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Abstract: Debris-free and debris-covered glaciers are both extensively present in the southeastern Tibetan
Plateau. High-precision and rigorous comparative observational studies on different types of glaciers
help us to accurately understand the overall state of water resource variability and the underlying
mechanisms. In this study, we used multi-temporal simultaneous UAV surveys to systematically explore
the surface elevation change, surface velocity, and surface mass balance of two representative glaciers.
Our findings indicate that the thinning rate in the debris-free Parlung No. 4 glacier UAV survey area
was consistently higher than that in the debris-covered 24K glacier in 20202021 (—1.16 = 0.03 cm/d vs.
—0.36 + 0.02 cm/d) and 20212022 (—0.69 + 0.03 cm/d vs. —0.26 + 0.03 cm/d). Moreover, the surface
velocity of the Parlung No. 4 glacier was also consistently higher than that of the 24K glacier across the
survey period, suggesting a more dynamic glacial state. The surface mass balance of the Parlung No. 4
glacier (2020-2021: —1.82 £ 0.09 cm/d; 2021-2022: —1.30 =+ 0.09 cm/d) likewise outpaced that of the
24K glacier (2020-2021: —0.81 + 0.07 cm/d; 2021-2022: —0.70 % 0.07 cm/d) throughout the observation
period, which indicates that the debris cover slowed the glacier’s melting. Additionally, we extracted
the melt contribution of the ice cliff area in the 24K glacier and found that the melt ratio of this ‘hotspot’
area ranged from 10.4% to 11.6% from 2020 to 2022. This comparative analysis of two representative
glaciers provides evidence to support the critical role of debris cover in controlling surface elevation
changes, glacier dynamics, and surface mass balance.
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1. Introduction

Since the start of the 21st century, maritime glaciers within the southeastern (SE)
Tibetan Plateau have exhibited higher rates of mass loss compared to other regions across
High-Mountain Asia [1-5]. The predominant glacier types in this region include both
debris-free and debris-covered glaciers. Notably, the estimated proportion of the debris-
covered area in the SE Tibetan Plateau is close to 20% of the total glacierized area, which
exceeds the global average value (~4.4-7.3%) [6,7]. Therefore, a better understanding
of the characteristics of different glaciers and the changes they experience is essential
to comprehensively evaluate the situation regarding water resource availability in this
region [8,9].

Several studies were conducted in alpine regions, with observational and modeling
approaches being adopted for the study of glaciers (with or without debris cover). Some
found that the presence of debris influences the responses of glaciers to global warming.
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When the debris thickness exceeds a few centimeters, it plays a protective role in mitigating
glacier ablation [10-15]. Therefore, the ablation rates of most debris-covered glaciers (mean
global debris thickness > 10 cm) [16] are supposed to be weaker than those of debris-
free glaciers. Nevertheless, numerous remote sensing studies utilizing satellite imagery
revealed comparable rates of thinning for both debris-free and debris-covered glaciers
(i.e., “debris coverage anomaly”) [1,17-20]. Similarly, this anomaly was verified in the SE
Tibetan Plateau, where the debris-covered glaciers are widely developed [21,22]. However,
almost all of the above conclusions are based on satellite remote sensing data, which may
be lacking in resolution. Moreover, some researchers highlighted the significant impact of
‘hotspot areas’ (such as ice cliffs and supraglacial ponds) on the mass loss of debris-covered
glaciers. Due to the relatively small size of these “hotspots” areas, high-resolution data are
required for accurate assessments of the contribution of ablation [23-31].

Since Unpiloted Aerial Vehicles (UAVs) overcome the disadvantages of the poor spatial
representativeness of in situ observations and insufficient precision from satellite remote sens-
ing data, the use of UAVs has gradually become one of the main techniques for monitoring
glacier changes [24,32-37]. High-resolution digital elevation models (DEMs) and orthomosaics
can be readily acquired from UAV imagery through the application of structure-from-motion
(UAV-5fM) combined with multi-view stereo photogrammetry [38,39]. In the SE Tibetan
Plateau, some researchers also carried out monitoring experiments on debris-covered glaciers
and debris-free glaciers with high-resolution photogrammetric measurements [40—46]. How-
ever, there are no synchronized monitoring results based on UAV surveys for debris-covered
glacier and debris-free glacier changes in the SE Tibetan Plateau. Comparative studies that
accurately estimate the surface mass balance changes in two types of glaciers (debris-covered
vs. debris-free) by using synchronized and high-precision UAV data are also relatively rare in
the glaciology community.

In this study, we simultaneously compared the glacier changes between the debris-free
Parlung No. 4 glacier (abbreviated as Parlung No. 4) and the debris-covered 24K glacier
(abbreviated as 24K) in the SE Tibetan Plateau from 20 August 2020 to 22 June 2022. The
objective of this study was to accurately estimate and compare the variability in mass loss
and dynamic states of two typical glaciers to deepen our understanding of the response of
maritime glaciers in the SE Tibetan Plateau to global warming.

2. Study Area

Parlung No. 4 and 24K are located in the SE Tibetan Plateau (Figure 1a); the distance
between the two glaciers is only ~120-130 km. They are primarily influenced by the
moisture from the Bay of Bengal Vortex (during spring) and the Indian Summer Monsoon
(during summer) [47-49]. The monthly distribution of precipitation displays a double-peak
pattern, with two distinct peaks occurring in the spring and summer [48]. Specifically,
Parlung No. 4 (29°13.57'N, 96°55.19’E) is located at the source of the Parlung Zangbo River
on the southeastern side of Mount Gangrigabu (Figure 1c). This glacier has a length of
~8 km and an area of ~11 km?, typical for a debris-free glacier in the SE Tibetan Plateau.
The Parlung No. 4 catchment area is ~25 km? (Figure 1c), and the glacier area accounts for
44% of the total area (Figure 1c). Moreover, 24K (29°45.59'N, 95°43.11'E) is also located
on the northern slope of Mount Gangrigabu (Figure 1b). It is ~24 km away from Bomi
City [15] and has a length of ~3 km (area: ~3 km?). The debris-covered area accounts for
41% of the 24K area, and the spatial distribution of its thickness shows a decreasing trend
(Figure A1) [46], which is typical of a debris-covered glacier in the SE Tibetan Plateau.
The 24K catchment area is 14 km? (Figure 1b), and the glacier area is 21% of the total area
(Figure 1le). Despite being in close proximity to each other, there is a striking difference
in the climatic characteristics of the two glaciers. During the 2016 ablation period, the
average temperature of 24K was 5.4 °C higher than that of Parlung No. 4, and the total
precipitation of 24K was approximately nine times higher than that of Parlung No. 4
(1696.8 vs. 189.6 mm) [15].
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Figure 1. (a) Location of the study area. (b,c) Maps showing the topography and UAV survey
information for the 24K and Parlung No. 4 catchments. (d,e) The altitudinal distribution of the
glacierized and non-glacierized areas of the Parlung No. 4 and 24K catchments.

3. Data and Methods
3.1. UAV Flights and Data Processing

High-resolution images of the survey areas were obtained by using unpiloted aerial
vehicles (UAVs) during six field studies conducted from 20 August 2020 to 22 June 2022.
The specific dates and details of these studies are provided in Table 1. To capture the annual
glacier surface elevation change and surface displacement, we utilized the eBee Plus UAV
equipped with the GNSS Post-Processed Kinematic (PPK) functionality in all of the surveys.

Table 1. UAV flight information of two glaciers.

Fl.l ght Flight UAV Name Glacier Name  Image Number Resolution Area (km?)
Time Type (cm)
25 August 2020 Parlung No. 4 425 9.8 4.0
20 August 2020 PPK eBee Plus 24K 160 12.6 37
29 July 2021 Parlung No. 4 442 9.4 4.6
23 July 2021 PPK eBee Plus 24K 426 9.2 44
18 June 2022 Parlung No. 4 529 9.1 3.9
22 June 2022 PPK eBee Plus 24K 249 118 5.4
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This UAV is a fixed-wing aircraft equipped with a 20MP camera called the SenseFly
S.O.D.A. For flight planning purposes, the eMotion3® flight management software (ver-
sion 3.5.0) was employed. During the survey period, the longitudinal and lateral image
overlaps for the eBee Plus were set at 65% and 80%, respectively. By maintaining a con-
sistent survey height above the glacier surface, the flight lines of both UAVs ensured a
uniform ground resolution for each survey. To enhance the accuracy of the UAV-based
structure-from-motion (SfM) reconstruction, a stationary base station was used. The GNSS
data collected from the base station were then appended to the Exchangeable Image File
Format metadata of each geotagged image [41]. This data integration process was a part of
the PPK correction workflow, which was followed in an attempt to improve the precision of
the UAV-SfM reconstruction. The geotagged images obtained from the UAV surveys were
further utilized in the creation of orthomosaics and digital elevation models (DEMs) using
the SfM-based photogrammetric software Pix4Dmapper (version 4.3.31). The accuracy of all
UAV-5fM outputs was indirectly assessed by comparing the horizontal and vertical errors
in the UAV-5fM outputs (2020 vs. 2021; 2021 vs. 2022). The horizontal errors were estimated
by measuring the displacement of benchmarks (>30 boulders on stable non-glacier areas),
while the vertical errors were calculated by counting the surface elevation change value of
stable terrain, as outlined in Figure 1b,c.

3.2. Surface Elevation Change and Surface Velocity

After employing the PPK technologies, the acquired DEMs’ offsets were found to be
minor [41], negating the need for the co-registration of DEMs when calculating glacier
surface elevation change. For each period, we derived surface elevation change results
via DEM differential analysis in ArcGIS 10.4. The horizontal displacement of each glacier
was obtained by using 20 cm resolution DEM hillshades using InGRAFT (a normalized
cross-correlation algorithm) [50] within a search window of 10 x 10 pixels (2 x 2 m).

3.3. Surface Mass Balance of Glacier Ablation Area
The thinning/surface elevation change (d#, in m) of the calculated area is equivalent
to the ablation/surface mass balance (b, in m) plus the emergence velocity (w, in m):

dh=b+w 1)
w="2 @
Q=uHDL 3)

where S (in m?) is the calculation zone area, and Q (in m?) is the ice flow through a given
profile of the glacier. y is the coefficient for the conversion of surface velocities to depth-
averaged velocities. Following Miles et al. [25] and Zhao et al. [46], this coefficient was
estimated to be 0.9; H (in m) is the thickness of the ice for the corresponding profile, D
(in m) is the component of the normal surface displacement to the cross-section, and L
(in m) is the breadth of the profile.

To evaluate the uncertainty of the surface mass balance (Ub) for the calculation area,

the following equation was used:
0= v/ 0qn? + 0,2 4)

The uncertainties of dh (and for D) were estimated by calculating the mean difference
in surface elevation and the mean displacement from the non-glacial experimental areas.
By averaging the values over all periods, they were determined to be 0.09 m (¢g;,) and
0.09 m (op), respectively.
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The uncertainty of the emergency velocity (0,,) was given by the following:

2
Go_ (R A
w_\/(Q> +<s) ©)
where the uncertainty of the area of the zone (S) was calculated to be 20 m from the

outlines using the ‘buffer method’ [25,51]; the uncertainty of the ice flow through a glacier
profile (cg) was calculated as follows:

2
G J(2) (Y 4 (9
= () + () 0
where the uncertainty of the ratio # (column-averaged velocity /surface velocity) is esti-

mated to be 0.1 [25,52]. The uncertainty in H was ~37 m (26%) for Parlung No. 4 [53] and
was assumed to be equal to 12 m for the corrected uncertainty in ice thickness for 24K [46].

3.4. Hotspot Area Ablation Contribution

To quantify the proportion of the contribution of ablation in the “hotspots” areas, we
used the merged ice cliff outline method [25,46] and the mean hotspot area enhancement
factors (1.96) [46]. Only 24K exhibited developed ice cliffs, and there were few developed
supraglacial ponds. Regarding the merged ice cliffs outline, the specific operation is to
georegister the 2020 and 2022 orthomosaics of the glacier areas by using the reference
orthomosaics (July 2021). Further details are described in Zhao et al. (2023) [46]. After
completing the registration, ice cliff outlines for August 2020, July 2021, and June 2022 were
manually sketched based on orthomosaics. Then, we combined the 2020 ice cliff outline
with the 2021 ice cliff outline and the 2021 ice cliff outline with the 2022 ice cliff outline. The
hotspot area ablation contributions between 2020 and 2022 were estimated based on the
previous enhancement factor.

4. Results
4.1. Surface Elevation Changes of Two Glaciers

Utilizing the high-resolution DEMs derived from the UAV data, we quantified the
magnitude and spatial distribution of glacier surface elevation changes on Parlung No. 4.
As depicted in Figure 2a,b, this analysis covered two distinct periods: from August 2020
to July 2021 (338 days) and from June 2022 to July 2021 (323 days). During 2020-2021,
the mean surface elevation change within the UAV survey area of Parlung No. 4 was
—3.93 £ 0.10 m (—1.16 £ 0.03 cm/d). In 2021-2022, the mean surface elevation change
in the UAV survey area of Parlung No. 4 was —2.23 4+ 0.10 m (—0.69 & 0.03 cm/d), and
the thinning rate in 20212022 was lower than that in 2020-2021. Based on the surface
elevation change regarding the vertical test area, we obtained the vertical errors of the
surface elevation change results for 2020-2021 (0.10 m) and 20212022 (0.10 m). These
minimal error margins underscore the reliability and precision of the surface elevation
change results obtained for the glacier areas.

During the period between August 2020 and July 2021 (337 days), UAV-based observa-
tions revealed that the surface elevation change for 24K was —1.20 & 0.07 m, equating to a
daily rate of —0.36 + 0.02 cm/d, as illustrated in Figure 3a. In the period from July 2021 to
June 2022 (334 days), 24K exhibited a mean surface elevation reduction of —0.86 &= 0.10 m,
with a mean daily rate of —0.26 & 0.03 cm/d (Figure 3b). Consistent with the situation
of Parlung No. 4, the thinning rate in 2021-2022 was also lower than that in 2020-2021.
Compared with Parlung No. 4, the thinning rate of the 24K ablation area was consistently
lower than that of the Parlung No. 4 area, which was approximately 3.3 times as large as
that of 24K in 2020-2021 and ~2.6 times as large as that of 24K in 2021-2022. Furthermore,
the vertical accuracy of the DEMs for 24K remained high, as evidenced by an error value of
0.07 m in 2020-2021 and 0.10 m in 2021-2022.
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Figure 2. Annual surface elevation change for Parlung No. 4 between DEMs for August 2020—July 2021
(a) and surface elevation change for July 2021 —June 2022 (b).
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Figure 3. Annual surface elevation change for 24K between DEMs for August 2020—July 2021 (a) and
surface elevation change for July 2021 —June 2022 (b).
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Figure 4 illustrates the gradient relationship between the surface elevation change
rate and altitude for each glacier at 6 m elevation bands (24K) and 10 m elevation bands
(Parlung No. 4). It was found that the surface elevation change rate of Parlung No. 4 is
constantly higher than that of 24K throughout all observation periods, and the magnitude
of the thinning rate of 24K is only slightly above 0, apart from in the terminal ice cliffs area.
Additionally, for both glaciers, a decline in thinning magnitude with increasing altitude
was noted.
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Figure 4. Average surface elevation change rates within 6 m elevation bands for Parlung No. 4 and
10 m elevation bands for 24K (represented by dots) and their corresponding standard deviations
(shown as horizontal error bars) for the periods of August 2020 to July 2021 (a,c) and July 2021 to
June 2022 (b,d). The red-shaded sections in the figure represent the terminal ice cliffs of 24K.

4.2. Surface Velocities of the Two Glaciers

The surface velocity within Parlung No. 4’s UAV survey area reached 4.02 4- 0.04 cm/d,
with a mean displacement of 13.59 & 0.13 m, from August 2020 to July 2021. A subsequent
assessment showed a marginally reduced surface velocity of 3.91 &+ 0.02 cm/d (mean
displacement: 12.63 £ 0.08 m) between July 2021 and June 2022, suggesting little variation
across the two periods. In addition, the surface velocity of Parlung No. 4 showed a spatial
pattern of increasing with altitude in both periods (Figure 5a,b). In this study, the horizontal
error (XY), calculated by using the benchmarks in the non-glacial area of the Parlung
No. 4 catchment, was 0.07 m in 2020-2021 and 0.05 m in 2021-2022, which proves that the
post-processed data from the UAV surveys have high horizontal accuracy. The mean value
of the movement velocity of Parlung No. 4 in the vertical test area was found to be 0.13 m
in 2021-2020 and 0.08 m in 2021-2022, which evidences that the surface velocity results
are reliable.
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Figure 5. Surface velocity of Parlung No. 4 for August 2020-July 2021 (a) and surface elevation change
for July 2021-June 2022 (b). The black dashed line represents the central flowline.

The average surface velocity between August 2020 and July 2021 for 24K was
245 + 0.02 cm/day (mean displacement: 8.26 = 0.07 m). The daily surface velocity from
July 2021 to June 2022 was 2.22 £ 0.02 cm/d (mean displacement: 7.41 4 0.06 m), and the daily
velocity in 20212022 was slightly lower than the velocity in 2020-2021. In addition, Figure 6a,b
also demonstrates that the spatial pattern of 24K is characterized by a surface velocity that
increases with the altitude. In this study, the horizontal error (XY) of the post-processed data
sourced from the benchmarks in the non-glacial area was 0.04 m for 2020-2021 and 0.05 m for
2021-2022, which reflected a relatively preferable horizontal accuracy. The mean surface velocity
for 2020-2021 in the vertical test area was 0.07 m; the value for 2021-2022 was 0.06 m.

We extracted and compared the surface velocities of two glaciers’ central flowlines
in 2020-2021 and 2021-2022, respectively (Figure 7), and found that the surface velocity
patterns of both glaciers are consistent, with both showing higher surface velocities at
higher altitudes. In addition, the Parlung No. 4 surface velocity is significantly greater than
that of 24K (~two times). The inter-annual difference in the velocity of Parlung No. 4 is not
significant, whereas the velocity of 24K in 2021-2022 is smaller than the surface velocity in
2020-2021.

4.3. Surface Mass Balance Patterns of the Two Glaciers

Based on the thinning results and our computation of the overall ice flux in the UAV
survey area for the two glaciers, we calculated the average surface mass balance for the two
glaciers (Equations (1)—(3)). We defined two flux gate sections in the upper part of the UAV
survey area for the two glaciers (Figure 1b,c). Ice flow replenishment was then calculated for
the ablation areas (below the flux gate section/surface mass balance calculation area) for the
debris-free glacier (Parlung No. 4) and debris-covered glacier (24K) (Figure 8). In 2020-2021, the
average rates of ice flow replenishment were 0.66 &= 0.08 cm/d in the Parlung No. 4 ablation
area and 0.45 &= 0.06 cm/d in the 24K ablation area. The average ice flow replenishment was
0.61 £ 0.09 cm/d for the Parlung No. 4 ablation area and 0.44 & 0.06 cm/d for the 24K ablation
area between 2021 and 2022. Taking into consideration the ice fluxes, we further calculated
the overall ablation amount for these two representative glaciers (Figure 8). In 2020-2021, the
average surface mass balance change rate was —1.82 & 0.09 cm/d for the Parlung No. 4 area
and —0.81 = 0.07 cm/d for the 24K area. The average surface mass balance change rate was
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—1.30 £ 0.09 cm/d in the Parlung No. 4 ablation area and —0.70 £ 0.07 cm/d in the 24K
ablation area in 2021-2022. Overall, the amplitude of the ice flow replenishment for the two
glaciers is roughly similar. However, there is a significant difference between both glaciers in
the magnitude of ablation, with the ablation rate of the Parlung No. 4 area being approximately
1.9-2.2 times that of the 24K area.

Surface velocity (cm/d)

1 5.5 a

Surface velocity (cm/d)

1 5.5 b

Figure 6. Surface velocity of 24K for August 2020-July 2021 (a) and surface elevation change for
July 2021-June 2022 (b). The black dashed line represents the central flowline.
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Figure 7. The surface velocities of central flowlines for Parlung No. 4 (red lines) and 24K (blue lines).
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Figure 8. Comparison of surface ablation (red bar), surface elevation changes (green bar), and
emergence velocity (blue bar) of two different glaciers from 2020 to 2022.

5. Discussion
5.1. Contrasting Melt Pattern of the Two Glaciers

Figures 8 and 9 show that the melt rate of Parlung No. 4 is consistently higher
than that of 24K, and the melt rate of both glaciers was higher in 2020-2021 than in
2021-2022. To gather meteorological data, we installed automatic weather stations in both
glaciers [15]. Utilizing the data collected from these stations, we calculated the mean daily
air temperature and positive cumulative temperature for both glaciers. Upon comparing
the average air temperatures and positive cumulative temperatures of the two glaciers, it
became apparent that significantly lower values were consistently recorded for Parlung
No. 4 than for 24K (the Parlung No. 4 terminus is ~800 m higher than that of 24K).
More specifically, from 2020 to 2021, the mean air temperature and positive cumulative
temperature of Parlung No. 4 were —1.02 °C and 802.01 °C-d, while those of 24K were
1.82 °C and 1195.93 °C.d, respectively. In 20212022, the mean air temperature and positive
cumulative temperature of Parlung No. 4 were —2.59 °C and 630.85 °C-d, while those of
24K were 1.30 °C and 1061.33 °C-d, respectively. Therefore, the melt rate of 24K should be
higher than that of Parlung No. 4, but this is in opposition to the actual findings recorded
for the two glaciers. This high-precision comparative observation confirms the role of
debris cover in inhibiting ablation [10-15]. It is essential to fully consider the factor of
debris cover for future large-scale reconstruction and prediction studies of glacier change
and catchment runoff in the SE Tibetan Plateau.

T T
s Parlung No.4 ablation
15, sassarsbvssansis ) 118
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Figure 9. Comparison of the temperatures and ablation rates of the two glaciers in 2020—2021 and
2021-2022.
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Additionally, the mean air temperature and positive cumulative temperature of both
glaciers were higher during the 2020-2021 period in comparison to the 2021-2022 period.
For this reason, the melt rates recorded for both glaciers in 2020-2021 are higher than
the melt rates recorded in 2021-2022. However, we found that the melt rate of Parlung
No. 4 in 2020-2021 is 1.40 times higher than that of the same glacier in 2021-2022, while
the melt rate of 24K in 2020-2021 is 1.16 times higher than that of the same glacier in
2021-2022 (i.e., the response of Parlung No. 4 to climate change is more sensitive than that
of 24K). Our findings are in agreement with some studies that suggest that debris-covered
glaciers are insensitive to climate change (e.g., Anderson and Anderson, 2016; Vincent
et al., 2016) [14,20]. Based on the results of this comparative study, we suggest that the
‘debris-cover anomaly’ phenomenon [19,20] does not imply that debris is ineffective in
buffering ablation; rather, it may be related to areas referred to as "hotspots’, where debris-
covered glaciers commonly develop [27,28,54,55]. The ablation ‘hotspot” area within the
24K UAV survey area accounted for approximately 5.9% of the UAV survey area during
the period from 2020 to 2021 (Figure 10a), and its melt ratio within the UAV survey area
was found to reach 11.6% (Figure 10a). In the subsequent period, from 2021 to 2022, the
‘hotspot’ area ratio within the 24K UAV survey area was 5.3%, with a corresponding melt
ratio of up to 10.4% (Figure 10b). These findings indicate that the "hotspot’ area contributes
greatly to the overall melt of 24K, accounting for at least 10% of the total ablation. This
partial compensation helps mitigate the restraining effect of debris cover on the overall
ablation process. The proportion of ‘hotspot” areas in the 24K UAV survey area is relatively
small, while it is slightly higher in the neighboring glacier (23K Glacier: 6.8-7.2%) [46].
However, the ablation contribution of the 23K glacier (a debris-covered glacier adjacent to
24K) ‘hotspot’ area reached 31.5%, which is due to the debris thickness of the 23K glacier
being higher than that of 24K (mean thicknesses: 47.1 cm vs. 24.2 cm), resulting in a low
melt rate in the 23K debris cover area [46]. Compared with the debris-covered glaciers in
other regions, the melt ratio of the 24K “hotspot” area is still small; for example, the Changri
Nup glacier in the middle Himalayas has a hotspot area melt contribution of 23-24% [24].
The ‘hotspot’ area ablation contributions of the Lirung and Langtang Glaciers in Nepal were
also calculated, and they are 36.43% and 19.84%, respectively, more than that of 24K [56].
The thinner debris thickness of 24K and its smaller ‘hotspot’ area are the driving factors
causing the low percentage of ablation contribution in the 24K ‘hotspot” area.

5.2. Glacier Changes of the Two Glaciers over Two Decades

We extracted the glacier surface elevation changes for Parlung No. 4 and 24K for the
periods of 2000-2004, 20052009, 2010-2014, and 2015-2019 from the work of Hugonnet
etal. (2021) [5]. As the observation periods of 2020-2021 and 2021-2022 do not align with
complete calendar years, we normalized the observed thinning/surface velocity ampli-
tudes to annual rates by utilizing the conversion ratio (number of days in the observation
period/365). For Parlung No. 4 and 24K, the ablation area exhibited an increasing trend
in thinning rate from 2000 to 2019, ranging from —1.48 m/a to —3.08 m/a and —0.59 m/a
to —1.21 m/a, respectively, as illustrated in Figures 11 and 12. Both glaciers demonstrate
similar response characteristics (i.e., increasing thinning rate) in response to climate change.
These trends provide insight into the glaciers’ responses to climate change [57]. However,
the thinning rate of Parlung No. 4 is always higher than that of 24K (Figures 11 and 12),
and the growth in the thinning of Parlung No. 4 is also greater. These findings demonstrate
the key role of debris cover in characterizing glaciers’ responses to climate change.
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Figure 12. Surface elevation changes for the UAV survey area of Parlung No. 4 and 24K since the

start of the 21st century.

We compared the surface velocities of the two glaciers during all periods
(1999-2003, 2013-2015, 2020-2021, and 2021-2022) using the dataset provided by Dehecq
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et al. (2015) [58] and UAYV data (Figures 11 and 12). Regarding the surface velocity of both
glaciers, there has been a decreasing trend since the early 2000s, indicating a weakening
dynamic state. Specifically, the annual surface velocity of Parlung No. 4 was 22.06 m/a
in 1999-2003, which significantly reduced to 8.32 m/a in 2013-2015. Similarly, the annual
surface velocity of 24K decreased from 16.75 m/a in 1999-2003 to 7.71 m/a in 2013-2015.
The most plausible reason for the weakening trend of the dynamic state derives from the
decreasing ice thickness, leading to a reduction in glacier basement shear stress [52,59,60].
As two typical glaciers in the SE Tibetan Plateau, their dynamic changes also imply that
the glaciers in the whole region are in a weakening state. Weakened glacier dynamics con-
tribute to a reduction in ice flow replenishment, accompanied by a constant or increasing
ablation intensity, which accelerates the thinning rate of the glaciers, thus damaging the
glaciers” health and sustainability [61].

It is worth noting that the surface velocity of Parlung No. 4 was slightly higher than that of
24K during all periods (Figures 13 and 14). The surface velocity of the debris-covered glacier
in this study consistently exhibited weaker dynamics compared to the debris-free glacier. We
compared the average ice thickness in the aerial survey areas of the two glaciers and found
that the two glaciers were close to each other (Parlung No. 4: 128.1 m; 24K: 106.7 m). In
addition, we compared the mean slopes of the aerial surveys and found that the slope of 24K
is nearly twice as steep as that of Parlung No. 4 (Parlung No. 4: 6°; 24K: 11°). Overall, based
on the above analyses, we conclude that the dynamic state of 24K should not be weaker than
that of Parlung No. 4. However, the high-precision results suggest that the dynamic state of
24K is weaker. So, this result can be attributed to the presence of debris cover, which inhibits
melting and suppresses basal sliding in glaciers [62]. In addition, the glacial lake of Parlung
No. 4 only emerged in recent years, which may have had an influence on the dynamic state
of the glacier [63,64]. Studies found that some debris-covered glaciers are in a much weaker
dynamic state [46,55,65]; these findings may contribute to the observed ‘debris-cover anomaly’
phenomenon [16,66]. Compared with the nearly stagnant glacier (ablation area), 24K is still in
a relatively strong dynamic state. Compared with the neighboring 23K glacier, though they
are in the same climatic setting, the higher slope of 24K is responsible for its stronger dynamic
state [46]. The great amount of precipitation and thin debris cover in the 24K area are factors that
facilitate basal lubrication [15,46] and, thus, make the movement of this glacier faster. Previous
studies found that the developed supraglacial ponds are strongly negatively correlated with
driving stresses [60]. In the 24K area, there are almost no developed supraglacial ponds, which
supports the conclusion that this glacier possesses a relatively strong power state.

2020-2021

Surface velocity (m/a)

0 30

2020-2021 2021-2022

0 200m
—

0 200m
—

Figure 13. (a,b) Annual surface velocities for 1999-2003 (a,e), 2013-2015 (b,£), 2020-2021 (c,g), and
2021-2022 (d,h) for Parlung No. 4 (a—d) and 24K (e-h).
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6. Conclusions

We explored the mass loss and dynamic states of two representative glaciers in the SE
Tibetan Plateau based on repeated UAV data. Our high-precision results suggest that the
two types of glaciers have contrasting responses to climate change. Our conclusions are
summarized as follows:

Despite the terminus altitude of Parlung No. 4 being much higher than that of
24K (an 800 m difference), the thinning rate of Parlung No. 4 was consistently higher
than that of 24K during all periods (2.7-3.2 times). In 2020-2021, the surface elevation
change rates of Parlung No. 4 and 24K were —1.16 £ 0.03 cm/d and —0.36 &+ 0.02 cm/d,
respectively. In 2021-2022, the surface elevation change rates of Parlung No. 4 and 24K
were —0.69 £ 0.03 cm/d and —0.26 £ 0.03 cm/d, respectively.

The dynamic state of the debris-free Parlung No. 4 glacier is slightly stronger than that of
the debris-covered 24K glacier. In 20202021, the mean surface velocities of Parlung No. 4 and
24K were 4.02 £ 0.04 cm/d and 2.45 £ 0.02 cm/ day, respectively. In 2021-2022, the mean surface
velocities of Parlung No. 4 and 24K were 3.91 £ 0.02 cm/d and 2.22 £ 0.02 cm/d, respectively.

We calculated the surface mass balance of the two different types of glaciers in the
SE Tibetan Plateau based on high-precision data, which helped confirm the key role of
debris cover. In all periods, the temperature and positive cumulative temperature for
Parlung No. 4 were lower than those for 24K, but the ablation rate of Parlung No. 4 was
approximately 1.9-2.2 times that of 24K. In addition, both glaciers had lower temperatures
and positive cumulative temperatures in 2021-2022 than in 2020-2021. The difference in
ablation between these two periods for 24K was small, whereas the difference in ablation
for Parlung No. 4 in these periods was large (i.e., the response of Parlung No.4 to climate
change is more sensitive than that of 24K). The dominant controlling factor for the above
differences is debris cover.
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