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Abstract: Mass balance observations are beneficial for assessing climate change in different world
regions. This study analyzed the glacier elevation change, ice flux divergence, and surface mass
balance (SMB) in the West Kunlun Mountains (WKM) on the Tibetan Plateau using remote sensing
data, including satellite altimetry, glacier surface velocity, and thickness fields. Seventeen local
glaciers were examined in detail and showed varying surface elevation changes from —0.39 & 0.11
to 0.83 + 0.10 m/a. Overall, we obtained a reasonably rapid elevation trend of 0.21 + 0.14 m/a.
By combining the ice flux divergence and surface mass balance, the overall thickness change of
the WKM glacier over time is almost zero, and the WKM glacier shows a positive mass balance of
0.21 £ 0.98 m/a. Moreover, the ice flux divergence is more significant on the ice tongue than in the
flat region due to the more considerable gradient of surface velocity and thickness fields. We found
that glacier heterogeneity dynamics were associated with a surging dynamic mechanism concentrated
in the glacier tongue and were induced by inner terrain instabilities. The glacier surging causes a
drastic drop in glacier elevation but does not cause a glacier mass gain or loss, and it has an enhanced
effect on the ice flux divergence. Therefore, glacier surging is the main reason for the decline of the
two glaciers monitored. In addition, the long-term meteorological data analysis found that, since
2000, the air temperature warming hiatus may have balanced the three glaciers, and significantly
increasing precipitation variation may cause the glacier to thicken the most.

Keywords: satellite altimetry; glacier elevation change; glacier inner terrain; glacier surging; ice flux
divergence; surface mass balance; climate change

1. Introduction

Mountain glaciers are not only an important indicator of climate change, but also major
contributors to sea level rise and water resources in many downstream areas [1,2]. Since the
1970s, satellite altimetry has been applied to monitor the elevation changes of the ice sheets
covering the two poles and Greenland [3,4]. However, the footprint of microwave radar
altimeters, e.g., Envisat and Jason-1/2 satellites, reaches ~2 km in diameter. The accuracy
of elevation observations in mountain areas is affected considerably by the complex terrain.
This means that it is difficult to use microwave radar altimeters to monitor the typical
mountain glacier. Fortunately, the spatial resolution of the Ice, Cloud and land Elevation
Satellite (ICESat) Geoscience Laser Altimeter System (GLAS) elevation datasets is very
high, and the footprint diameter is only 70 m and the distance between adjacent along-
track footprints is only 170 m. More importantly, ICESat elevation data have high vertical
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accuracy in mountain areas [5]. Therefore, ICESat elevation data provide the opportunity
to monitor glacier elevation changes in rugged terrain [6-8].

According to previous studies of glacier mass and area, most glaciers across the
Qinghai-Tibetan Plateau (QTP) are thinning, losing mass, and retreating. Moreover, the
ablation rate has been projected to increase to a serious degree by 2100 [9,10]. However,
glacier mass changes are not uniform and they show contrasting patterns in different
local areas. For example, the Eastern Himalaya region has reported the greatest rate of
mass loss (—0.6 m/a) and the Central Himalaya area had moderate mass loss (—0.4 m/a).
In contrast, the mass of the glaciers in the Western Kunlun and parts of the Karakoram
and Eastern Pamir regions has shown a trend of balance or even slight increase. This
mass balance anomaly has received considerable attention and research in atmospheric
circulation mode over East Asia [9-12]. Individual glaciers in regions/subregions also
show a distinctive heterogeneous pattern. Heterogeneous glacier changes are observed not
only in terms of the changes in their length and area, but also in the spatial distribution of
surface elevation changes [12]. According to the China Glacier Inventory [13,14], the WKM
region has the largest concentration of contemporary large mountain glaciers. The absence
of information on individual glacier changes leaves a gap in the understanding of the local
glacier dynamics and driving factors, which could affect the quantitative assessment of the
overall glacier mass balance.

The glacier surface mass balance (SMB) is determined by the process of mass gain or
mass loss, which is affected by factors such as the energy budget, snowfall, freezing rain,
snow and ice melt, sublimation, and precipitation over the glacier. Because of the direct
link with local climate signals, it is important to determine the SMB and its distribution.
Previous studies have attempted to determine SMB over one period by implementing mass
continuity or 3D ice flow modeling based on the principle of combining surface elevation
changes with the ice flux divergence, such as [15-18]. However, limited by the available
measurements, the heterogeneity of the SMB cannot be captured sufficiently [19,20].

In this study, we focus on trends in glacier elevation, ice flux divergence, and SMB of
individual glaciers using ICESat/GLAS elevation measurements, open-source thickness
and velocity fields, and to explore the reasons for the heterogeneous pattern of glacier
dynamics. In particular, internal terrain and surging are essential for understanding glacier
glaciological processes and dynamics. Therefore, influencing factors on glacier elevation
changes are discussed in detail.

2. Study Area and Data Used
2.1. Study Area

The inland mountain range of the WKM extends southward in an arc at the northwest
edge of the QTP. The WKM glacier (35.19°-35.6°N, 80.29°-81.79°E) considered in this study
covers an area of ~3307 km?, shown in Figure 1. It is an area of continuous mountain
glaciers with mean elevation of 6500 m and marked topographic relief. The studied area is
a typical continental glacier area with features of polar glaciology. The complex terrain of
the northern slopes is dominated by dendritic large valley glaciers, whereas the terrain of
the southern slopes is comparatively smooth.
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Figure 1. Study area: West Kunlun Mountains glaciers investigated in this study, SRTM-DEM
elevations of the West Kunlun Mountains glacier obtained in 2000, and ICESat footprint coverage
over glacier-covered and off-glacier areas within 15 km.

2.2. Data Used
2.2.1. ICESat/GLAS Altimeter Data

Because the accuracy of pulse-limited microwave altimeters (e.g., the Envisat and
Jason-1/2 satellites) is poor on mountain glaciers, only the laser altimetry geophysical data
record of ICESat/GLAS GLA14 Level 2 was used due to the only 70 m footprint diameter.
The ICESat/GLAS altimeter uses a near-infrared (1064 nm) laser pulse to measure elevation
over the along-track discrete footprint. Elevation data were collected every 3—6 months
during 18 ICESat laser periods from February 2003 to November 2009. Because small
quantities of available data could lead to biased sampling, the datasets from some tracks in
2003 and incomplete datasets from the 2009 campaign (2F) were excluded. The reference
system of the ICESat/GLAS altimeter data is the Topex/Poseidon ellipsoid. To maintain
consistency with the WGS84 reference system, the ICESat/GLAS elevations were converted
to WGS84 ellipsoid elevations [21]. Although the new generation of the ICESat-2 satellite
was launched in September 2018, there was a ten-year gap from 2009 to 2018, and so its
data are not used due to the short data volume and time duration.

2.2.2. Digital Elevation Model

Digital elevation model (DEM) data are an important topographical reference when
applying ICESat data in the estimation of elevation changes of mountain glaciers [7,22].
Because of the known time stamp of individual glacier elevation pixels, Shuttle Radar
Topography Mission (SRTM) DEM data with 3-arcsec resolution were used to extract
glacier elevation at points corresponding to ICESat footprints and topographic parameters
of the glacier surface, including slope, aspect, and roughness (Figure 1). We performed the
SRTM DEM co-registration and systematic penetration error correction using the method
proposed by Wang et al. [23]. It is worth noting that the SRTM data were used to separate
spatial variation in surface elevation from temporal variation and not as part of the time
series analysis.

2.2.3. Second Glacier Inventory of China

The vector boundaries of the glaciers were used from the glacier inventory dataset.
We used the Second Glacier Inventory of China as a mask to classify ICESat footprints into
on-glacier and off-glacier points [24]. The off-glacier footprints were limited to within a
15 km buffer of the glacier outlines.



Remote Sens. 2022, 14, 2634

40f16

2.2.4. Glacier Surface Velocity and Thickness Fields

To estimate the ice flux divergence, this study used the depth-averaged global glacier
flow datasets with the resolution of 240 m (annual average) provided by the NASA MEa-
SUREs project (https://its-live.jpl.nasa.gov/, accessed on 29 May 2022). In addition,
Farinotti et al. [25] also reported global ice thickness products with the resolution of 25, 50,
100 or 200 m (https://doi.org/10.3929 /ethz-b-000315707, accessed on 29 May 2022). We
resampled both the velocity and thickness fields to 25 m resolution using the cubic spline
interpolation method to unify the resolution and maintain data detail.

3. Methodology
3.1. Altimetry-Derived Glacier Surface Elevation Trends

Changes in glacier elevation were estimated by differencing DEMs at different times.
The spatial scale of the individual local glacier is small, much less than <1° (Figure 1).
Therefore, the elevation trend of all the observation points can characterize the local
glacier changes at the 1° x 1° geographic grid [26,27], and we only use the along-track
ICESat observations on each local glacier for trend estimation. In this study, we used the
MATLAB function robustfit with default parameterization to estimate the glacier elevation
difference (dh) changes. This regression method uses an iterative reweighted least squares
approach, where all dh data points are given equal weighting for the first iteration, while,
in subsequent iterations, the weights of the points furthest from the regression model are
decreased, until the regression coefficients converge to a constant value. The dh trend
represents the mean change in elevation difference over the ICESat acquisition period.
To avoid the influence of seasonal snowfall on the trend of on-glacier dh values, the dh
data obtained in autumn (October—-December) and winter (February—April) were used to
estimate the interannual elevation trends. Moreover, the equilibrium line of the glacier is a
set of points on the surface where the climatic mass balance is zero. The equilibrium line
separates the accumulation area (where the glacier is gaining mass in general) from the
ablation area (where the glacier is losing mass). According to recent studies [9,10,27,28],
the equilibrium line altitude (ELA) in recent years has shown a trend of increase because of
climatic variability and other factors, and the mean ELA was around 5930 m. Some glaciers
only had ICESat measurements over several separate accumulation or ablation areas. For
these cases, the dh trends were calculated separately for the different accumulation/ablation
areas as long as the coverage of ICESat measurements was sufficient. For a better visual
representation, dh medians of Guliya and Zhongfeng glacier in each laser period are shown
in Figure 2.
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Figure 2. Glacier elevation changes derived from the elevation difference (dh) values between ICESat
and SRTM for the Guliya and Zhongfeng glaciers. For a better visual representation, median dh values
in each laser period are shown. Trends were fit through all dh values in autumn and winter seasons.

3.2. ICE Flux Divergence and Glacier Mass Balance

The ice flux divergence represents the upward or downward flow of ice relative to
the glacier surface and determines the rate of temporal change of its thickness. This flow
compensates for the SMB exactly if the glacier is under steady state conditions. Ice flux
divergence sometimes is called emergence or submergence velocity and represents the
difference between the ice supplied from upstream and lost downstream at a particular
position. When ice mass is supplied to the surface, it is defined as negative and called the
emergence velocity. When ice mass is removed from the surface, it is defined as positive
for downward motion and referred to as the submergence velocity. Van Tricht et al. [20]
reported the ice flux divergence as a function of ice thickness and surface velocities, shown
in Equation (1):

%H + gy aaH n HuS,X n Hus’x
y ox oy
where F is the depth-averaged glacier velocity ratio (here, it is 0.9), us is the glacier surface

velocities; H is the glacier thickness; %I;CI , %I; %Sxx and are the gradients of glacier thickness

V-; F(usx

) M

SX

and surface velocity in the x and y directions.

The ice flux divergence also explains the change in ice thickness over time. Therefore,
the SMB can be estimated by the sum of the ice elevation changes and ice flux divergence
using Equation (2):

oh
5TV q )

where b is the SMB, and %—}t‘ is the glacier elevation change obtained from ICESat altime-
try data.

bs =

4. Results
4.1. Elevation Changes

We obtained surface elevation changes for 17 local glaciers sampled along repeated
ICESat tracks. Table 1, Figures 3 and 4 reveal that the WKM glaciers are characterized
by heterogeneous behavior of surface elevation change during 2003-2008, with trends
ranging from —0.39 £ 0.11 m/a (Zhongfeng glacier, ID 6) to 0.83 &= 0.10 m/a (5Y641F0046,
ID 14). Jansson [29] suggests that the glacier mass balance is uncertain by approximately
0.1 m/a. Therefore, we use £0.1 m/a as a balance criterion. For on-glacier changes,
twelve glaciers (70.59%) show increasing trends of surface elevation (trends > 0.1 m/a),
while three glaciers (17.65%) are in balance (trends within +0.1 m/a). The two remaining
glaciers (11.76%, Zhongfeng glacier and 5Y641F0049) show significant thinning trends
(trends < —0.1 m/a). Overall, the trend of surface elevation change for local glaciers is
0.21 £ 0.14 m/a during 2003-2008, which confirms the overall positive mass balance for
WKM glaciers in previous studies [27,30]. The level of mass gain/loss varies across different
glaciers, resulting in variability in the overall balance. In autumn/winter, the Zhongfeng
(ID 6) and 5Y641F0049 (ID 11) glaciers are thinning, and other glaciers are thickening or
in balance, ensuring that the entire WKM glaciers mainly belong to the thickening type.
Elevation change trends over accumulation/ablation areas reveal varying mass budgets
within different parts of the glaciers (Figure 4a,b). In accumulation areas (areas with an
altitude of >5930 m), the mean trends range from —0.39 & 0.11 m/a (Zhongfeng glacier,
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ID 6) to 0.83 = 0.10 m/a (5Y641F0046, ID 14). Thirteen glaciers (76.47%) show increasing
trends, only one glacier (5.88%, Zhongfeng glacier, ID 6) shows a significant decreasing
trend (—0.39 & 0.11 m/a), and three glaciers (17.65%) are in balance (Figure 4a). Since
some dh values were unavailable only in ablation areas, only 12 glaciers were monitored
(Figure 4b and Table 1). Four glaciers (33.3%) show significant increasing trends, another
four (33.3%) are in balance, and the remaining four glaciers (33.3%) show significant
decreasing trends. Their mean trends range from —1.16 £ 0.75 m/a (Gongxing glacier,
ID 4) to 1.32 & 0.19 m/a (Duota glacier, ID 3). Previous studies also reported an increase in
glacier elevation during 2003—-2008, which is reasonably consistent with our results, shown
in Table 2. However, we found that our result has some differences compared with previous
studies and shows a more mixed picture. For example, Kééb et al. [26] reported a trend
of 0.05 £ 0.07 m/a based on autumn ICESat acquisitions on the entire WKM glacier area.
In contrast, the significant thickening trend of this study is 0.19 = 0.17 m/a based on the
mean of 17 glaciers (Table 1). The reason for this difference in results is that the ratio of
glacier area covered by ICESat point measurements versus the total glacier area is only
~40.97%. Therefore, this shows the necessity for more detailed local glacier estimations. For
off-glacier areas, the estimated trends are close to 0 m/a, meaning that the estimated trends
of on-glacier areas are obtained fully from the glacier itself and also verify the credibility of
estimating the change rate of glacier areas.

(@) (b)

4 4

© @

(e)

Figure 3. Trends of dh values between ICESat and SRTM during 2003-2008 for 17 local glaciers in the
WKM region. Mean trends for individual glaciers are shown in different colors (red: thickening, blue:
thinning, grey: in balance within £0.1 m/a). (a) Winter, (b) autumn, (c) accumulation area, (d) abla-
tion area, (e) on-glacier area, and (f) distribution of individual glaciers with ICESat measurements
within the WKM region.
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Table 1. Trends (m/a) of dh values for different parts of the glaciers and other general statistics.

Local Glaci c tof dh Trend (m/a) Glacier Mean Mean M M
Glacier acter ount o Accumulation Ablation On-Glacier Off-Glacier Area Elevation Slope ean ean
ID Name Footprints Winter Autumn P o Area Area (km?) (m a.s.)) (degree) Aspect Roughness

1 5Y641H0067 353 — 0.15 & 0.14 0.19 + 0.10 —007+014  —005+0.11  —0.03+0.04 44.195 6049.8 82826  232.3274 1.0160
West Yulong

2 S\ ed1C006s 628 — 0.28 + 0.10 0.19 =+ 0.09 — 0.20 4 0.09 —0.03 & 0.04 1205 6097.7 74202 120.5910 1.0154

Duota
3 5743300020 458 — 0.23 £ 0.11 0.09 + 0.12 1.32 4 0.19 0.31 4 0.11 —0.03 + 0.04 80.996 6040.4 8.3379 192.9959 1.0185
Gongxing

4 S a00s 381 — 0.26 + 0.20 0.04 + 0.16 ~1.16 £ 0.75 023 +0.21 —0.03 + 0.04 108.183 5972.2 10.8266  130.1602 1.0283

5 5;221“(13‘6355 623 0.34 £ 0.11 0.07 £ 0.16 0.27 = 0.09 024 +0.15 0.35 = 0.09 —0.03 £ 0.04 199.088 6101.4 10.0992  193.6727 1.0242

6 SZZ}ES‘nggS‘(;O’S 706 —0.68+027 —039+015 —0354013 —0.16+017 —0394011  —0.03 & 0.04 237.458 6150.3 9.7051 145.5690 1.0242

7 5Y641G0038 206 - 0.26 + 0.27 0.36 + 0.20 - 0.45 = 0.19 —0.03 £ 0.04 90.256 6152.2 111139  158.3028 1.0282
5Y641H0064,

8 ** 65,66, and 119 0.01 + 0.32 0.35 + 0.24 0.12 +0.33 0.07 + 0.20 0.23 +0.19 —0.03 £ 0.04 9.363 5935.2 13.8402  230.9515 1.0389
5Y641G0088

9 5Y641G0045 123 — 0.66 & 0.32 0.40 =+ 0.29 0.31 & 0.42 0.63 & 0.25 —0.03 & 0.04 8.517 6018.8 14.9394  162.0498 1.0454

10 * 5Y641F0047 109 - 034 +0.22 0.28 +0.16 - 028 +0.16 0.04 + 0.03 18.810 6047.6 113647  81.2169 1.0265

11 5Y641F0049 262 —0174+032  —021+025 0.02 £ 0.18 —052+011  —020+0.19 0.04 + 0.03 41.892 5838.5 6.5255 160.8932 1.0101

12 5Y641F0048 139 0.40 + 0.26 0.02 + 0.17 0.12 +0.22 0.05 + 0.15 0.14 £ 0.15 0.04 + 0.03 6.840 5872.8 9.5336 91.6888 1.0172

13 52231&5’0%22 732 0.13 + 0.10 0.18 =+ 0.06 0.28 + 0.06 0.08 + 0.10 0.18 + 0.06 0.04 + 0.03 111.371 5989.3 65990 2454506 1.0102

14% 5Y641F0046 163 1.01 & 0.19 0.75 & 0.10 0.83 & 0.10 — 0.83 & 0.10 0.04 & 0.03 84.9704 6160.9 54266 1154411 1.0065

15 5Y641F0023 506 0.32 & 0.14 0.29 4 0.12 0.11 £ 0.10 0.63 & 0.20 0.29 4 0.09 0.04 + 0.03 50.92 5956.3 7.7895 125.7124 1.0151

16 5Y636J0100 210 0.25 + 0.15 0.04 + 0.16 0.15 + 0.11 - 0.15 + 0.1 0.04 + 0.03 15.724 6122.0 7.5922 1353 1.0143

17 5Y636J0098 148 0.04 + 0.25 —0.05 +0.18 023 +0.14 ~039+031  —0.00+0.15 0.04 + 0.03 12.247 5953.8 9.5841 155.2660 1.0168

18 Overall ** 5866 0.17 + 021 0.19 + 0.17 0.20 + 0.15 0.03 + 0.24 021 +0.14 0.00 + 0.04 1241.33 6027.01 93518  157.5053 1.0209

Bold numbers indicate that the trends are significant at the 95% significance level; * dh values only available in accumulation area; ** glacier ID 8 is a combination of three adjacent
glaciers; *** overall results are estimated based on the mean of 17 local glaciers.
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Figure 4. Glacier elevation change trends. (a) Accumulation area, (b) ablation area, and (c) on-
glacier area.

Table 2. Comparison of glacier elevation change within the WKM region (m/a, & at 1o-level).

Accumulation Ablation

Data Source Duration On-Glacier Area Area Ref.
2003—2008 021 +0.14 0.20 4 0.15 0.03 + 0.24 This study
2003—2009  0.17 +0.15 — — [8]
ICESat, 2003—2008 — — 0.04 + 0.29
SRTM 2003—2009 0.22 4 0.07 0.42 4 0.09 0.01 + 0.10

2003—2008 0.20 £ 0.04 0.19 £0.05 0.22 £ 0.08

22
30
27
2003—2008 0.05 £0.07 — — 26

—_————
—_— e —

4.2. Glacier Velocity, Thickness, Flux Divergence, and Mass Balance

Figure 5a,b show that the average velocity of the entire WKM glacier is 3.16 = 11.93 m/a,
the average thickness is 57.36 =+ 80.61 m, and the velocity above 150 m/a (a key indicator of
surging, [31]) and the greater glacier thickness are mainly concentrated in the ice tongues.
Neglecting temporal changes in thickness and thickness gradient and assuming that surface
velocities are close to depth averaged velocities, we obtained the ice flux divergence of
the entire WKM glacier using the glacier flow datasets provided by the NASA MEaSUREs
project and ice thickness products provided by Farinotti et al. [25] in the WKM region based
on Equation (1). Figure 5c shows that WKM glaciers had a velocity of 0.00 & 0.97 m/a,
i.e., the ice thickness change over time was almost zero. Therefore, for the 17 local glaciers,
the estimated SMB is 0.21 + 0.98 m/a because of the ICESat-based surface elevation (or
thickness) change of 0.21 + 0.14 m/a and ice flux divergence of 0.00 & 0.97 m/a using
Equation (2).

Figure 6 is the so-called “quiescent-state” of the Guliya glacier. Its averaged velocity is
3.76 & 5.94 m/a (Figure 6a), the averaged thickness is 66.90 & 78.54 m (Figure 6b), and the
estimated ice flux divergence of the entire Guliya glacier is 0.00 £ 0.41 m/a (Figure 6¢,d),
showing that the change in the entire Guliya glacier’s thickness with time is almost zero.
In contrast, it had a tiny negative emergence velocity of —0.02 4= 0.47 m/a for the area of
the ICESat footprints (Figure 6¢,d). Therefore, we found that the ice flux divergence of the
ICESat footprint area was almost consistent with the entire Guliya result. Furthermore, by
Equation (2), the SMB of 0.16 & 0.48 m/a can be obtained from the ICESat-based elevation
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change of 0.18 £ 0.06 m/a and ice flux divergence of —0.02 & 0.47 m/a, which indicated
that the Guliya glacier exhibits a weak positive mass balance.

Velocity (m/a)

.— High : 207.615
: -2, 37669

- Low

Thickness (m) *

s High @ 445. 787

-Low:O

T
Flux dwgrgence (r_r_?la) |

Figure 5. Ice velocity (a), thickness (b), and ice flux divergence (c) of WKM glacier.

From the above typical glaciers, we can determine that the uncertainty of the ice
flux divergence is mainly derived from the accuracy of the glacier velocity and thickness
fields [32]. For example, on the WKM glacier, Millan et al. [33] also provided the glacier
thickness fields and showed a specific difference from Farinotti et al. [25] (thickness ranges:
0.00417.40 m vs. 8.49-998.76 m). The accuracy of each SMB is limited by the overall
distribution of the sparse ICESat footprints in the entire glacier. Nonetheless, such sparse
ICESat altimetry data provided the possibility to evaluate many glaciers in remote areas.
This was unimaginable before the appearance of the ICESat satellite.
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Figure 6. Velocity (a), thickness (b), ICESat footprints’ coverage area (c), and ice flux divergence (d) of
Guliya glacier.

5. Discussion
5.1. Glacier Surging

The analyses of glacier changes should distinguish carefully between surging and non-
surging glaciers, because surging glaciers exhibit patterns of elevation change inconsistent
with those of nearby non-surging glaciers. The phenomenon of glacier surging refers to the
faster advance of a glacier tongue in comparison with normal conditions, or the elevation
changes rapidly within a few days or up to 2-3 years. Li et al. [34] reported the surge
occurrence of the Zhongfeng glacier (ID 6) in the WKM region by areal changes visible in
Landsat imagery acquired during 2002-2004. In this study, an abnormal elevation change
was also observed in the accumulation area of the Zhongfeng glacier (Figure 7a). From
the latitudinal profiles of ICESat measurements over the Zhongfeng glacier, a drastic drop
in dh values was found in each laser period from 2003 to 2008 (Figure 7b). This drastic
surface lowering is a typical feature of glacier surging, and it is associated with rapid ice
mass transport from upstream to downstream areas when the surging occurred [31]. The
drastic drop in dh values also clearly distinguishes measurements made before (2003-2004),
during (2004-2005), and after the surge (2006-2008). Moreover, when the glacier surge
occurs, glacier mass in a high-altitude zone (i.e., accumulation zone) rapidly is transported
to a low-altitude zone (i.e., ablation zone, Figure 7a). Therefore, glacier surging results in
thinning in high-altitude regions and thickening in low-altitude regions, and there is no
gain or loss of ice mass. Furthermore, from the elevation change profile, we can accurately
find the surging location and direction to support disaster relief, shown as the light red box
in Figure 7a. As a control and reference group for surging glaciers, the Guliya glacier (ID 13,
Figure 6) is a typical example of a non-surging glacier. Although the elevation changes of
the Guliya and Zhongfeng glaciers are broadly similar, there is an abnormal opposite phase
during 2005-2006/2006-2007 (Figure 2). Glacier thickening might be related primarily to
increased precipitation [35].

Figure 8 shows that the averaged velocity of the surging Zhongfeng glacier is
0.61 & 6.41 m/a (Figure 8a), the averaged thickness is 82.45 & 99.073 m (Figure 8b), and
the overall averaged ice flux divergence is also 0.00 + 0.56 m/a (Figure 8c), also showing
that the change in the glacier thickness with time is almost zero. However, at the location
of the ice tongue of the “surging” occurrence (in the black box), the ice flux divergence was
significant at 0.29 & 0.74 m/a (Figure 8d). By comparing the velocity fields in different
years (Figure 8e), we found that the average velocity field is smaller than the individual
annual average velocity field from 2003 to 2008. In particular, the velocity in 2006 was
the largest. It corresponds to a significant ice flux divergence (submergence velocity) of
0.72 & 3.68 m/a, which shows that the surging effect has also a significant enhancement ef-
fect on the ice flux divergence. At the same time, we also found that the ice flux divergence
had a significant standard deviation, mainly caused by the large velocity field error in 2006.
The SMB of —0.10 & 0.75 m/a can be obtained from the ICESat-based elevation change of
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—0.39 £ 0.11 m/a and ice flux divergence of 0.29 + 0.74 m/a in the footprint area. This
showed that the Zhongfeng glacier presented a negative mass balance.
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along the latitudinal profiles on Zhongfeng glacier.
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Figure 8. Glacier velocity (a), thickness (b), and flux divergence (c,d), and surface velocity field time
series (e) of Zhongfeng glacier.

Glacier surging is more likely caused by internal instabilities. The topographical
physical parameters are obtained from the average of SRTM DEMs corresponding to all
ICESat footprints on the individual local glaciers. To reduce the influence of altitude on
glacier change, 12 local glaciers within the same altitude range (59306150 m) were selected
to discuss the relationship between glacier elevation change (or SMB) and other terrain
factors (Figure 9). The correlation coefficients of “roughness” and “surface slope” with
the elevation difference trend are 0.566 and 0.660, respectively. They indicate that the
glacier’s topography correlates relatively highly with the elevation difference trend. In
addition, Figure 9 also shows the effect of topography-induced internal glacier instability
on glacier thickness variation. For the surface slope, it is an essential factor affecting
glacier surging. Figure 9a shows that higher slopes tend to have higher melting trends;
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the surface aspect represents the glacier’s attitude toward the sun, affecting the glacier’s
sunshine duration and evaporation intensity. For the Zhongfeng glacier, the mean slope
of the glacier surface reached 9.71° (0.64-29.94°). The large slope might be an indicator
of a significant terminus advance. Figure 9b shows that the mean elevation trends in
the south slope were higher than that in the north sectors; under more similar terrain
conditions (e.g., altitude range: 5956.3-6097.7 m, slope range: 7.4202-7.7895°, aspect range:
120.5910-125.7124°, and roughness range: 1.0151-1.0154), the dh trends of glaciers ID 2
and ID 15 are 0.20 = 0.09 and 0.29 £ 0.09 m/a, respectively, indicating that eastern glaciers
might have more significant trends of thickening than western glaciers. The “roughness”
characterizes the smoothness of the terrain on which the local glacier is located, and it is
another possible factor affecting glacier surging. Figure 9c shows that glaciers tend to have
higher decreasing trends as roughness increases. Therefore, the inner terrain dependence
may partly explain the spatial variability of glacier surging in the WKM region. Thus, we
infer that unstable internal topography causes glacier surging, and glacier surging causes a
rapid anomalous morphology of glacier variation.
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Figure 9. Trends of individual glaciers versus mean (a) slope, (b) aspect, and (c) roughness. Blue dots
in (a,c) represent 12 glaciers listed in Table 1, and the corresponding blue lines represent their linear
fitting. Blue dots in (b) represent the 4 large slope glaciers’ (ID.7,8,9,10 in Table 1) standard deviation
of dh trends.

5.2. Climate Changes

According to the estimated glacier elevation change in this study, we reported that
twelve glaciers showed increasing trends of surface elevation while three glaciers were in
balance, and the remaining two glaciers showed significant thinning trends. What are the
possible causes of the different behaviors of the various glaciers in the area?

First, glacier heterogeneity dynamics are associated with the surging dynamic mecha-
nism discussed in the previous section. Glacier surging causes merely a redistribution of
ice mass. When glacier surging occurs, the rapid movement transports the ice mass to the
low-altitude zone. Therefore, glacier surging is responsible for the estimated decline in
both glaciers of Zhongfeng (ID 6 and ID 11).

Secondly, the glacier changes are related to long-term climatic changes. We collected
meteorological data from 1973 to 2020 from the China Meteorological Data Service Centre
(https:/ /data.cma.cn, accessed on 29 May 2022) to analyze glacier changes and climate
factors. (1) The temperature may be one of the most critical factors controlling the glacier
changes. Based on the averaged records from the meteorological stations of the Shijieh,
Geze, Minfeng, Hotian, Pishan, and Yutian stations closest to the WKM glacier, it is found
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that the summer average air temperature showed significant upward trends before 2000
(Figure 10a). However, variability in the air temperature was not significant after 2000.
There was a warming “hiatus” (Figure 10a, and [12,36]), which may be the potential cause
of glaciers in balance, such as the three glaciers of ID 1, 9, and 17. 2. The difference in
the sensitivity of glaciers to climate change can result in varying glacier responses. The
precipitation is another critical factor influencing the glacier variations on the Tibetan
Plateau. In contrast to other regions of the QTP, the WKM glaciers are more sensitive to
precipitation changes than temperature variability [37]. Especially after 2000, Figure 10b
reveals a more significant increase in the annual precipitation resulting from the strengthen-
ing westerlies [11]. Therefore, the increasing rainfall may contribute more to the thickening

of the twelve glaciers.
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Figure 10. Summer temperature (a) and annual precipitation (b) changes in the WKM region.

It should be noted that climate change has difficulty fully explaining the multiple
fluctuations. An important reason is that the duration of the glacier observations from
ICESat is only 6 years (2003~2008) Extending the continuous glacier observations to a
longer period (e.g., over 20 years) is necessary to make them consistent with the long-term
climatic states. To this end, subsequent ICESat-2 satellites provide this possibility. Current
ICESat-2 observations are available for more than 2 years (2019 to present), but there is a
10-year data gap from the last acquisition of ICESat observations. Therefore, this study
has not yet introduced ICESat-2 data to analyze glacier changes. In addition, the ICESat
footprint covers only part of the WKM glaciers, which may cause a particular bias in the
estimated actual mass balance of the entire glacier. ICESat-2 also covers denser footprints
over the whole glaciers, and it will be more meaningful for updating solid estimates of

glacier change and climate factor analysis.

6. Conclusions

The mass balance of the local glaciers in the Tibetan Plateau plays a key and direct
role in the climate response. In this study, the glacier elevation change trends, ice flux
divergence, and SMB of entire WKM glaciers were derived using satellite altimetry, glacier
velocity, and thickness field datasets. To reduce sensitivity to potential noise and overcome
uncertainties, robust linear fitting methods were considered to estimate elevation difference
trends. During the period 2003-2008, the SMB of the 17 local glaciers was found to range
from —0.39 £ 0.11 to 0.83 £ 0.10 m/a, with an average mass gain of 0.21 4+ 0.98 m/a,
by combining the ICESat-based surface elevation trend of 0.21 & 0.14 m/a and ice flux
divergence of 0.00 = 0.97 m/a. However, the ice flux divergence of the ice tongue is more
pronounced for individual glaciers due to the more significant gradient of surface velocity
and thickness fields. These results show high heterogeneity in glacier dynamics. We found
that the terrain-instability-induced glacier surging process may be the most important
influencing factor for glacier heterogeneity dynamics. The glacier surging causes the glacial
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mass to shift from the high-altitude area to the low-altitude area; it only causes the transfer
of material and does not change the mass gain or loss of the glacier. In addition, since
2000, there has been warming hiatus in the air temperature and significantly increased
precipitation changes, which may account for the balance and thickening of glaciers.
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