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Abstract: Glacier velocity is the key to understanding the nature of glaciers. Its variation plays
an important role in glacier dynamics, mass balance, and climate change. The Muztag-Kongur
Mountains are an important glacier region in the Eastern Pamir Plateau. Under the background of
global warming, the glacier velocity variation has been widely considered, but details of the inter-
annual and intra-annual changes have not been clear. In this study, we explored the inter-annual and
intra-annual variations in the glacier velocity from 1990 to 2021, and the influencing factors, based
on Landsat images, Inter-Mission Time Series of Land Ice Velocity and Elevation (ITS_LIVE), and
Karakoram Highway (KKH) data product analysis. The results showed the following: (1) the glacier
velocity has increased since 1990, and significant growth occurred in 1995-1996. (2) A transverse
profile of two typical glaciers was used to analyze the monthly variation in glacier velocity during
the year. The peaks of monthly velocity occurred in May and August. (3) Since 1990, the inter-annual
precipitation has increased, and the temperature increase slowed down from 2000 to 2013. The
trend of inter-annual glacier velocity variation was consistent with that of the precipitation. The
glacier velocity peaked in 1996/1997 due to increased precipitation in 1995. The glacier velocity over
the year was consistent with the monthly precipitation trends, which indicates that precipitation
has a significant influence on the change in glacier velocity. (4) In addition to temperature and
precipitation, the glacier velocity variation was moderately correlated with the glacier size (length
and area) and weakly correlated with the slope. The spatial distribution of glaciers shows that
the spatial heterogeneity of glaciers in the Muztag-Kongur Mountains is affected by the westerly
circulation. The long-term glacier velocity variation research of the Muztag-Kongur Mountains will
contribute to a better understanding of glacier dynamics within the context of climatic warming, and
the different influencing factors were analyzed to further explain the glacier velocity variation.
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1. Introduction

Glaciers are sensitive indicators of climate change and an important freshwater re-
source [1]. As an important parameter of glacier dynamics, glacier velocity is a key factor
to understand the nature of glaciers. It can not only respond to the mass balance variations,
but also reflects the dynamic information of the glacier surface [2,3]. With climate change,
glacier movement controls the change of ice transport, which in turn affects the length, area,
mass balance, and thickness of glaciers [4]. Therefore, investigating glacier velocity is a
crucial parameter in analyzing glacier dynamics, glacier mass balance, and glacier change.
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Methods for determining glacier velocity include field measurements and remote
sensing techniques [5]. In the first method, measurement stakes are installed on the glacier,
and the moving distance of the stakes is measured to obtain the glacier flow velocity.
This method is highly accurate, but the placement and monitoring of the measurement
stakes are labor-intensive and costly due to the complex terrain; therefore, it is not widely
used [6]. Remote sensing techniques are the primary method to assess glacier velocity due
to the advantages of large data storage and a wide monitoring range [7,8]. Remote sensing
methods for extracting glacier velocity include radar differential interferometry, Synthetic
Aperture Radar (SAR) offset tracking, and optical remote sensing monitoring [9]. It is
difficult to obtain high-coherence images from radar differential interferometry in complex
terrains, such as mountain glaciers. Thus, this method is not commonly used to obtain the
velocity of mountain glaciers [10]. The SAR offset tracking method is not affected by clouds
and fog, but it is only suitable for short-term glacier velocity extraction [5,11]. Optical
remote sensing monitoring is affected by the weather, but there is a large historical image
archive, especially Landsat data. Therefore, this method is more suitable because of the
long time-series data available [12].

Due to global warming, most glaciers are thinning and melting, and are in a state
of retreat and mass loss [13]. However, the glaciers in the Pamir Plateau are relatively
stable or have advanced, exhibiting a slight positive mass balance, which is referred to
as the ‘Pamir-Karakoram anomaly’ phenomenon [14-16]. In particular, the glaciers of
the Eastern Pamir Plateau became thicker in the early 21st century, with large differences
between individual glaciers [15,17,18]. Increased temperatures, westerly circulation, and
positive and negative cyclonic effects caused this systematic regional heterogeneity [19].
The Muztag-Kongur Mountains, which contain 52% of the glaciers in the Eastern Pamir
Plateau, is an important glacier gathering area. The study of its changes may increase our
understanding of glacier changes in the entire Eastern Pamir Plateau. Most researchers
recognize that glacier changes occur in the region through area changes and mass balance.
With the increase in temperatures, the glacier area shrank by 1.9 & 0.2% between 1971 and
2014, and a slight expansion was detected from 2009 to 2014 [20]. Studies have shown that
the Muztag-Kongur Mountains are in the positive mass balance region of the mass balance
transition zone due to the increasing westerly circulation. Individual glaciers are relatively
heterogeneous [17,18]. In general, glacier movement is accompanied by material transfer,
which affects the glacier mass balance [20]. Glaciers maintain a dynamic equilibrium by
moving matter from the accumulation area to the ablation area [21]. Under the same
climatic background, the heterogeneity of glacier mass balance can be reflected in glacier
dynamics, and then reflected by glacier velocity [2]. Therefore, it is of great significance to
study the change of glacier velocity. However, few studies have analyzed glacier velocity.

Several researchers have studied the velocity changes of the Muztag-Kongur Glacier.
For example, three typical glaciers in the Kongur Mountains and the Kuksai glacier were
analyzed in detail [22,23]. A wavelet-based topographic effect compensation algorithm was
used to improve the accuracy of mountain glacier velocity extraction, using the Muztag
Mountain Glacier as a case study [24]. These studies focused on velocity changes of
typical glaciers, but there is a lack of research on glacier velocity in the entire region. One
study of glaciers in the High Mountain Asia (HMA) region showed a decrease in the
inter-annual velocity of glaciers in the Pamir region from 2000 to 2017. They analyzed
High Mountain Asia (HMA) glacier changes, but the spatial trends and velocity changes of
glaciers in the interior of the Pamir Plateau remain unclear [21]. In addition, glacier surge
is a special kind of glacier flow [25]. A period of glacier surging is generally accompanied
by a sudden increase and decrease in glacier velocity. Several researchers have analyzed
the characteristics of glacier surges using glacier velocity. For example, in the case of the
2015 Karayaylak Glacier surges on the northern side of the Kongur Mountains, Landsat
images were used to analyze the velocity of the glacier before and after the surge, and to
obtain the start and end time of the surge [26]. Some researchers have conducted glacier
analysis based on changes in velocity and volume, and proposed a 100-year cycle [27].
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The surge mechanism of the Karayaylak Glacier was inferred based on velocity changes
and hydrological conditions before and after the surge [28]. Therefore, glacier velocity can
provide new insights into the mechanism of glacier surges.

This study used remote sensing data to extract the inter-annual and intra-annual glacier
velocity variation of the Muztag-Kongur glaciers. The spatial distribution of glacier velocity
was obtained, and the inter-annual and intra-annual glacier velocity were determined to
understand the response of glacier velocity to climate change and explore the reasons for
heterogenous glacier changes under climate change.

We used Landsat image data and the frequency-domain cross-correlation algorithm
to extract the inter-annual glacier velocity. Inter-Mission Time Series of Land Ice Velocity
and Elevation (ITS_LIVE) data were used as supplemental data to derive the inter-annual
glacier velocity. The temperature and precipitation data were incorporated to analyze
glacier velocity changes in the Muztag-Kongur Mountains from 1990 to 2021. A dataset
of glacier surface motions along the Karakoram Highway (KKH, 2015-2016) was used
to analyze the monthly velocity changes of typical glaciers during the year. Finally, we
comprehensively considered the influence of glacier scale, slope, aspect, and debris cover
on glacier velocity.

2. Study Area and Datasets
2.1. Study Area

The study area was the western part of the Taklamakan Desert in the Muztag-Kongur
Mountains in the Eastern Pamir Plateau (Figure 1). The area is characterized by crisscrossing
ravines and a complex topography. The mountains are oriented northwest-southeast (NW-
SE), with an average altitude of more than 7000 m. The climate in this region is strongly
influenced by the westerly circulation. The precipitation in the study area is scarce, and
the temperature differences are large. Solid precipitation may exist in high altitude areas
throughout the year [29]. The extremely high altitude and dry—cold climate are conducive to
abundant glaciers in the Muztag-Kongur Mountains area. The results of the China second
glacier inventory indicated there were 504 glaciers in the Muztag-Kongur Mountains, with
an area of 1009.74 km? [30]. Due to the westerly circulation, the glaciers on both sides of
the mountains are relatively large. There are 37 glaciers larger than 5 km?, with a total
size of 678.8 km?. The study area contains the three largest glaciers in the Eastern Pamir
Plateau (Figure 1b): the Karayaylak Glacier (115.37 km?), Qimugan Glacier (108.75 km?),
and Kuksai Glacier (77.73 km?).

2.2. Datasets

We used data from multiple sources acquired between 1990 and 2021, including
Landsat imagery, Advanced Spaceborne Thermal Emission and Reflection Radiometer
Global Digital Elevation Model Version 2 (ASTER GDEM V2), ITS_LIVE, and the dataset of
glacier surface motion along the KKH [31] (Table 1).

The Landsat series data consists of optical images of the world from 1972 to the present.
It covers a long period of time and was the main data source for extracting glacier velocity
in this study. We used Level 1T Landsat images. These images have been orthorectified by
the United States Geological Survey (USGS) using the Global Land Survey 2005 (GLS2005)
global land control point system. The correction accuracy is about half a pixel, and some
images have accuracies of 1/6 to 1/10 of a pixel [32]. Therefore, we only performed
registration. We used the following principles to select images: (1) we chose images with
few clouds and low snow reflectivity to ensure good quality of the image and (2) we used
images acquired from May to October because the glacier was melting, and there was
less snow cover, so it was less affected by snow accumulation [33]. In addition, the start
month and end month for extracting the annual glacier velocity were selected as the same
month of the following year as far as possible [33,34]. This is because the glacier surface
characteristics of the same months were similar and easy to match. The time interval was
365 £ 32 days, or approximately 1 year. However, in some cases, the image quality of
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the end month was low, and we had to select an image from the previous month or the
following month. We processed 14 Landsat 5 Thematic Mapper (TM) images (Band 3)
and 17 Landsat Operational Land Imager (OLI) images (Band 8). After 2003, the Landsat
7 ETM + sensor was damaged, and there were few Landsat 5 images available for the
Eastern Pamir Plateau; thus, we used the ITS_LIVE data from 2000 to 2013 as a supplement.
Because of the different data sources, we divided the Muztag-Kongur Mountain glaciers
into three periods for velocity analysis. These three periods were 1990-1999, 2000-2012,
and 2013-2021.

Figure 1. Study area. (a) The red square is the study area and the blue squares are Landsat scenes.
(b) Study area overlaid on a Landsat-8 Operational Land Imager (OLI) false-colored composite image
(red = 5, green = 4, blue = 3) acquired on 29 September 2019. It shows the glaciers with an area of
more than 5 km? in the Muztag-Kongur Mountains. The red polygons are areas covered by debris on
the glacier. (c) Overall distribution of glaciers with respect to the elevation. The coordinates of the
study area are between 38°N-39°N and 74°40'E-75°40'E.

The ASTER GDEM V2 data were utilized to extract the glacier length and center-
line. ASTER satellite data consists of rich 3D information, fully meeting the application
requirements of the cryosphere. In particular, it is not affected by snow penetration [35].

We used ITS_LIVE data from the Making Earth System Data Records for Use in
Research Environments (MEaSUREs) project of the National Aeronautics and Space Ad-
ministration (NASA) (https:/ /its-live jpl.nasa.gov/, accessed on 17 September 2019). This
is a glacier data product extracted from Landsat 4, 5, 7, and 8, and contains global glacier
velocity and elevation change data from 1985 to 2018. The product uses bands 1—4 from
Landsat 4 and 5 and the panchromatic band from Landsat 7 and 8. The missing data in
Landsat 7 were supplemented with random data, and local normalization, oversampling,
and feature tracking were performed to extract the glacier velocity [36]. The normalized
displacement coherence (NDC) filter was used to search for areas that are not successfully
matched. The error of the velocity component was corrected, and the velocity was ex-
tracted at the sub-pixel level [36,37]. The data resolutions were 120 and 240 m. Only the
time-averaged velocity was offered at 120 m resolution. We used the 240 m resolution data
in this study. Previous studies have used this data to assess glacier movement in HMA,
confirming the applicability of the ITS_LIVE data [21].
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Table 1. Remote sensing data used in the present research.
Data Type Landsat
ASTER GDEM V2 ITS_LIVE KKH
Parameter 5 7 8
Spatial
Resolution/m 30 15 15 30 120 100
Acquisition Period 1989-1999  1999-2000  2013-2021 2011 2003-2012 2015-2016
Path 27 Frame 121
Coverage ga:ﬁ 1‘513' EOW gg N37E073-N39E075 / Path 27 Frame 117
At Ao, RO Path 27 Frame 112
Sensor ™ ETM+ OLI / / /
Inter-annual Monthly average
Purposes Inter-annual glacier velocity for Glacier length, glacial veloci ty during
p 1990-2000 and 2013-2021 centerline velocity from om0t
2000 to 2013

A dataset of glacier surface velocity along the KKH was also selected to analyze the
intra-annual velocity changes of typical glaciers [31]. The dataset is a continuous glacier
velocity product along the KKH from 2015 to 2017, with a temporal span of 12/24 days.
The glacier velocity data were derived using the Sentinel-1A Interferometric Wide-Swath
(IW) mode and vertically (VV) polarized data. Fine topographic registration, feature
matching, offset tracking, and extraction of the distance and azimuth offset were performed.
The data were combined with slope information from a digital elevation model (DEM)
to calculate the glacier surface velocity [31]. Due to the time continuity and short time
interval, these data are suitable for analyzing intra-annual monthly velocity changes. Some
researchers have used this data to analyze the characteristics of glacier velocity along the
KKH, verifying the applicability of the data [38]. Subsequently, in order to be consistent
with the meteorological data, we take the KKH data of 2015-2016 as an example to analyze
the change of intra-annual glacier velocity.

In addition, we used the glacier profile version 6 of the Randolph Glacier Inventory
(RGI 6.0) data [39]. The aspect, slope, median elevation, and surface debris cover of the
glaciers were obtained from RGI 6.0. The temperature and precipitation data were obtained
from the Taxkogan meteorological station from 1990 to 2016. All data in this research were
in the WGS51984 UTM 43N coordinate system.

3. Methods

The glacier velocity was extracted as follows: (1) pre-processing consisted of image
co-registration; (2) the glacier velocity was calculated using the Co-Registration of Opti-
cally Sensed Images and Correlation (COSI-Corr) framework [40]; and (3) post-processing
including the analysis of the output from the second step. These steps are presented in
Figure 2 and are described in the following sections.

3.1. Pre-Processing

The Landsat series data used in this paper were all Level 1T data, which had been
orthorectified by the USGS. Therefore, we only performed image co-registration in ENVI
software 5.1.
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Figure 2. Overview of the research methodology.

3.2. Calculating Glacier Velocity

In order to calculate the glacier velocity, this research utilized the COSI-Corr frame-
work. This framework quantifies the ground deformation of multi-temporal images. COSI-
Corr computes the frequency domain phase correlation on two remote sensing images with
different time phases. This approach has shown promising results in shadow and snow
areas [40], and has been widely used for analyzing glacier velocity [4,28,34].

On the two images, according to the appropriate size of the window and step, the
window was moved to a certain search area for cross-correlation calculation. The two
points with the largest correlation coefficients in the window were the corresponding
points. By calculating the offset between the corresponding points, the displacement of the
overlapping area of the two images in the interval time was obtained. The results included
East-West (EW) and North-South (NS) displacements and the signal-to-noise ratio (SNR).
The total displacement was calculated by the EW and NS displacements, and the glacier
velocity was obtained according to the time interval.

The initial and final window sizes for calculating the correlation coefficients in the
COSI-Corr framework are typically 128 and 32, respectively. In calculating the glacier
velocity, only the velocity pixels with SNR < 0.9 should be considered, to eliminate the
influence of clouds and shadows [28,34]. These values are empirically determined, so must
be selected carefully.

We only analyzed the velocity on the ablation area of the glaciers and, using the
automatic method of extracting the glacier centerline [41,42], established a 200 m buffer
zone around the centerline of the glacier. This is a plug-in that can be inserted into
ArcGIS 10.7. According to the accuracy evaluation, the comprehensive accuracy of the
method was 94.34%. The distance from the highest to the lowest point along the centerline
was defined as the glacier length [41]. In order to ensure the reliability of the velocity results,
we removed the pixels with glacier velocities larger than two standard deviations [35].

Glacier surges may have subtle impacts on the multi-year average velocity [35]. There-
fore, the ITS_LIVE data were used to remove the glacier velocity data for two years
(2013-2017) before and after the Karayaylak surge year (2015). The obtained results showed
a multi-year average velocity of 6.23 m-a~!. The results were not substantially different



Remote Sens. 2023, 15, 620

7 of 17

from those from 1989 to 2018 (6.56 m-a~!). Ultimately, we did not remove these data from
the subsequent analysis of the velocity of the Muztag-Kongur Mountain glaciers.

In this research, we used ENVI 5.1 (Harris Geospatial Solutions™, Boulder, CO, USA)
to implement the COSI-Corr framework. This is an ENVI plugin, and was released by the
California Institute of Technology (Pasadena, CA, USA) in 2015 [40].

3.3. Post-Processing

We utilized off-glacier areas for accuracy assessment. It was assumed that these areas
were stable, without displacements. The error of the glacier area could be assessed by the
off-glacier area [38,43], which can be expressed as:

¢off = V/SE2 + MED? 1)

where ¢, ff is the displacement error of the off-glacier area; MED is the mean displacement;
and SE is the standard error of the mean displacement, which can be expressed as:

~ STDV

\/@ @

where STDYV is the standard deviation of the mean displacement of the off-glacier area and
N, ff is the number of effective pixels that remove the auto-correlation effect, which can be
expressed as:

SE

N total X P S (3)
2D

where Ny, is the number of pixels in the off-glacier area; PS is the pixel resolution; and

D is the spatial autocorrelation distance that removes the autocorrelation effect. This

distance is generally 20 times the pixel resolution [44]. The uncertainty of the velocity
results is shown in Figure 3.
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025 0.10
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<020 ”:0.08
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= -
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Figure 3. Off-glacier area error. (a,b) Glacier velocity uncertainty between pairs of Landsat images;
(c) example of the velocity distribution in an off-glacier area.

We used linear regression to calculate the correlations between the glacier velocity and
individual topographic factors and glaciological characteristics, including the area, length,
slope, debris cover, and median elevation of the glacier.
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4. Results
4.1. Accuracy Assessment

Figure 3 shows the velocity uncertainty result of the Landsat imagery. The error in
the off-glacier area ranged from 0.008 m-d ! to 0.049 m-d~! during 1989-1999, and from
0.008 m-d~! to 0.15 m-d~* from 2013-2021.

4.2. Spatial Distribution of Glacier Velocity

Table 2 lists the annual average velocity results of the Muztag-Kongur Mountain
glaciers from 2013 to 2021. The uncertainty in the glacier velocity was 0.0095 m-d~!,
and the median velocity was 0.0276 m-d~! for glaciers with an area of 5 to 10 km? and
0.0359 m-d ! for glaciers larger than 10 km?, suggesting that the velocity was higher for
large glaciers than for small glaciers.

Table 2. Parameters of glaciers larger than 5 km? in the Muztag-Kongur Mountains.

Areal Length/ lope/  Debri y ~ Median 2213_2021
No. Glacier Aspect (k:re12) ?;:it) S(‘Z})’e € rzﬁ/o()jover Elevation/ V:lf)rcai%;/
(m) (m-d-1)
1 NE 11.56 8.85 32.85 12.13 5322.2 0.014535
2 Karayaylak NE 115.16 18.00 31.92 22.26 4558.6 0.046191
3 NE 9.93 8.56 29.70 25.67 45194 0.027377
4 N 13.90 6.90 30.80 14.39 4749.2 0.030915
5 E 9.35 7.90 24.32 26.67 4606.8 0.029064
6 W 5.57 6.72 27.01 11.66 5887.2 0.026799
7 NE 7.78 7.85 27.82 0.00 6118.1 0.031815
8 SW 9.03 9.35 2491 0.00 6121.0 0.018302
9 W 6.90 6.92 29.79 5.24 6034.5 0.030153
10 SW 17.21 8.79 30.02 13.26 5716.4 0.035782
11 Guldauban SW 14.09 8.51 31.66 0.63 5797.8 0.041576
12 SW 7.16 7.50 28.19 0.00 5484.9 0.051413
13 SW 44.79 14.74 24.05 0.00 5543.6 0.049974
14 W 10.36 8.53 28.44 11.66 5613.2 0.065656
15 W 10.17 6.46 29.75 4.26 5413.3 0.024239
16 NW 8.31 4.98 25.54 2.63 5333.6 0.027900
17 SW 22.95 11.00 23.02 14.55 5165.9 0.030590
18 NW 5.02 4.42 22.75 15.84 5117.3 0.014578
19 SE 108.75 21.33 27.72 25.15 4640.9 0.049217
20 E 26.47 13.89 27.79 23.69 4858.1 0.028345
21 E 8.44 6.33 23.45 35.25 4823.7 0.015233
22 NE 6.88 4.92 23.60 40.63 4682.2 0.015129
23 NE 7.88 12.29 29.70 2.80 5057.3 0.044083
24 NE 12.76 9.83 23.02 17.43 49514 0.023283
25 Kuksai E 77.73 21.10 24.69 31.55 4913.5 0.059232
26 SE 6.54 4.85 14.35 0.00 5148.4 0.013641
27 N 9.16 14.56 31.53 23.00 5439.0 0.020103
28 Kematulega NW 9.25 9.68 29.69 0.00 6059.4 0.040873
29 W 7.25 17.00 24.99 0.00 6597.1 0.053000
30 Kalaxiong W 19.92 9.75 29.62 9.78 5806.5 0.046551
31 W 5.77 8.23 24.05 0.00 5625.9 0.048126
32 Kaskulak W 15.20 10.90 31.64 0.98 5954.5 0.023581
33 SW 6.66 6.36 31.61 0.00 5783.7 /
34 Kuokluosele SW 19.89 9.42 25.92 7.49 5474.1 /
35 W 7.95 7.72 29.66 17.70 5363.9 /
36 E 5.23 5.86 28.21 0.00 5093.3 /

37 NE 9.90 6.75 17.57 0.00 5010.5 0.019524




Remote Sens. 2023, 15, 620

90f17

Figure 4 shows the parameters and velocity of the Muztag Mountain glaciers
(No. 1-22) and the Kongur Mountain glaciers (No. 23-37). We did not have data for
glaciers No. 33-36. The average velocity of glaciers in the Muztag-Kongur Mountains from
2013 to 2021 was 0.0338 m-d L. The velocity differed significantly for different glaciers; the
maximum velocity was five times that of the minimum velocity, and the standard deviation
was 0.0139 m-d~!. The glacier on the western slope of the Muztag Mountains (No. 14) had
the fastest velocity (0.0657 m-d~!), whereas a glacier on the Kongur Mountains (No. 26)
had the slowest velocity (0.0136 m-d~1).

We investigated 37 glaciers with areas larger than 5 km? from 2013 to 2021, because
the small glaciers had large velocity differences [21]. Table 2 lists the parameters of glaciers
larger than 5 km?. Table 2 shows that the glacier velocity was generally higher on the
western slopes (W/SW/NW) than on the other slopes (E/SE/NE/N) (Table 2). Except for
the surge glaciers, the median glacier velocity was 0.038 m-d~! on the western slopes (W),
0.036 m-d~! on the SW/NW slopes, and 0.029 m-d~! on the other slopes (E/SE/NE/N)
for the remaining 16 glaciers. These results indicate that the glacier velocity was higher on
western slopes than on eastern slopes, in agreement with the existing research results [45].
The effect of different influencing factors on glacier velocity are discussed in Section 5.

75°0'0"E 75°20'0"E

Legend

————— Glacier Flow Line
:I Debirs Cover on Glacier

|:| Glacier Boundary

Glacier Velocity (m-d™Y)

l >0.14

38°40'0"N
38°40'0"N

38°20'0"N
38°20'0"N

75°0'0"E 75°20"0"E

Figure 4. Velocity distribution of glaciers (>5 km?) in the Muztag-Kongur Mountains from 2013
to 2021.
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4.3. Change in Inter-Annual Glacier Velocity

The velocity changes of the Muztag-Kongur Mountain glaciers are shown in Figure 5.
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Figure 5. Inter-annual glacier velocity in the Muztag Mountains in (a) 1990-1999, (b) 2000-2012, and
(c) 2013-2020, and in the Kongur Mountains in (d) 1990-1999, (e) 2000-2012, and (f) 2013-2020.

Figure 5 shows the median, quartile difference, and trend of glacier velocity in
the Muztag-Kongur Mountains [21]. The median and quartiles provide information on
the distribution and trends of glacier velocity. The glacier velocity in the Muztag and
Kongur Mountains accelerated from 1990 to 1999 (the average increase was 4.79% and
6.35%, respectively). However, the glacier velocity showed a slight acceleration from
2000 to 2012 (the average increase was 1.44% and 0.87%, respectively). Interestingly, the
glacier velocity accelerated rapidly from 2013 to 2020 (the average increase was 7.78% and
2.5%, respectively).

The meteorological data obtained from the Taxkogan meteorological station are shown
in Figure 6. The temperature and annual precipitation showed an upward trend from
1990 to 1999 (Figure 6). The temperature decreased slightly, and the annual precipitation
increased from 2000 to 2012. The temperature and precipitation increased yearly from 2013
to 2016. The trend of the inter-annual velocity was consistent with the precipitation trend
(Figures 5 and 6). The glacier velocity was higher from 1996 to 1997, presumably due to the
higher precipitation in 1995. Subsequently, the temperature began to rise, and the glacier
velocity increased in the following 1-2 years. The main reason for this phenomenon was
that an increase in temperature melts the glacier’s surface, and the meltwater flows to the
bottom of the glacier through fissures and caves. The glacier meltwater acts as a lubricant
and reduces the friction at the bottom of the glacier, increasing glacier velocity [2].

4.4. Change in Intra-Annual Glacier Velocity

The glacier velocity data for Kuksai and Kuokusele were obtained from KKH prod-
ucts for the period of 2015-2017 [31]. They are the No. 25 glacier and No. 34 glacier
in Table 2, respectively.
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Figure 6. Inter-annual average air temperature and precipitation from 1990 to 2016 at the Taxkogan
meteorological station.

4.4.1. Kuksai Glacier

As shown in Figure 7b, the velocity trends of the Kuksai Glacier along the centerline
were similar in each month from 2015 to 2016; the velocity was the slowest at the end of
the glacier (about 0.013 m-d~!). The velocity began to accelerate at 5000-6000 m from the
end of the glacier (altitude 4289-4336 m). The fastest velocity of 0.15 m-d~! was observed
at 8000-14,000 m from the end of the glacier (altitude 44214666 m). In general, the
monthly average glacier velocity increased and decreased in 2015-2016. The highest
velocity occurred in June (0.18 m-d~ 1), and the velocity was lower in July than in the
adjacent months.
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Figure 7. Changes in the monthly average velocity of the Kuksai Glacier along the centerline in
2015-2016. (a) Monthly average velocity along the centerline in 2015-2016. (b) Monthly average
velocity during 2015-2016.

The data from the Taxkogan meteorological station showed precipitation fluctua-
tions throughout the year, with the highest precipitation from May to September. The
temperature increased from January to July, and then decreased each month.

The high precipitation from May to September caused glacier mass accumulation. An
increase in temperature in June and July resulted in glacier mass melting. The surface
glacier velocity was the highest in June (figure in Section 4.4.2, 0.1836 m-d ~!). However,
the temperature and precipitation were high and low during July, respectively, decreasing
the velocity (0.125 m-d ).
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4.4.2. Kuokuosele Glacier

As shown in Figure 8b, the velocity of the Kuokuosele Glacier was the lowest at
the end of the glacier and accelerated at about 3500 m from the end (altitude of about
4877 m). The glacier moved slightly faster along the centerline in May, June, and August
(0.088 m-d~1, 0.091 m-d~!, and 0.089 m-d !, respectively). Figure 9b—d indicates that the
change in the intra-annual velocity of the Kuokuosele Glacier was consistent with the
increase and decrease in precipitation. As the temperature and precipitation increased from
May to June, the glacier velocity increased from 0.088 to 0.091 m-d~!. The temperature and
precipitation were significantly higher in August, and the glacier velocity was the highest
at this time (0.10 m-d~'). The temperature decreased from September to October, but
September still had relatively high precipitation; thus, the glacier velocity accelerated in the
subsequent months to 0.080-0.089 m-d 1. It was speculated that an increase in temperature
caused glacier melting and accelerated the glacier velocity, but the precipitation had a more
significant impact on glacier velocity than the temperature.
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Figure 8. Changes in the monthly average velocity of the Kuokuosele Glacier along the centerline
in 2015-2016. (a) Monthly average velocity along the centerline in 2015-2016. (b) Monthly average
velocity during 2015-2016.
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Figure 9. Changes in the velocity, precipitation, and average temperature of the Kuksai and Kuoku-
osele glaciers from 2015 to 2016. (a) Changes in the intra-annual velocity of the Kuksai Glacier;
(b) changes in the intra-annual velocity of the Kuokuosele Glacier; (c) average monthly precipitation
from 2015 to 2016; (d) average daily temperature from 2015 to 2016.
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5. Discussion

In addition to temperature and precipitation, we also considered the effects of local
morphological factors on glacier velocity. Table 2 indicates that the glacier velocity was
generally higher on the western slopes (W/SW/NW) than on the eastern slopes (E/SE/NE)
from 2013 to 2021. The velocity was more heterogeneous on the western slope (W) (STDV of
0.0147 m-d~!). Therefore, a linear regression analysis was used to calculate the correlation
between annual average velocity and local morphological factors (area, length, slope, debris
cover, and median elevation), except on the western slope.

Figure 10 shows the results of the linear regression analysis between glacier velocity
and local morphological factors in the Muztag-Kongur Mountains from 2013 to 2021
(the confidence level was 95%). The results showed that the glacier velocity was moderately
positively correlated with glacier area size (R = 0.648, p = 0.001 < 0.05) and glacier length
(R=0.675, p =0.001 < 0.05). There was a weak correlation between glacier velocity and the
mean slope (R = 0.366, p = 0.072 > 0.05), but no correlation between glacier velocity and
debris cover (R = 0.126, p = 0.547 > 0.05) and between glacier velocity and median elevation
(R=-0.28,p=0.19 > 0.05).
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Figure 10. The results of linear regression analysis between glacier velocity and local morphological
factors in the Muztag-Kongur Mountains: (a) logarithm of area; (b) length; (c) slope; (d) debris cover;
(e) median elevation. The blue dots indicate glaciers on northern slopes, and the red dots indicate
glaciers on southern slopes. R is the linear correlation coefficient between glacier velocity and local
morphological factors, and p is the strength of the correlation.

Studies have shown that surface debris cover affects glacier velocity. Twenty-five
of the glaciers were covered by debris, with a debris cover rate of 0.6% to 40.6%. Some
studies have shown that debris cover can affect glacier melting [5,12,46]. For example, a
study of the Muztag Glacier showed that surface debris of sufficient thickness inhibited
glacier melting [45]. The stagnant glaciers typically had a 40% debris-covered area of the
surface [47]. When the debris thickness was less than a critical value (about 20-30 cm),
it promoted glacier melting [48]. The albedo of the debris layer is much lower than that
of the ice and snow surface; thus, solar radiation causes more melting in debris-covered
areas. The debris layer receives heat and transmits it to the glacier body, causing melting
and accelerating the glacier movement [47,49]. A certain thickness of the debris will form
a heat insulation layer on the glacier surface, which will block the heat absorption of the
ice layer, thereby inhibiting glacier movement and eventually causing a decrease in glacier
velocity [50]. Our results indicated no correlation between debris cover and glacier velocity
(R =0.126, p = 0.547 > 0.05), suggesting complex effects of the surface debris cover on
glacier velocity. Studies have shown that the formation of debris cover may be related
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to the slope (>25°). The thickness of the debris layer affects the response of glaciers to
climate warming [51]. Therefore, the effect of topography or climate should be considered
in velocity studies of glaciers covered by debris.

As shown in Figure 11, the number and area of glaciers were larger on the western
slopes than on the other slopes. Apart from the three maximum area glaciers (Karayaylak,
Qimugan, and Kuksai), glaciers on the western slopes (W/NW /SW) were generally larger
than those on other slopes. The NW-SE trend of the Muztag-Kongur Mountains divides
glaciers into windward and leeward glaciers [45]. This region is strongly affected by mid-
altitude westerlies [6,45,52]. In recent years, enhancement of the westerlies has resulted in
the mass accumulation of glaciers located on the windward slope. Therefore, the glaciers are
larger on the western slope (their average area is 12.67 km?). Because larger glaciers move
faster, the glacier velocity was generally higher on western slopes than on other slopes.

Area/km2)N Velocity/m-d~ 1N
P T o .
45 | «
NW 4.0 'NE NW_- |o-e NE
73S joes
as Karayalak . o Karayalak,
i \ y ﬁ;n.tls \
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{oos  Qimugan
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Figure 11. Glacier area and velocity in different slope directions: (a) area; (b) velocity. The red stripes
represent glaciers on the western slope. The gray bands represent glaciers on the other slopes. The
blue bands are the three largest glaciers in the Muztag-Kongur Mountains.

6. Conclusions

The COSI-Corr software was used to obtain the inter-annual velocity of glaciers in
the Muztag-Kongur Mountains from 1990 to 2021 using Landsat time-series data and
frequency-domain cross-correlation. The velocity trend of the Muztag-Kongur glaciers was
analyzed in detail. The following conclusions were drawn:

(1) The glacier velocity in the Muztag-Kongur Mountains has increased since 1990, and
the peak velocity occurred in 1996/97. A transverse profile of two typical glaciers was
used to analyze the monthly variation in glacier velocity during the year. The peaks
of the monthly velocity of the two glaciers occurred in May and August. Since 1990,
the inter-annual precipitation has increased, and the temperature changes slowed
down from 2000 to 2013. The peak velocity occurred in 1996/97 due to increased
precipitation in 1995. The fluctuations in the monthly velocities corresponded to the
monthly precipitation trends. It has been speculated that high precipitation causes
glacier mass accumulation; as the temperature rises, the glacier surface melts, and the
velocity increases, so the precipitation has a more significant impact on glacier velocity
than the temperature.

(2) In addition to temperature and precipitation, the change in glacier velocity was
moderately positively correlated with the glacier area size (R = 0.648, p = 0.001 < 0.05)
and glacier length (R = 0.675, p = 0.001 < 0.05), and weakly correlated with the slope.
There was a weak correlation between glacier velocity and the mean slope (R = 0.366,
p =0.072 > 0.05).
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(3) The glaciers had higher velocity and exhibited heterogeneity on the western slopes
compared to the other slopes due to the westerly circulation, which causes the glaciers
on the western slopes to become larger. Larger glaciers move faster, which explains
the high velocities of the western slope glaciers.

In summary, long-term glacier velocity variation research of the Muztag-Kongur
Mountains will contribute to a better understanding of glacier dynamics within the context
of climatic warming.
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