus in two stages due to its division into east and west branches resulting from
glacier retreat during 20062007 (Figure 18). From 1976 to 2006, the West Kunlun Glacier
experienced an increase in area but a decrease in length, with an upward trend observed
for its terminus altitude (Figure 19). Despite the expansion of its area during this period,
the glacier retreated primarily due to lateral moraine erosion and transportation. The
glacier’s length decreased from 17982 m to 17676 m during 1976-2006. Moreover, the
length and the end altitude of the glacier showed opposite trends. Its area and length
decreased annually from 1976 to 1996, while the area showed a trend of “increase followed
by stable”. The glacier area decreased during 1996-2006. The total glacier area of the
east and west branches exhibited an overall fluctuating increasing trend of 0.15 km?-a~!,
increasing from 129.17 km? to 130.77 km? during 20072020, with the largest area observed
in 2015 (131.40 km?).

The two branches of the West Kunlun Glacier demonstrated significant differences in
their changes during 2007-2020 (Figure 17). The west branch experienced retreat, charac-
terized by fluctuations and reductions in both its area and length, as well as an increase
in the elevation of its terminus and median point. Specifically, the glacier’s area and
length decreased from 77.45 km? and 16507 m in 2007 to 76.44 km? and 15532 m in 2020,
at the rate of —0.10 km?-a~! and —102 m-a~!, respectively. In contrast, the east branch
showed an advance, characterized by an increase in both its area and length, as well as
a fluctuation and decrease in the elevation of its terminus and median point. Its area
and length increased from 51.72 km? and 17442 m in 2007 to 54.33 km? and 18385 m in
2020, with a corresponding change rate of 0.25 km?-a~! and 46 m-a~!, respectively. By
comparing the changes in glacier area and length between adjacent years, it was observed
that the west branch of the glacier experienced an increase in its area during the periods
2007-2008 (0.09 km?), 2010-2011(0.10 km?), 20142015 (0.46 km?), and 2018-2020 (0.28 km?).
Furthermore, its length increased during 2007-2008 (265 m) and 2019-2020 (115 m), while
decreasing in other periods. The east branch glacier experienced a reduction in area during
the periods 2009-2010 (—0.18 km?), 20152016 (—0.29 km?), and 2019-2020 (—0.19 km?).
Additionally, there was a decrease in length during 20082011 (—1335 m), with an increase
observed during other periods. Following its division in 2007-2008, both branches of the
West Kunlun Glacier advanced, with an increase in area and length as well as a decrease in
terminus elevation; however, this trend was followed by a strong retreat during 2009-2010,
while both branches of the glacier exhibited distinct trends after 2010. It can be concluded
that the mechanism of glacier division and subsequent change is complex, exhibiting
synchronous as well as different advances and retreats. Therefore, a detailed analysis of
specific changes in area, length, and elevation at the terminus of the glacier is necessary to
avoid generalizations.
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Figure 18. The change in the West Kunlun Glacier terminus.
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Figure 19. The changes in area, length, and elevation of the West Kunlun Glacier and its branches.

6. Conclusions

In this study, we conducted a systematic analysis of the geometrical change charac-
teristics of glaciers and their impacts in the WKMPA during 2000-2020, based on Landsat
TM/ETM+/OLI remote sensing images and SRTM DEM data. Building upon previous
research, our findings revealed numerous glacier change patterns and their responses to
climate change. The main conclusions include: (1) There were 440 glaciers in the WKMPA
in 2020, with an area of 2964.59 + 54.87 km? and an average length of 2916 + 60 m.
(2) The number of glaciers increased during the periods 2000-2005 and 2005-2010 as a
result of glacier division, remaining stable thereafter. Over the period from 2000 to 2020,
there were reductions in glacier area and length by 24.83 km? and 66 m, with relative
change rates of —0.04%-a~! and —0.11%-a"!, respectively. On the whole, the degree of
glacier change is relatively unobvious. Glacier retreat was primarily observed during the
early period (2000-2005). (3) It is to some extent worthwhile to explore the relationship
between different glacier parameters to help us calculate the other parameters quickly.
Meanwhile, the accuracy of the empirical formula fit for parameters is greatly affected
by the area class of glaciers from a two-dimensional perspective. (4) There is a 12-year
time lag between temperature fluctuations and glacier area response in this region. (5) The
mechanism by which glacier division affects glacier change is complex. In general, it is
necessary to analyze its changes concretely before and after division.
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