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Abstract
Glaciers in the Karakoram region are referred to as the “Karakoram anomaly”
due to their positive mass balance or surging and advancing phenomena.
However, glacier changes in this region exhibit significant variations, par-
ticularly for large debris-covered glaciers, which show distinctly different
responses compared to other glacier types. To understand the mechanisms
of the Karakoram glacier anomaly, detailed glacier-scale change studies are
essential. The Yinsugaiti Glacier, located on the northern slope of Qogir Peak
in the Karakoram Mountains, is the largest glacier in China by area and a
typical large debris-covered glacier. By applying differential interferometry
using TanDEM-X/TerraSAR-X (February 2014) and SRTM-X DEM (February
2000), we calculated surface elevation changes of the Yinsugaiti Glacier and
analyzed and discussed the glacier surface elevation changes and surging in com-
bination with glacier surface flow velocities. The results show that from 2000
to 2014, the average surface elevation of the Yinsugaiti Glacier decreased by
1.68$±0.94𝑚, 𝑖𝑛𝑑𝑖𝑐𝑎𝑡𝑖𝑛𝑔𝑜𝑣𝑒𝑟𝑎𝑙𝑙𝑔𝑙𝑎𝑐𝑖𝑒𝑟𝑡ℎ𝑖𝑛𝑛𝑖𝑛𝑔, 𝑤𝑖𝑡ℎ𝑎𝑛𝑎𝑛𝑛𝑢𝑎𝑙𝑐ℎ𝑎𝑛𝑔𝑒𝑟𝑎𝑡𝑒𝑜𝑓 −
0.12±0.07𝑚 · 𝑎^{-1}$. The distribution of glacier surface elevation changes
is uneven, with the southern branch (S) ice flow showing more significant
overall thinning. The southern branch ice flow moves at a higher velocity,
and its advancing/surging terminus occupies the glacier’s main trunk, blocking
the downward transport of material from the original main trunk glacier
(surging), resulting in increased surface elevation of the original main trunk
tongue. Glacier thinning decreases with increasing altitude initially and then
stabilizes, while also exhibiting certain fluctuations. Ablation in low-elevation
debris-covered areas exceeds that in bare ice zones, likely due to thinner debris
cover, high thermal conductivity, and the presence of numerous supraglacial
lakes and ice cliffs, which accelerate glacier ablation. In areas with slopes
less than 30°, glacier thinning intensifies as slope decreases. Glaciers facing
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south show slight thickness increase (0.01 m), those facing southwest show
slight thinning (-0.03 m), while other aspects exhibit significant thinning. Over
the past 14 years, the overall surface elevation decrease of the debris-covered
Yinsugaiti Glacier indicates a state of mass loss, while glacier surging has
caused local increases in glacier surface elevation.
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Abstract: The Karakoram glaciers are attracting increasing attention due to
the ‘Karakoram Anomaly’ characterized by glacier surge or positive mass bal-
ance. To understand the mechanism of glacier surge or positive mass balance,
a large debris-covered glacier—Yengisogat Glacier—was selected for detailed
investigation. Yengisogat Glacier, the largest glacier in China, developed on
the northern slope of K2 located in the Karakoram Mountains, is a dendritic
glacier covering an area of 493 km² with four main tributaries and more than ten
small glacier flows. TanDEM-X/TerraSAR-X data (acquired in Feb. 2014) and
SRTM-X DEM (acquired in Feb. 2000) were employed to calculate the glacier
elevation change using differential interferometry method. Similar penetration
depth was assumed for the same acquired season. The glacier surface elevation
change and surface velocities from published articles were integrated to discuss
the mass change characteristics. The results indicated that the glacier average
surface elevation was decreased by 1.68 ± 0.94 m between 2000 and 2014, which
means that the glacier has lost mass by −0.12±0.07 m・a�¹. The glacier surface
elevation changes showed non-uniformity. The southern main tributary was
decreased drastically. This was caused by rapid surface flow velocities which
transfer the glacier mass from high altitude to low altitude ablation area. The
southern main tributary occupied the original glacier trunk impeded the glacier
mass transfer to low elevations which made the section elevation increased. The
increased surface elevation in the tongue of glacier main trunk may be explained
by glacier surge. Glacier surface elevation started to decrease along with the
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elevation increasing and then stayed stable, yet showing volatility at the same
time. Surface elevation of thin debris-covered glacier in low altitude zones was
prone to decrease than that of the exposed glacier ice. Glacier surface elevation
was decreased more dramatically with the decreasing of glacier surface slope
in the area where slope are less than 30 degrees. Surface elevation of glaciers
with southern orientation was increased slightly while that with south-west ori-
entation was decreased slightly, and the others were decreased drastically. The
debris-covered Yengisogat Glacier experienced an overall surface elevation de-
cline which indicated it had the mass loss although it had some local surface
elevation increased due to the glacier surge.
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change; glacier surge
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1 Introduction
The Karakoram glaciers have attracted widespread attention due to their anoma-
lous behavior compared with global glacier trends, a phenomenon known as the
“Karakoram Anomaly” [?, ?]. Previous studies using different digital elevation
models (DEMs) have reported varying mass balance estimates. Gardelle et
al. [?] used SRTM DEM data to estimate a slight mass gain of +0.11 ± 0.22 m
w.e. a�¹ for the Karakoram glaciers during 1999–2008. Gardner et al. [?] and
Kääb et al. [?] employed ICESat GLAS data to calculate elevation changes of
−0.12±0.15 m・a�¹ and −0.10±0.06 m・a�¹, respectively. Brun et al. [?] utilized
ASTER DEM data to determine a mass balance of −0.03 ± 0.07 m w.e. a�¹ for
2000–2016. Bolch et al. [?] and Zhou et al. [?, ?] applied TanDEM-X/SRTM
DEM differences to obtain mass change rates of 0.02 ± 0.064 m・a�¹ and other
estimates. These discrepancies highlight the complexity of glacier mass balance
assessments in this region.

Yengisogat Glacier, the largest glacier in China, is located on the northern slope
of K2 in the Karakoram Mountains (36.083°N, 76.1028°E) with a total area
of 493 km² [?] [Figure 1: see original paper]. The glacier features four main
tributaries (southwest, northwest, north, and south) and over ten smaller ice
flows, extending approximately 42 km in length with elevations ranging from
4000 m to over 8000 m [Figure 1: see original paper]. The glacier surface is
extensively debris-covered, particularly in the ablation zone below 4700 m.
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This study employs differential interferometry using TanDEM-X/TerraSAR-X
data (acquired in February 2014) and SRTM-X DEM (acquired in February
2000) to quantify surface elevation changes between 2000 and 2014. The similar
acquisition seasons minimize differences in radar penetration depth. The aver-
age elevation change across the glacier was −1.68 ± 0.94 m, corresponding to a
mass loss rate of −0.12 ± 0.07 m・a�¹. However, the spatial pattern of elevation
change exhibits significant non-uniformity [FIGURE:3 and FIGURE:4].

The TanDEM-X/TerraSAR-X system provides high-resolution X-band SAR in-
terferometry with an 11-day repeat cycle, enabling precise topographic mapping.
The differential interferometric approach assumes consistent penetration depths
for the two datasets acquired in the same season. Elevation change accuracy
was assessed using stable off-glacier terrain, showing a standard deviation of 2
m for the 2014–2018 period and 1.9 m for the 2014–2019 period [Figure 2: see
original paper].

4 Results and Discussion
4.1 Altitudinal Variation in Elevation Change

The elevation change patterns vary significantly with altitude. Above 4700 m,
the glacier shows minimal change. Between 4500–4700 m, moderate thinning
occurs. Below 4500 m, substantial surface lowering is observed, particularly
in the debris-covered tongue area. The southern tributary exhibits the most
dramatic thinning due to high flow velocities transferring ice mass to lower
elevations. In contrast, some sections of the main trunk show surface elevation
increases, potentially indicating glacier surge activity.

Surface slope significantly influences elevation change rates. On slopes less than
30°, thinning is more pronounced, with rates reaching -0.25 m・a�¹. Between 30°–
50°, thinning rates decrease, while slopes exceeding 50° show minimal change.
This pattern reflects the interplay between ice dynamics and ablation processes.

The debris cover thickness also modulates elevation changes. Thin debris-
covered ice experiences greater thinning than exposed ice due to enhanced
melt, whereas thick debris insulates the underlying ice. The southern-oriented
slopes show slight elevation gains, while southwestern slopes show slight losses,
and other aspects exhibit more substantial thinning.

4.2 Glacier Velocity and Mass Transfer

Surface velocity data integrated from published studies reveal that rapid flow
in the southern tributary (exceeding 200 m・a�¹ in some sections) transports
substantial ice mass from accumulation to ablation zones. This mass transfer
explains the significant thinning observed in the lower reaches of this tributary.
The velocity pattern suggests that the glacier trunk is currently experiencing a
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dynamic adjustment, with some sections thickening due to enhanced ice supply
from upstream.

4.3 Implications for Glacier Mass Balance

The heterogeneous elevation change pattern indicates that Yengisogat Glacier
is undergoing complex dynamic adjustments. While the overall mass balance is
negative, local surface elevation increases associated with surge activity and de-
bris cover redistribution complicate the interpretation. The results suggest that
debris-covered glaciers in the Karakoram respond to climate forcing through a
combination of dynamic thinning and surge-related thickening.

5 Conclusions
This study quantifies the surface elevation changes of Yengisogat Glacier be-
tween 2000 and 2014 using TanDEM-X/TerraSAR-X and SRTM-X DEM data.
The main findings are:

(1) The glacier experienced an average surface elevation decrease of 1.68±0.94
m, corresponding to a mass loss rate of −0.12 ± 0.07 m・a�¹. The spatial
pattern of elevation change is highly non-uniform, with the southern trib-
utary showing drastic thinning while some sections of the main trunk
exhibited thickening.

(2) Surface elevation changes are strongly controlled by altitude, slope, and
aspect. Thinning is most pronounced at low elevations (< 4500 m) and
on gentle slopes (< 30∘). Southern-oriented slopes show slight thickening,
while other aspects experience thinning. Rapid surface velocities in the
southern tributary facilitate mass transfer from high to low elevations.

(3) The observed elevation increase in the glacier tongue may be attributed
to glacier surge activity. Comparison with previous studies suggests that
Yengisogat Glacier’s mass loss rate (-0.12 m・a�¹) is consistent with regional
estimates for the Karakoram, though substantial spatial heterogeneity ex-
ists. The debris-covered nature of the glacier modulates its response to
climate change, with thin debris accelerating melt and thick debris pro-
viding insulation.

These results highlight the complexity of glacier response in the Karakoram
region and underscore the importance of high-resolution observations for under-
standing the mechanisms driving the Karakoram Anomaly.
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