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Abstract: As a heavily glaciated region, the Eastern Pamir plays a crucial role in regional water
supply. However, considerable ambiguity surrounds the distribution of glacier ice thickness and
the details of ice volume. Accurate data at the local scale are largely insufficient. In this study,
ground-penetrating radar (GPR) was applied to assess the ice thickness at Muztagh Glacier No.16
(MG16) in Muztagh Ata, Eastern Pamir, for the first time, detailing findings from four distinct profiles,
bridging the gap in regional measurements. We utilized a total of five different methods based
on basic shear stress, surface velocity, and mass conservation, aimed at accurately delineating the
ice volume and distribution for MG16. Verification was conducted using measured data, and an
aggregated model outcome provided a unified view of ice distribution. The different models showed
good agreement with the measurements, but there were differences in the unmeasured areas. The
composite findings indicated the maximum ice thickness of MG16 stands at 115.87 & 4.55 m, with
an ice volume calculated at 0.27 + 0.04 km3. This result is relatively low compared to the findings
of other studies, which lies in the fact that the GPR measurements somewhat constrain the model.
However, the model parameters remain the primary source of uncertainty. The results from this
study can be used to enhance water resource assessments for future glacier change models.

Keywords: mountain glacier; ground-penetrating radar (GPR); glacier ice thickness; glacier volume;
eastern Pamir

1. Introduction

Global warming has intensified glacier melt, impacting the sustainable development
of regional water resources [1]. The thickness of the ice of a glacier determines its shape
and size, influencing its movement, regulating water storage, and ultimately impacting
the glacier’s lifespan in a shifting climate [2]. Therefore, understanding the distribution
of ice thickness and glacier volume is crucial for evaluating long-term glacier changes [3],
hydrological impacts [4], and sea level changes [5].

Various methods can be used to measure ice thickness, including radio echo sound-
ing [6,7], drilling [8], seismic surveys [9], and gravity measurements [10-13]. Given the
substantial electrical resistivity of glacier ice and the pronounced contrast in electromag-
netic impedance between ice and bedrock, ground-penetrating radar (GPR) technology
is frequently employed to assess ice thickness [14-17]. However, in situ observation mea-
surements of glacier thickness are constrained by the significant costs of observation,
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challenging conditions, and the logistical difficulties in deploying staff and equipment [18].
Therefore, various methods have been devised to infer the volume of ice or its thick-
ness distribution from the observable characteristics of a glacier’s surface. For estimating
ice volume, widely used scaling methods are based on empirical volume-area relation-
ships [19,20]. However, these methods come with a substantial level of uncertainty and fail
to offer insights into the spatial variation in ice thickness [21]. It is essential to recognize that
accurate ice thickness distribution is often more critical than precise ice volume information
in predicting glacier evolution over the coming decades [22].

For the simulation of ice thickness distribution, numerous different models have
emerged based on the fundamentals of ice flow dynamics and the shallow ice approxima-
tion assumption. Methods that have been proposed include capitalizing on the inverse
relationship between the slope of the local surface and the thickness of the ice, i.e., as-
suming that ice thickness decreases with increasing slope (Glabtop) [23,24], or the method
extended by Li et al. [25] to account for lateral resistance on valley walls. Alternatively,
these approaches may incorporate supplemental data, such as information on surface
velocity and mass balance [26-31], or employ iterative techniques using advanced forward
models of ice flow [32], as well as non-physical strategies grounded in neural network
methodologies [33].

However, estimates of ice thickness obtained from modeling are subject to large
uncertainties unless calibrated against ground truth data [2]. Therefore, it is crucial to obtain
more direct measurements of glacier thickness. The observational data used for validation
in many studies mainly come from the Global Glacier Thickness Database (GlaThiDa v3).
However, this database only covers approximately 2% of the world’s glaciers [34], which
is insufficient. Meanwhile, the distribution of ice thickness observation data in different
regions is uneven, and there are very few available ice thickness observations in many
regions [35]. This leads to the calibration of the model for the entire mountain range based
on only a few glaciers and then applying these calibration factors to all other glaciers,
introducing uncertainty [30,31,36].

This is particularly true in the Eastern Pamir. It is a highly glaciated region with
1179 glaciers covering a total area of 2054 km? [37], where measurement data are scarce,
and the ice thickness distribution is highly uncertain. Numerous studies have analyzed
the mass balance [38-42] and surface velocity of glaciers [37,43—45] in the Eastern Pamir
because of the “Pamir-Karakoram anomaly” [46] and frequent glacier surges [47]. However,
research on ice thickness distribution in this region is limited. It has only been considered
in the context of global glacier research [22,30,48]. Therefore, in order to accurately assess
the dynamic changes in glaciers in the Eastern Pamir and make reliable predictions for
the future, it is essential to accurately evaluate the distribution of glacier ice thickness and
ice volume.

In this study, GPR was employed to assess the ice thickness at Muztagh Glacier No.16
within Muztagh Ata, Eastern Pamir. Ice thickness data were derived from four profiles to
mitigate the scarcity of regional ice thickness information. Five different models based on
shear stress, surface velocity, and mass conservation principles were used to estimate the ice
thickness across the glacier. The outcomes of these models were then refined and verified
through comparison with actual ice thickness measurements, with an evaluation of model
efficacy following. The optimal ice thickness distribution was achieved by employing
a weighted average of the various model outputs, which was subsequently compared
with two consensus predictions. This study undertook comparative evaluations of the
models, delving into the models” parameter uncertainties and sensitivities, and explored the
implications of these ice thickness estimations on assessments of ice volume. These findings
are instrumental in delineating the fundamental conditions of the Eastern Pamir glaciers,
furnishing crucial data for the management of regional water resources and forecasting
glacier evolution in the future.
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2. Study Area

A portion of the Pamir Plateau, situated within China and referred to as the Eastern
Pamir, is characterized by a highly developed glaciation, comprising 1179 glaciers that
span an area of 2054 km? [37]. Muztagh Ata (38.17°N, 75.06°E; 7546 m a.s.l), one of
the highest mountains situated on the Eastern Pamir, is influenced by the mid-latitude
westerlies, making it one of the driest glaciated regions in China [46]. Data collected by
the Western Environment Integrated Observation and Research Station at Muztagh Ata
(38.28°N, 75.24°E; 3650 m a.s.]) highlighted an average annual temperature of 0.34 °C, an
average temperature of 10.06 °C during the summer months (June to August), and an
average annual precipitation of 154.03 mm for the period between 2009 and 2016 [49]. The
region hosts 128 glaciers, collectively spanning over 377 km? [38,50]. These glaciers are
essential in supplying meltwater to the Gez, Taxkorgan, and Kangxiwa rivers within the
Tarim Basin, serving as significant and sustainable water resources critical for downstream
water management and the consistency of river flows [50,51].

Muztagh Glacier No.16 (MG16), situated on the western flank of Muztagh Ata and
depicted in Figure 1, remains free from debris cover. As of 2023, it occupies an area of
6.76 km? and extends from an altitude of 4632 m to 7091 m a.s.l. The glacier’s mean
equilibrium line altitude (ELA) is established at 5460 m a.s.], and it has recorded an average
annual mass balance of +0.14 m water equivalent over the years from 1999 to 2013 [50].
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Figure 1. The location of Muztagh Glacier No.16 (MG16) in the Eastern Pamir. (a) The distribution of
glaciers and site of MG16 in Muztagh Ata and (b) a broader map illustrating the glacier distribution
across the Pamir Plateau in relation to other regions. (c) The GPR profiles of the MG16, the AA” labels
correspond to the same annotation as AA” in Figure 2a.

3. Data
3.1. GPR Data

During the summer of 2023, MG16 underwent surveying utilizing a Pulse EKKO-
Pro radar system, characterized by a 100 MHz central frequency and a bistatic antenna
setup. This survey covered three transverse and one longitudinal profile, encompassing
280 discrete points situated between altitudes of 4661 and 4838 m a.s.1.

The arrangement for capturing GPR profiles involved maintaining the transmitter and
receiver at a constant separation of 4 m, aligned parallel to each other yet orthogonal to the
profiling direction [52]. The subsequent 2D radar imagery was used for the determination
of ice thickness at various points through the analysis of the radar wave’s two-way travel
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time along the vertical axis. For mountain glaciers, the velocity at which electromagnetic
waves from radar travel through glacier ice typically spans between 0.167 m/ns and
0.171 m/ns [17,52]. Based on field tests in this study, the speed was determined to be
0.169 m/ns. The total error for a 100 m ice thickness is estimated to be 5.8 m for the EKKO-
Pro radar system. This calculation encompasses several components: the radar’s vertical
resolution (equated to roughly one-fourth of the wavelength), inaccuracies in pinpointing
the ice-bedrock interface reflections (about 2 ns), and discrepancies due to wave velocity
changes (£5%) [7,53].

3.2. Glacier Qutline

In order to minimize the uncertainty caused by the temporal misalignment of glacier
outlines, we selected Landsat 9 OLI/TIRS images (spatial resolution: 30.00 m) that were free
of clouds and had minimal snow cover during the 2023 ablation season. We delineated the
boundary of the 2023 MZ 16 glacier through visual interpretation and referencing RGI 6.0, GF-6
satellite images (spatial resolution: 2.00 m), and Google Earth images. The Landsat 9 OLI/TIRS
image was acquired on 18 September 2023 and is available at https:/ /earthexplorer.usgs.gov/
(last access: 6 December 2023). The GF-6 satellite image was acquired on 29 September 2019.

3.3. DEM

In addressing the limitations imposed by DEM data quality on ice thickness inversion
methodologies, this investigation integrates the ALOS World 3D—30 m (AW3D30) dataset
as its primary input, following the insights provided by Chen et al. on the variability of ice
thickness simulations influenced by distinct DEMs [54]. The AW3D30 digital surface model
(DSM) dataset, which is acquired by the PRISM stereo camera mounted on the Advanced
Land Observing Satellite (ALOS), boasts a horizontal resolution of about 30 m and maintains
an elevation precision surpassing 5 m [55]. Access to this dataset is facilitated through
the portal at https:/ /www.eorcjaxa.jp/ALOS/en/dataset/aw3d30/aw3d30_e.htm (last
access: 6 December 2023).

3.4. Glacier Velocities

Glacier surface velocity data were derived from the work of Millan et al. [22], show-
casing an advanced high-resolution survey of global glacier velocities through the analysis
of imagery captured by Landsat 8, Sentinel-2, Venus, and Sentinel-1 between 2017 and 2018.
The original spatial resolution of this surface velocity data, set at 50 m, was resampled to
30 m in this study to simplify computational processes. The precision of these measure-
ments is noted to be approximately 10 m/a [22]. It was resampled to 30 m for ease of
calculation in this study. According to the data, the maximum velocity of MG16 is 57 m/a,
located at its northern tributary. Data were available at https:/ /doi.org/10.6096/1007 (last
access: 6 December 2023).

4. Method
4.1. Ice Thickness Inversion Models
4.1.1. Shear Stress-Based Approaches

Utilizing the shallow ice approximation and adopting the concept of perfect plastic-
ity [56,57], one can estimate glacier ice thickness through the analysis of surface slope and
a presumed uniform shear; thus, the ice thickness 1 along the glacier’s centerline can be

formulated as follows: -

h= fpgsina
where T}, denotes the basal shear stress, f represents a shape factor to account for the lateral
drag at the glacier’s edges, p is the ice density, ¢ symbolizes the acceleration due to gravity,
and « indicates the surface slope. The inclusion of f compensates for the narrowness of
alpine glaciers, where the valley walls bear a portion of the glacier’s weight, reducing the
basal shear stress along the central flowline compared to that of a much broader channel [25].

1)
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As the ratio of the glacier’s half-width to its centerline ice thickness nears infinity, f tends
toward 1, though valley glaciers commonly exhibit a value around 0.8 [25,56,58].

The determination of T}, is possible through its empirical correlation with the altitude
variance, Az, between the glacier’s highest and lowest points, as demonstrated below [59]:

o [05+159.8Az — 435Az2 Az < 1.6km 2
b= 150 Az > 1.6 km

Az is in km, with T, measured in kPa.
Two such approaches were used in this study.

e Lietal’sapproach

Liet al. [25] developed this approach that is also based on Equation (1), which employs
a more physically plausible approach for calibrating f in relation to the glacier’s local width.
By presuming a parabolic cross-section, f can be determined through the equation below:

_ 1
1+my

f=1 ®3)
m = 0.9, with w representing the half-width on the centerline. By integrating Equa-
tions (1) and (3) and resolving for i, we derive Equation (4), which incorporates the effect

of lateral friction:

T
smao
b= P8

mw—( % ) @

pgsina

Typically, the width is ascertained by where a line perpendicular to the centerline
intersects the glacier outline. The centerline was extracted and manually corrected using the
method proposed by Zhang et al. [60] during the final processing. For tributary centerlines,
their controlled areas need to be delineated. Equation (4) is sensitive to the half-width;
thus, a slope threshold a;;,, is introduced, and the effective width is adjusted to correct for
the error caused by the overestimated ice thickness on the valley wall calculated using
the original half-width. The width of the local glacier reduced to a dimension where the
slope of the ice surface remains below the threshold of «j;,,. In this study, «;;,, was set at
30°, as in most studies [25,31]. Meanwhile, ice thickness is affected by surface slope, with
potential overestimation in flat glacier regions. To compensate for this, a minimum slope
threshold () of 4° was set in this study. The ice thicknesses estimated on the centerline
and perpendicular line, with a set value of 0 for ice thickness on the glacier outline, were
used for interpolating across the total glacier area.

e  Glabtop2

Frey et al. [21] developed Glabtop2, utilizing a similar principle that streamlines the
ice thickness estimation procedure. This approach is fully grid-based and determines the
ice thickness for a collection of randomly chosen grid cells, eliminating the necessity to
delineate the centerline. The calculated thicknesses are then interpolated over the whole
area of the glacier.

4.1.2. Ice Velocity-Based Approaches

Glacier motion encompasses internal deformation, basal sliding, and the deformation
of the subglacial sediment. The velocities at the ice surface, denoted as u(h), are a sum of
the velocities from internal deformation (1) and the basal movement (u;) [12,56,61].

u(h) = ug(h) +uy (5)

Equation (5) is simplified by including a correction factor 8, which accounts for the
basal velocity u;, and signifies the fraction of glacier movement due to basal sliding [62].
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Consequently, by correlating internal deformation with glacier surface speed and employ-
ing the Glen flow law, a closed-form equation that connects observed ice velocity to ice
thickness can be established [56,63]:

2A
n+1

(1= Bu(h) = uy(h) = T ©6)
where T, represents the basal shear stress, A denotes the Arrhenius creep constant, and
n, typically set to 3, is Glen’s flow exponent [56,58,64]. The value of the Arrhenius creep
constant is influenced by temperature:

A:A*exp<%ﬁ—;]> )

The constants are defined as A* =2.4 x 1072*, Q. = 115 k] mol 1, R ~ 0.0083145 (the
ideal gas constant), and T* = 273 K [56]. T symbolizes the average temperature of the
glacier’s ice, which can be estimated by the mean annual air temperature at the ELA with
a difference of ATjce-air = 7 °C [30,56]. Equations (1), (6) and (7) are combined to solve for
ice thickness:

e 1/(n+1) u(h)(1 —‘B) 1/(n+1)
"= (2(fpg)”A* CIE 1})) ( sin (a)" ) ®

T T*

Two such approaches were used in this study.
e VWDV

Van Wyk de Vries et al. [61] developed this approach, solving Equation (8) by analyzing
the ice surface’s velocity and slope in two dimensions at every point.

e ITIBOV

ITIBOV was developed by Gantayat et al. [29] and segments the glacier into elevation
bands of 100 m, calculating the average ice surface flow velocity and topographical slope
for each band. Then, Equation (8) is used to calculate ice thickness.

4.1.3. Mass Conserving Approach

When considering ice as an incompressible medium, the continuum equation dictates
that divergence in ice flux (V - ;) must be offset by changes in ice thickness over time
(0h/dt) along with the rate of the surface mass balance of the glacier (b) [31]:

oh —
Z_p-_v.
o V-q ©)
Upon integrating this principle across the entire glacier domain (Q2), the following
becomes evident: o .
i = / bdO) (10)
Ja ot Jo

To ensure the net divergence of glacier-wide ice flux equals zero, the apparent mass

balance (b) [30,31] is discerned as the differential between the rate of glacier surface mass

balance (15) and the rate of change in glacier surface elevation (0h/ot).

/ pdQ) = 0 (11)
O
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The apparent mass balance, for each grid cell, is computed utilizing the following equation:

(zi — z0) - [Zﬁ] z; < 29
abl

(zi — z0) - [52’} Zj > 20
acc

b = (12)

The ablation and accumulation areas feature distinct vertical mass balance gradients,
represented as [db / dz] and [db / dz} for ablation and accumulation zones, respec-

bl
tively [30,31]. The cell’sa elevation (z;) a;cél the elevation at the ELA (z), determined by
resolving Equation (10) for z; as indicated in Equation (11), ensure a balanced glacier-
wide apparent mass balance. Following this, the glacier’s width-normalized mean specific

ice flux (g;) is computed by integrating apparent mass balance values upstream (b) and
dividing by the glacier’s width. The ice thickness is then calculated as follows:

1/(n+2)
=1 1/(n+2)

Wy aen(Fh-+))) e

Leveraging a composite approach from multiple models has been shown to enhance
the accuracy of ice thickness estimations [2,65]. In this study, the ensemble ice thickness
(ES) was determined through a synthesis of outputs derived from five distinct models,
employing respective weights (w1, w2, w3, w4, and wb5), with the collective sum of these
weights equating to 1. To calibrate and validate this method, 70% of the GPR measurements
were utilized for calibration purposes, while the remaining 30% served for validation. The
allocation of weights underwent iterative adjustments to minimize the mean absolute error
(MAE) between the calibration dataset and the model’s output. Subsequently, the MAE
between the ES and the validation dataset was computed, providing a refined measure of
the model’s predictive accuracy in estimating ice thickness.

4.2. Ice Thickness Model Calibration and Validation

This study utilized a Monte Carlo approach, conducting 10,000 iterations for each
analytical model [61]. The process involved random selection from the probability distribu-
tions assigned to each input parameter (Table 1). For every iteration, a subset comprising
70% of the GPR dataset was utilized as the training set. The mean absolute error (MAE)
was then calculated across all GPR observations to assess each iteration’s accuracy. The
selection criteria for the output relied on identifying the model iteration that demonstrated
the lowest MAE. Further, to achieve a holistic accuracy assessment of the five models in
their simulation of ice thickness, five additional accuracy metrics were employed: Root-
Mean-Square Error (RMSE), Standard Deviation (STD), Relative Error (RE), Nash—Sutcliffe
Efficiency (NSE), and R?, with their respective formulas provided for clarity [10,54].

n —_
MAE = —Ziﬂ‘h‘;m i (14)
n R AYA
RMSE = \/ Li=1 mipR h) (15)
1 2
Y <hGPR —h——Yi (hepr — h))
STD = (16)

n—1
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n 2
NSE =1 — Zizl (hGPR - h) (17)
1 2

Yic <hGPR - 52?21 hGPR)

RE = hif;:l (18)
" (hgpr — h)?

R2 — Z:l:1 ( GPR ) (19)

1 3
Y (hGPR - ﬁZLl hGPR)

Table 1. Parameter distributions for ice thickness inversion analysis.

Parameter Distribution References
T 268-272 [49,61]
n 3 [56,58,64]
f 0.8-1 [29,56,66]
B 0-0.4 [30,56]
o (kg/m3) 741-917 [56,61]
[db / dz} 0.008-0.01 [30,31,48]
5 acc
{db / dz} 0.004-0.006 [30,31,48]
abl
g 9.79 —

4.3. Uncertainty of the Ice Volume Estimate

Similar to the study by Huss et al. [30], we primarily assessed the uncertainties
stemming from model parameters, DEMs, and glacier contours. For model parameters, we
conducted a series of sensitivity experiments to quantify the bias resulting from parameter
uncertainty. We selected the maximum and minimum values within each parameter
range for simulation. Assuming that the uncertainty of each parameter ¢, is independent,

the ice volume uncertainty due to all parameters is propagated through the error as

oM = ! U;%,i’ and a is the number of parameters. Uncertainties in DEMs (cpgp)

and glacier contours (c7) are evaluated by analyzing ice volume deviations generated by
simulations of DEMs or contours at different time periods. The overall uncertainty is
as follows:

o= \/O’IZ\A—FO%EM-FO'IZ (20)

5. Results
5.1. Characteristics of Ice Thickness along Transverse and Longitudinal Profiles

In Figure 2, the calibrated elevation radargrams of M(G16 are presented, illustrating
the glacier’s surface elevation changes and the variability in ice thickness across transverse
and longitudinal profiles. The analysis of basal reflections is prominently clear in profiles
A-A’ (Figure 2a), B-B' (Figure 2b), and C-C’ (Figure 2c), with measurements predominantly
conducted near the profile centers. The length of these measurements was constrained,
resulting in a relatively consistent ice thickness and a comparably level glacier bedrock
across these sections. Notably, the ice exhibited increased thickness towards the center of the
profiles compared to their edges. Through the examination of these profiles, the average ice
thickness was estimated to be approximately 88.76 m, with the thickest ice measurement,
approximately 109.87 m, located at the center of profile B-B’. Profile A-A’ displayed a
relatively flat basal topography with a thinner ice overlay, peaking at 68.86 m, likely
indicating its position near the glacier’s terminus. Conversely, profile B-B’ illustrated a
bedrock slope converging towards the center, and profile C-C’, situated at higher elevations,
showed diminished ice thickness, reflective of underlying bedrock undulations.
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Figure 2. Processed radargrams showing profiles (a) A-A’, (b) B-B’, (c) C-C’, and (d) O-O’ of MG16.
The horizontal axis represents the distance from the initial point of the GPR survey. Each panel in
the figure displays glacier ice thickness on the left vertical axis and the two-way travel time of the
electromagnetic radar wave on the right vertical axis.

Moreover, Figure 2d depicts the radargram for the longitudinal profile O-O’, tracking
ice thickness variations along the glacier’s flow from its terminus to an elevation around
4831 m a.s.l. The mean ice thickness was determined to be 77 m. Upon closer inspection,
the basal topography within this longitudinal section appeared predominantly flat, albeit
with minor undulations. The section’s maximum ice thickness was recorded at elevations
exceeding 4790 m a.s.1.

5.2. Spatial Distribution of Simulated Ice Thickness and Ice Volume

The ice thickness distributions of MG16 are presented in Figure 3, comparing outcomes
derived from five different methods and a multi-model ensemble. The data distinctly exhibit
significant differences in the calculated ice thickness across these methods. Predominantly,
the most considerable ice thickness for MG16 is found within its lower and middle segments,
especially at the confluence of its two tributaries, with elevation levels spanning from 4800
to 5100 m a.s.L.

Li’s approach demonstrates the largest simulated ice thickness of 141.39 m, with high
values concentrated on the glacier centerline. However, it also shows the lowest mean
ice thickness of 53.32 m, indicating that Li’s approach is more susceptible to extremes in
estimating ice thickness compared to other methods [10,67]. In contrast, the velocity-based
VWDV method presents a significantly higher estimated mean ice thickness of 73.31 m.
Given its reliance solely on distributed velocity data encompassing the glacier’s entirety,
the method affords a more nuanced portrayal of thickness distribution across various
regions, thereby offering a comprehensive overview of the spatial variation in ice thickness.
The mean and maximum ice thickness of ITIBOV and HF simulations are similar, but
HF simulations provide more detailed information. The Glabtop2 method demonstrates
relatively poor performance compared to other models in the area. It shows a lower overall
range of ice thickness and less noticeable changes in thinning at the glacier terminus. The
ES shows a maximum ice thickness of 115.87 m and a mean ice thickness of 59.8 m.
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Figure 3. The representation of MG16’s ice thickness modeling includes (a) Li’s approach,
(b) Glabtop2, (c) HF, (d) VWDV, (e) ITIBOV, and (f) ensemble results for ice thickness. Each section
provides the mean (ME) and maximum (MAX) ice thickness as calculated by the respective method.

From the estimated volume, there is a clear difference between the results obtained
using different methods (Table 2). Two shear stress-based approaches yield relatively low
estimates: Glabtop2 estimates the smallest volume at 0.17 km?, while Li’s approach results
in 0.25 km3. In contrast, the other three methods estimate the volume to be around 0.40 km?,
with the VWDW method estimating the largest volume at 0.45 km?. Typically, the volume
and area distributions exhibit a similar pattern. Overall, about 45% of the ice is stored
in the ablation zone below the ELA, which accounts for 35% of the area (Figure 4). The
two velocity-based approaches show a greater volume distribution in the lower part of the
glacier and relatively less in the high-altitude region. This difference is also significant in
the ice thickness distribution results. Conversely, the other approaches exhibit one of the
regions with high ice thickness in the upper part of the glacier, a feature not evident in the
VWDV and ITIBOV results. This disparity can be attributed to the characteristics of the
raw velocity data distribution.
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Figure 4. The percentage of ice volume stored and area distribution in the different elevations
of MG16.
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Table 2. Mean ice thickness at measurement sites and ice volume estimated using different models.
More details about uncertainty of estimated volume are in 6.2.

Mean Ice Thickness at Uncertainty of

Method Measurement Sites (m) Volume (km?) Volume (%)
Li 80.99 0.25 19.85
Glabtop2 88.30 0.17 23.68
HF 84.90 0.4 22.22
ITIBOV 86.90 0.4 23.68
VWDV 100.65 0.45 26.06
ES 78.33 0.27 18.45

5.3. Accuracy of Estimated Ice Thickness

The simulation accuracy of the various models has been assessed based on GPR mea-
surements. In the O-O’ profile, all models exhibit similar trends to the GPR measurements
(Figure 5a). However, most methods demonstrate varying degrees of overestimation of ice
thickness thinning at the glacier’s end. Li’s approach shows a slight deviation from the GPR
measurements, with two deepening points in the upper part, possibly attributed to varia-
tions in the slope data. The HF method performs the best in this profile, showing a smaller
deviation from the GPR measurements. Glabtop2 exhibits a trend more consistent with
ITIBOV, albeit slightly underestimating in the upper part and significantly overestimating
in the lower part compared to the GPR measurements. On the three transverse profiles, all
methods overestimate the ice thickness values in A-A’, which is situated in the lower part of
MGT16, except for Li’s approach (Figure 5b). In B-B’ (Figure 5c¢), Li’s approach has a steeper
slope with larger magnitude deviations compared to the GPR measurements, whereas the
other methods show flatter results. This is potentially attributed to the specific assumptions
of Li’s approach regarding the shape of the transects. The VWDV method overestimates
ice thickness on all transverse profiles, and only the general trend aligns with the GPR
measurements; its difference in the C-C’ profile is the most significant among all methods
(Figure 5d). The overall comparison with the GPR measurements in Figure 6 shows that
most of the modeled results are comparable to the GPR measurements. However, it is
worth noting that the correlation between the results of Glabtop2 and the measured data is
poor, with very small variations, as the values essentially remain around 90 m.
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Figure 5. Comparison between estimated and observed ice thickness on profiles (a) O-O/, (b) A-A/,
(c) B-B/, and (d) C-C'.
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Figure 6. Comparison of glacier thicknesses from different models and GPR measurements.

The results of Li’s approach, Glabtop2, HF, ITIBOV, and VWDV were evaluated
using several metrics. The metrics used include the MAE, RMSE, STD, R2, NSE, and RE.
The values of the metrics for each model are shown in Table 3. Among all the metrics,
Li’s approach shows more consistency with the GPR measurements in glacier thickness
estimation compared to other models. The MAE and RMSE are smaller at 6.11 m and
7.49 m, respectively. The HF model also performs well, with an R? value similar to Li’s
approach at 0.89. The R? values of ITIBOV and VWDV are close to 0.72, but both models
tend to significantly overestimate the ice thickness. However, VWDV has a larger error. The
results of Glabtop2, although mostly comparable to VWDV and ITIBOV and partially even
better than the two velocity-based models, have lower R? values. Therefore, the reliability
of the results is questionable.

Table 3. Evaluation metric results of different models.

Li Glabtop2 HF ITIBOV VWDV ES
MAE (m) 6.11 16.64 7.39 11.12 19.52 4.55
R? 0.90 0.02 0.89 0.73 0.72 0.97
RMSE (m) 7.50 19.81 8.68 12.72 21.93 5.34
STD (m) 4.40 10.89 4.61 6.25 10.12 2.83
NSE 0.84 —0.14 0.78 0.53 —0.39 0.92
RE 0.01 -0.15 -0.07 -0.11 -0.27 0.02

6. Discussion
6.1. Comparison with Previous Research

Previous studies on glaciers in Muztagh Ata have primarily overlooked the distribu-
tion of ice thickness and the ice volume, with limited datasets and especially measurement
data available for comparison. Thus, this study compares modeling results with ice thick-
ness distribution and volume data estimated by Farinotti et al. [48] (F19) and Millan
et al. [22] (M22), respectively. The ice volumes estimated using volume-area scaling and
the OGGM [26] are also used for comparison. We primarily compared the ES with other
datasets because it exhibits the least deviation from the measured GPR data.
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Figure 7 shows the difference in ice thickness distribution between the ES, F19, and
M22. The results show a significant difference in the distribution of ice thickness between
the ES and F19 and M22. The overall mean difference between the ES and F19 is around
13.36 m. In comparison to F19, the ice thickness in the ablation zone of the ES is slightly
higher, while in the accumulation zone, it is relatively lower. The velocity data used in
this study are consistent with those used in M22. When compared to the velocity-based
VWDV and ITIBOV results in this study, there is a significant numerical difference in the
generally thicker ice thicknesses estimated by M22, although the basic characteristics are
more similar. There is a mean difference of 25.19 m in between M22 and ES, with the most
pronounced difference in the ablation zone, where the ice thickness value is much larger
than the ES estimates, with a maximum difference of 89.72 m. Only in the glacier margins,
with a small part of the accumulation area, is the ice thickness slightly smaller than that
estimated by the ES. Compared with the GPR data, F19 shows a small overall bias and
slightly underestimates the ice thickness values. However, this bias is reasonable, given the
potential time mismatch with glacier movement. M22, on the other hand, exhibits a larger
bias. Velocity-based methods typically depend on velocity data, and a tenfold increase
in glacier surface flow velocity will lead to an overestimation of ice thickness by more
than 75% [22]. It has been demonstrated that the bias in ice thickness estimated by M22
significantly rises at surface velocities exceeding 50 m/a [10]. Notably, there is a substantial
portion of MG16 velocities that are greater than or close to 50 m/a [22]. The bias of VWDV
in the current study is smaller than that of M22, primarily because of the inclusion of
measured data to constrain the model and increase the number of parameters. This allows
for adjusting the sliding parameter and creep parameter to reach the appropriate value
instead of using the average value of the nearest region.

(a) F19 N

90

60

30

(b) M22

, f . -90

C———km

Figure 7. Difference in distributed ice thickness between ES and (a) F2019 and (b) M22.

In terms of estimated ice volume, as shown in Table 4, the ice volume estimated by the
ES is close to the ice volume estimated by the OGGM (0.27 km?) but is 20.66% lower than
F19 and 31.83% lower than M22. Compared to estimates based on volume-area scaling
approaches, the ES result is 34.47% lower than the relationship V = 0.034 A'-¥”> proposed
by Radi¢ et al. [68] and 39.52% lower than the relationship V = 0.043 A!?° proposed by
Grinsted [19]. This is very close to the range of differences found in most studies. In
particular, for larger glaciers, the results of volume-area scaling approach estimation
typically yield higher estimates. However, some studies have pointed out that this type of
locally varying regression parameter may only apply to larger glacier groups with accurate
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profiles and not to individual glaciers [20]. Some studies have reported uncertainties of
around 50-60% [19,69].

Table 4. Previous studies’ estimates of ice volume, maximum, and average ice thickness: RH10 and
G13 as distinct volume-area scaling relationships.

Volume (km?) Maximum Ice Thickness (m) Mean Ice Thickness (m)
F19 0.34 110.97 55.11
M22 0.40 182.11 64.83
OGGM 0.27 —_— 43.76
RH10 0.45 —_— 72.93
G13 0.41 —_— 66.45

The differences in the volumes obtained by the five methods used to construct the
ES can also reach 30%. Although the ES results are small in comparison with the results
of all the other studies mentioned above, the HF, ITIBOV, and VWDV results are indeed
closer to them. We believe there are several reasons why the ES ice volume is lower. First,
the weights of Li’s approach and HF are relatively large in the ES. For models based on
the glacier centerline and cross-sectional shape, GPR data with insufficient coverage due
to glacier surface topography may affect the determination of the cross-sectional shape
to some extent. It is roughly estimated that the difference in ice volume due to different
cross-sectional shapes can be at least 20%. Secondly, there is a lack of verification data in
the upper glacier accumulation area. The GPR measurements were primarily conducted on
parts of the glacier that were devoid of crevasses, flat, and consequently thicker, indicative
of compressive flow dynamics [7]. The precise ice thickness distribution within these
areas remains undetermined, making the precision of each model’s estimations for this
segment uncertain. Should the models’ outputs align closely with the GPR data from the
ablation zone, the variance in ice volume could also be attributed to differences in the ice
thickness distribution within the accumulation zone. Additionally, the accuracy of the
ice thickness inversion models is highly dependent on the assumptions made regarding
model parameters, particularly those pertaining to ice flow dynamics [35]. Although the
model parameters have been optimized to some extent, there is still room for optimizing
certain parameters, such as basal shear stress. Most current studies have questioned the
upper limit of 150 kPa set by Linsbauer et al. [24] based on empirical values [70]. However,
the value of the basal shear stress parameter is impacted by elements like climate and
topography [67]. Therefore, a parameterization scheme that takes these factors into account
may be a better choice, such as allowing for the assigned yield stress to vary (increase or
decrease) towards certain regions [71].

The acquisition of more precise data will undoubtedly enhance the model significantly.
Although the results of this study are supported by GPR data, it is an undeniable fact that
the coverage of GPR data is limited due to the characteristics of the topography. Locations
in a distant area and topographical limitations are the primary obstacles that hinder the
acquisition of measured data on most glaciers. Compared to the more labor-intensive and
costly drilling method and resolution-limited seismic surveys and gravity measurements,
GPR'’s high resolution and deployability make it the most easily promotable method for
measuring ice thickness [72,73]. Advancements in airborne radar technology could open
up possibilities for augmenting observational data in hard-to-reach areas [74]. However, it
is important to note that GPR measurements can experience significant signal attenuation
in temperate glaciers with high water content and in areas with thick ice, limiting its
depth of investigation and potentially introducing some uncertainties [72]. Moreover, a
synergistic approach, blending a 3D high-order numerical model with a 1D streamline
model, might offer a more refined methodology for capturing the ice thickness and volume
attributes of individual glaciers [18]. The 3D model, by accounting for additional variables
like ice movement and temperature, can provide a detailed physical representation of the
target glacier, when integrated with remote sensing information (such as adjusted basal
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sliding velocities of glaciers and derived ice temperatures), which may reduce inaccuracies
associated with the basic ice approximation principle [12,20,35].

6.2. Uncertainty and Sensitivity

The precision of calculations concerning ice thickness and volume is influenced by
(1) the variability and assumptions in model parameters and simplifications, (2) inaccuracies
in the DEM, and (3) uncertainties in defining glacier margins. Evaluating the variability
within each model’s parameters is crucial for understanding the uncertainty in simulation
outcomes across different models. The impact of various assumptions and parameter
settings on simulation results is significant. A comprehensive sensitivity analysis was
performed on the parameters used for simulating ice thickness, aiming to identify potential
deviations in ice volume estimates due to uncertainties in these parameters. Each parameter
within the model was altered individually, staying within plausible bounds, to measure
their effect on the results.

Maintaining the mean value for all parameters except those selected for variation, we
assessed the impact on the ice volume by altering each of the seven critical parameters
individually within the specified range (Table 1). Given the diversity in parameters em-
ployed across different models, the degree of sensitivity to each parameter is model-specific.
Consequently, the response of model outcomes to parameters excluded from a model’s
framework is 0.

We varied T between —6 °C and —1 °C. As shown in Figure 8, all models using T
are generally sensitive to this, and the maximum change in ice volume can reach 15%.
The more negative the T, the greater the volume of simulated ice. There is a temperature
dependence of the creep parameter A. Ice becomes softer as the temperature increases.
According to laboratory results, the parameter A increases about tenfold between —30 °C
and —10 °C and then further increases by fivefold or tenfold when the melting point is
reached. The reason for the introduction of T is to use temperature to correct the default A*
at 0 °C. The sensitivity to T is essentially the same as the sensitivity to A.

Two shear stress-based models use relatively few parameters, with basal shear stress
standing out as the most critical and sensitive among them. Given the elevation span of
MG16, which surpasses 1.6 km, a standard value of 150 kPa is commonly applied in these
calculations. When we increased it by 30 kPa, the ice volume changed by 20%, and the shear
stress parameter showed a positive correlation with the ice volume. Li’s approach is more
sensitive to both shear stress and density. This may be because compared to Glabtop2, Li’s
approach optimizes f and no longer uses a fixed value. Instead, it relies on the half-width
at the centerline. The reduction in parameters increases the model’s reliance on the density
and shear stress parameters. However, this also necessitates higher accuracy in defining
glacier contours and extracting streamlines.

For the ice density p and shape factor f commonly used in most models, density
changes range from 743 to 917 kg/m?. Ice volume changes due to density changes do not
differ significantly between models, except for Li’s approach, and are generally concen-
trated around 8%. Li’s approach achieved approximately 15%. The change in ice volume
caused by changes in f is relatively larger than that caused by changes in density and
generally differs by about 1% from the change in ice volume caused by changes in density.
The range of variation for  is 0-0.4. The velocity-based VWDV is more dependent on it
than HF, and the change in ice volume caused by its alteration is not significantly different
from f. HF involves numerous parameters. The total change in ice volume caused by
parameter adjustments is relatively smaller compared to other models. Among the two
parameters depicting the apparent mass balance, the effect within the accumulation zone is
somewhat minimal. While the ablation zone’s impact is more pronounced, the influence
of both zones on alterations in ice volume remains marginal. In addition to the seven
parameters analyzed above, there is another important parameter 7. Since the value of
n is relatively constant, its uncertainty is not assessed here. However, general research
shows that 7 has a much greater influence on ice volume than other parameters [56,61,75].
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The sensitivity of the ensemble method’s parameters is calculated based on the individual
model weights, which are most influenced by the density and shear stress parameters.
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Figure 8. Response of MG16's ice volume to varied parameter distributions. Purple dots indicate
parameters at their lower bounds, while blue dots indicate parameters at their upper bounds. bac and
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To evaluate the uncertainty in total ice volume resulting from poorly constrained
parameter values, the individual uncertainties are combined. Table 1 displays the un-
certainties associated with the parameters of each model, typically centered around 20%.
VWDV has the highest level of uncertainty at 26%, whereas the ES has the lowest level of
uncertainty at 18%.

The uncertainty caused by the glacier’s contour is more significant for models relying
on streamlines. As MZ16 is located in the Pamir Plateau, glacier melt in this area has not
been significant over the years, and the accumulated mass balance is close to equilibrium at
0 [76]. Therefore, compared to the RGI 6.0, the 2023 outline shows minimal changes in the
glacier’s terminus, and the uncertainty resulting from the outline alteration is insignificant.
The impact of DEM precision on the ice thickness inversion model is contingent on the
specific features of the model. Typically, DEMs of higher resolution contribute to improved
results from the model [18]. The accuracy of the DEM affects the slope of the glacier surface.
Despite the time mismatch problem in the DEM, the maximum elevation change indicated
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by geodetic survey results over the years is only 2 m, which is almost negligible compared
to the uncertainty caused by the parameters. The impact of constant or height deviations in
the DEM is also insignificant, with the difference in ice volume being less than 0.5%. Thus,
the final uncertainty is defined only by the uncertainty due to the parameters.

7. Conclusions

In this study, GPR was employed to measure the ice thickness across four profiles of
the MG16 located in the Eastern Pamir for the first time. This approach helped bridge the
gap in locally measured ice thickness data. The maximum ice thickness measured was
109.87 m. Accessibility to specific areas of the glacier is limited due to topography, crevasses,
and snowpack, which hinders complete measurement coverage. Therefore, we inverted the
ice thickness distribution of the glacier using a total of five different ice thickness models
categorized based on basic shear stress, mass conservation, and velocity. We calibrated and
verified the models using measured ice thickness data. The uncertainty introduced by each
parameter was assessed.

Compared with the GPR measurement results, Li’s approach and the HF method
exhibited smaller errors than other models in the individual model results. Since there
are varying degrees of differences in each model, the weighted average was calculated to
obtain the composite ice thickness distribution. The final result shows that the maximum
ice thickness of MG16 is 115.87 m, the ice volume is 0.27 km?, and the uncertainty is 18%.
The results are relatively small compared to other studies, and the differences mainly exist
in areas with no measured data. The reasons for the differences lie partly in the fact that
GPR measurements to some extent constrain the model used in this study. Additionally,
the models in different studies operate based on different principles, depend on distinct
parameters, and consider various fundamental conditions, such as glacier surface char-
acteristics (e.g., slope, speed). Moreover, the primary source of uncertainty stems from
the absence of constrained parameters. This underscores the significance of observing ice
thickness data and other essential glacier information.
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