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Abstract

Mountain glaciers are the most direct and sensitive indicators of climate change. In the
context of global warming, monitoring changes in glacier elevation has become a cru-
cial issue in modern cryosphere research. The Global Ecosystem Dynamics Investigation
(GEDI) is a full-waveform laser altimeter with a multi-beam that provides unprecedented
measurements of the Earth’s surface. Many studies have investigated its applications in
assessing the vertical structure of various forests. However, few studies have assessed
GEDI's performance in detecting variations in glacier elevation in land ice in high-mountain
Asia. To address this limitation, we selected the Southeastern Tibetan Plateau (SETP), one
of the most sensitive areas to climate change, as a test area to assess the feasibility of using
GEDI to monitor glacier elevation changes by comparing it with ICESat-2 ATL06 and the
reference TanDEM-X DEM products. Moreover, this study further analyzes the influence
of environmental factors (e.g., terrain slope and aspect, and altitude distribution) and
glacier attributes (e.g., glacier area and debris cover) on changes in glacier elevation. The
results show the following: (1) Compared to ICESat-2, in most cases, GEDI overestimated
glacier thinning (i.e., elevation reduction) to some extent from 2019 to 2021, with an average
overestimation value of about —0.29 m, while the annual average rate of elevation change
was relatively close, at —0.70 = 0.12 m/yr versus —0.62 & 0.08 m/yr, respectively. (2) In
terms of time, GEDI reflected glacier elevation changes at interannual and seasonal scales,
and the trend of change was consistent with that found with ICESat-2. The results indicate
that glacier accumulation mainly occurred in spring and winter, while the melting rate
accelerated in summer and autumn. (3) GEDI effectively monitored and revealed the char-
acteristics and patterns of glacier elevation changes with different terrain features, glacier
area grades, etc.; however, as the slope increased, the accuracy of the reported changes
in glacier elevation gradually decreased. Nonetheless, GEDI still provided reasonable
estimates for changes in mountain glacier elevation. (4) The spatial distribution of GEDI
footprints was uneven, directly affecting the accuracy of the monitoring results. Thus, to
improve analyses of changes in glacier elevation, terrain factors should be comprehen-
sively considered in further research. Overall, these promising results have the potential
to be used as a basic dataset for further investigations of glacier mass and global climate
change research.
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1. Introduction

Glaciers, as an important component of the cryosphere, are extremely sensitive to
climate change [1]; understanding their dynamic changes is therefore important for climate
indications [2,3]. In the context of global warming, the glacier thinning rate has accelerated
in recent decades [4-6]. This has an important impact on regional water resources, and
causes varying degrees of glacier-related disasters [7-9]. Outside of the Antarctic and
Arctic, HMA, including the Tibetan Plateau and its surrounding mountain ranges (the
Himalayas, Karakoram, Tien Shan, and Pamir), features the highest concentrations of
glaciers, making it a critical indicator of global climate change. Of these areas, glaciers
in the Southeastern Tibetan Plateau (SETP) have been thinning significantly, at about
three times the average rate of mass loss across the entire Tibetan Plateau region [10,11].
Therefore, the detection and monitoring of the present state and future changes in SETP
glaciers are of great significance for understanding climate change directly and preventing
glacier-related disasters.

Spaceborne remote sensing systems, including Digital Globe WorldView-1/2/3,
GeoEye-1, and ASTER, have enabled the large-scale monitoring of polar and mountain
glaciers, overcoming challenges associated with in situ measurements in inaccessible re-
gions [12-14]. In 2018, NASA launched two complementary LiDAR missions—GEDI
(Global Ecosystem Dynamics Investigation) and ICESat-2—to advance their Earth obser-
vation capabilities [15]. While ICESat-2 focuses on ice sheet and glacier mass balance [16],
GEDI was designed primarily for forest canopy and carbon storage assessment [17]. Never-
theless, both missions provide valuable elevation data for global topographic mapping.

GEDI, mounted on the International Space Station, collects high-resolution elevation
measurements between 51.6°N and 51.6°S [18,19]. Studies have demonstrated its accuracy
in forest structure mapping [19], estimations of biomass [20], and assessments of species
richness [21]. For example, Adam et al. [22] assessed the accuracy of GEDI terrain elevation
and canopy height estimates in European temperate forests, showing that, when exclud-
ing steep slope areas, the GEDI ground elevation estimates showed a consistently high
accuracy under most conditions. Kutchartt et al. [23] assessed the GEDI LiDAR over steep
topography, suggesting that terrain slope was the most serious factor affecting accuracy,
likely linked to the uncertainty of footprint geolocation. Quiros et al. [24] evaluated GEDI
elevation accuracy by comparing the ground elevation differences derived from its measure-
ments with those obtained with airborne laser scanning LiDAR- and TanDEM-X-derived
DEMs in southwest Spain. Generally, their results showed that GEDI could achieve better
agreement with the LIDAR data and that there was a clear relation between the errors and
the slope: the greater the slope, the greater the errors (RMSE). Hamoudzadeh et al. [25]
assessed the accuracy of GEDI data in monitoring the elevation of the Rutor and Belvedere
glaciers in northern Italy using reference-level measurements from UAV DEMs, in which
they focused on detecting and eliminating outliers.

However, its performance degrades in steep terrain due to geolocation uncertainties.
Limited validation in glacial environments—such as preliminary assessments in the Eu-
ropean Alps (requiring rigorous outlier filtering) [25]—suggests promise, but highlights
the need for further evaluation, particularly in rugged mountain regions where glacier
dynamics are most pronounced.
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ICESat-2 is equipped with a photon-counting laser altimeter, ATLAS (Advanced Topo-
graphic Laser Altimeter System). It emits green (532 nm) laser pulses every 0.7 m along
the track with a frequency of 10 kHz. Compared with its predecessor full-waveform laser
altimeter ICESat (2003-2009), ICESat-2 provides much denser observational coverage and
obtains more accurate estimates of ice mass balance, the elevation of ice sheets, and mea-
surements of glaciers, sea ice, and snow depth [26-28]. Using DEM differencing, Zhao
etal. [11] combined ICESat-2 with ICESat, CryoSat-2 altimetric data, and GRACE gravity
data to explore glacier mass balance across the SETP. The results demonstrate that there
was rapid and heterogeneous glacier ablation with a mean mass loss rate of 0.66 &= 0.02 m
water equivalent (w.e.)/a during 2003-2020. Based on ICESat-2 ATL06 and NASADEM,
Fan et al. [29] estimated glacier mass balance over HMA during 2000-2021, which demon-
strated that HMA experienced a significant mass loss at a rate of —0.18 = 0.12 m w.e./a.
Utilizing ICESat-2 observations, Wang and Sun [30] demonstrated distinct seasonal pat-
terns in HMA glacier surface elevation, with peak thicknesses occurring earliest in westerly
dominated regions (February), followed by Indian monsoon areas (May) and transitional
zones (June). Similarly, Shen, Jia, and Ren [31] analyzed the inter- and intra-annual glacier
elevation change detected by ICESat-1&2 data in 2003-2020, indicating that glacier eleva-
tion change in HMA had large spatial heterogeneity, with the reduction mainly occurring
in the marginal region.

In addition, more studies of changes in glacier elevation over HMA found that ATL06
had a higher accuracy than other DEM products [32,33]. The ATL06 product has a height
accuracy above 5 cm in the Antarctic [34] and surface measurement precision above 20 cm
in Qilian Shan [35]. Consequently, these studies have shown that ATLO06 is feasible as a
reference to assess the performance of GEDI when monitoring glacier elevation variations.

To assess the performance of both ICESat-2 and GED], Liu, Cheng, and Chen [36]
used high-resolution, locally calibrated airborne LiDAR products to test the GEDI L2A and
ICESat-2 ATLO8 products at 40 sites located in the U.S. mainland, Alaska, and Hawaii that
contained various ecoclimatic areas and vegetation types. The results show that GEDI and
ICESat-2 can yield reasonable estimates of terrain height, with root mean squared errors
of 2.24 and 4.03 m for mid and low latitudes, respectively, and 0.98 m for high latitudes
(ICESat-2 only). Generally, ICESat-2 outperformed GEDI when retrieving terrain height,
but both had better accuracy than the existing SRTM and GMTED DEM products. Urbazaev
et al. [37] investigated the accuracy of both sensors in four different land cover classes
and six forest types located in Brazil, Germany, South Africa, and the USA. The results
indicate that both missions provided accurate terrain elevation estimates across different
land cover classes and forest types, with a mean error of less than 1 m, except in tropical
forests. However, terrain slope strongly impacted the accuracy of both the ICESat-2 and
GEDI terrain elevation estimates.

The objective of this study is to assess the performance of the GEDI L2A product when
estimating changes in mountain glacier elevation by comparing a counterpart derived from
ICESat-2, improving our understanding of GEDI terrain height products when applied to
mountain glaciers.

2. Study Area and Datasets
2.1. Study Area

The study area (27.95°N-31.53°N, 92.10°E-98.32°E) encompasses the eastern Nyain-
gentanglha and Himalayan Ranges, western Hengduan Mountains, and the Parlung
Zangbo River Basin (Figure 1). This high-relief terrain (mean elevation > 4000 m) fea-
tures extreme vertical contrasts, from the 7782 m peak of Namcha Barwa to sub-500 m
valleys, with dense river networks including the Yarlung Zangbo, Nu, and Lancang
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Rivers [38].The study area features a subtropical monsoon climate dominated by South
Asian monsoon systems, where warm, humid Indian Ocean air masses collide with the
Tibetan Plateau’s eastern mountain ranges, generating orographic precipitation. This cre-
ates the Plateau’s wettest zone (2500-3000 mm annual rainfall), with prolonged monsoon
seasons (March—October) [39]. In the glacier regions (such as the eastern Nyaingéntanglha
Mountains and the Kangri Garpo Range), the annual average temperature typically ranges
between —5 °C and 6 °C, varying with altitude [40], combining heavy precipitation
with relatively mild temperatures to form China’s primary center for monsoon-fed mar-
itime glaciers.

N
L/ A
=]
=S e 5
’ ; .“ > 4 \\'
& % ?Qj; *\‘.?\_.
=) . IR AR 2 g
=4 *’f .Fb 1 L \ B
= | Legend o’ § "Hﬁ% ,fk el o
P ) ﬁ - oy, ‘M\
SETP_water_lines %,‘ ke de E =y
- Eastern_Bomi T’O Ry#ﬁ‘dst g@?é‘ﬂ P b
O [ JNancha_Barwa Z o E?Ir':-." ey - ‘g' c :
OO' [ ITastern_Yigong 3 » \:’ o = 2 3 B
£ Southern_Yigong T V"}%ﬁ L
I SETP_glacier_boundary T (2
. | C=ISETP_Boundary
= | SETP_NASADEM.tf
=7 value i
% High : 7302
F Low 1 357
91° ('J’ 0"E g2° (IJ’ 0"k 93° (I)J 0"k 94° (I)’ 0"E 95° (I)’ 0"E 967 (I)’ 0"E 97° (IJ' 0"E a8° (')' 0"E 99° (I)’ 0L
Figure 1. Location of the SETP, and the distribution of glacier boundaries within it. The dark line
delineates the boundaries of the SETP (the background elevation is marked by NASADEM, down-
loaded from https:/ /www.earthdata.nasa.gov/data/catalog/Ipcloud-nasadem-hgt-001, accessed on
5 May 2024), and blue polygons denote glacier outlines from the above glacier inventory. The colors
mark the four sub-regions where the most glaciers are concentrated.
2.2. Datasets
This study employs three primary data sources: GEDI/ICESat-2 altimetry data,
TanDEM-X reference DEM, and glacier inventory attributes (see Table 1 for specifications).
Table 1. Detailed information on the main data used in this study.
. . Spatial Temporal
Description  Data Time Span Resolution  Resolution Data Sources
April/2019— https:/ /www.earthdata.nasa.gov/data/
Satellite GEDI L2A ] 117 /2021 25 Monthly catalog/lpcloud-gedi02-a-002 (accessed on 10
altimetry wy May 2024)
April/2019- https:/ /nsidc.org/data/atl06/versions/5
ICESat-2 ATLO6 July /2021 20 o1d (accessed on 10 May 2024)
Ancillary TanDEM-X 2010-2015 90 . https:/ /download.geoservice.dlr.de/ TDM90/
datasot (accessed on 8 January 2024)
atasets ) :
Glacier inventory ~ 2007-2011 " . http:/ /www.sciencedb.cn/dataSet/handle/376

(accessed on 4 May 2023)

* Denotes that this attribute is not applicable to the data.
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2.2.1. GEDI L2A

The GEDI data products are organized in a four-level hierarchy: L1 provides ge-
olocated waveform data; L2 (used in this study) delivers ground elevation and canopy
metrics at 25 m resolution, referenced to the WGS-84 ellipsoid and including relative
height metrics with TanDEM-X/SRTM reference elevations; L3 offers gridded canopy
parameters; and L4 contains aboveground carbon estimates. This study employs NASA’s
GEDI L2A Version 2 dataset (updated April 2021), obtained from the Land Processes Dis-
tributed Active Archive Center (LPDAAC), for the period between April 2019 and July
2021. Our analysis focuses on SETP, utilizing a total of 1210 valid orbital datasets to exam-
ine three-dimensional surface characteristics. The dataset is publicly accessible through
NASA’s LPDAAC (https://www.earthdata.nasa.gov/data/catalog/lpcloud-gedi02-a-002
(accessed on 10 May 2024)).

2.2.2. ICESat-2 ATLO6

ICESat-2/ ATLAS, featuring enhanced spatial resolution using six laser beams that
provide precise elevation measurements without penetration effects. This study uses Level
3A ATLO06 Version 5 data (Land Ice Height). The dataset, available from NASA Earthdata
(https:/ /earthdata.nasa.gov/), delivers 40 m segment heights (WGS-84 ellipsoid) with
20 m along-track spacing, incorporating first-photon bias correction and comprehensive
quality assessment parameters. To maintain seasonal consistency and minimize temporal
biases in our comparative analysis with GEDI data, we specifically selected 528 ICESat-2
datasets, corresponding with matching observation periods. This approach ensures robust
cross-validation between the two altimetry datasets, while accounting for potential seasonal
variations in surface characteristics.

2.3. Auxiliary Data
2.3.1. Glacier Inventory

The glacier dataset used in this study was extracted by Ke et al. [39]. We selected the
glacier inventory due to its demonstrated superior performance in the SETP, particularly
in (1) combining multi-sensor (Landsat + PALSAR) data to overcome cloud contami-
nation, (2) employing advanced machine learning classification (94.2% accuracy), and
(3) better detecting small (<0.05 km?) and debris-covered glaciers compared to global
inventories (RGI/GLIMS). This study analyzed 7182 glaciers (6440.97 km? total area) us-
ing vector boundary files containing key attributes (area, elevation range, slope, etc.).
Glacier footprints from the GEDI, ICESat-2, and DEM datasets were classified accord-
ingly. To assess spatial variability in elevation changes, four high-density subregions
(Eastern/Southern Yigong, Nancha Barwa, Eastern Bomi) were prioritized, following Zhao
etal. [11]’s framework.

2.3.2. TanDEM-X Data

This study employed the 90 m-resolution TanDEM-X Digital Elevation Model (DEM),
publicly released in 2018 by the German Aerospace Center (DLR), as reference elevation
data. The dataset originates from the high-resolution (12 m) global DEM acquired between
2010 and 2015 through interferometric synthetic aperture radar (InSAR) measurements by
the twin-satellite TerraSAR-X/TanDEM-X mission [40]. While the original 12 m product
demonstrated excellent vertical accuracy (3.49 m absolute error when validated against
ICESat data) [31,41], we utilized its resampled 90 m version to ensure data accessibility and
processing efficiency. This DEM product represents glacier surface elevations as of January
2015, although it should be noted that, being an unedited version, it may contain minor
artifacts due to the absence of gap-filling procedures [42,43]. The dataset was obtained
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from the DLR Geoservice portal (https://download.geoservice.dlr.de/TDM90/, accessed
on 8 January 2024) and served as our baseline for elevation change detection in this study.

3. Methods

This section contains outlines of the preprocessing of the GEDI and ICESat-2 footprints
and the elevation extraction, a comparison of the elevation change results, and the metrics
for glacier elevation changes.

3.1. Data Preprocessing

GEDl is a full-waveform LiDAR system that utilizes three synchronized lasers—one
split into two “coverage beams” and two full-power beams—which collectively gener-
ate eight parallel ground tracks (~600 m spacing) within a 4.2 km swath through beam
dithering operating at 242 Hz. According to the principle of GEDI positioning, the lo-
cation of the ground return within a waveform is determined using the position of the
last detected peak; thus, the parameter ‘elev_lowestmode” of each beam was extracted to
represent glacier surface elevation. In our study, the default terrain elevation estimates
that vary among the products’ six algorithms depending on plant functional type [44] were
selected for testing, and different beam modes (power or coverage) were not distinguished.
Furthermore, ‘lon_lowestmode” and ‘lat_lowestmode’, which determine the latitude and
longitude information of each surface footprint, were also adopted. In addition, the quality-
controlled footprints (quality_flag = 1, degrade_flag = 0) were used to filter erroneous and
lower-quality returns.

In terms of ATLO06 preprocessing, the extracted fields contained geolocation ‘latitude,
longitude’, surface elevation ‘h_li’, elevation uncertainty standard error ‘sigma_geo_h’,
and quality measures ‘atl06_quality_summary’ for each segment. Like GEDI, we did not
distinguish strong and weak beam modes for terrain estimation. Of these, we used the
‘atl06_quality_summary’ parameter to obtain reliable high-quality data; when scored with
‘0, this implies that no data-quality problem was found within the segment. The parameter
‘sigma_geo_h’ is a comprehensive indicator of total vertical geolocation error due to precise
orbit determination and precise point determination, including the effects of the horizontal
geolocation error on the segment vertical error; values less than or equal to 25 m within the
glacier inventory were selected to derive reliable reference data for GEDL

3.2. Glacial Elevation Change Extraction

To estimate glacier elevation changes, the height measurements from GEDI and
ICESAT-2 were compared against the reference TanDEM-X DEM, which contains informa-
tion on past glacier elevations. The detailed procedures are as follows:

(1) Initial extraction of GEDI L2A and ICESat-2 ATL06 footprints within SETP glacier
boundaries were performed. (2) Glacier elevations, geolocations, and quality flags were
then extracted, with raw data filtered using quality flags (GEDI: quality_flag = 1, de-
grade_flag = 0; ICESat-2: atl06_quality_summary = 0, sigma_geo_h < 25). (3) TanDEM-X
90 m elevation values were bilinearly interpolated to each footprint location, leveraging the
shared WGS84 ellipsoid reference system to avoid height conversions. (4) Robust outlier
removal excluded elevation changes (Ah) exceeding a + 50 m threshold. (5) Cumulative
glacier elevation changes were derived by averaging all valid footprints. (6) Finally, an-
nualized change rates were calculated by normalizing multi-year cumulative changes,
enabling the quantification of glacier thinning dynamics. Figure 2 presents the specific
implementation steps of this approach.
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Figure 2. Methodological flowchart.

3.3. Statistical Analysis

To evaluate the elevation change estimated using GED], the statistics of cumulative
variations, mean annual elevation change rate, and seasonal variability distributed over
the entire SETP and the four major sub-regions where most glaciers were gathered were
compared with corresponding alternatives derived from ICESat-2. Meanwhile, the statis-
tics from the off-glacier area were tabulated to analyze the possible uncertainty of each
mission. The cumulative changes over multiple years in glacier elevation were estimated
by calculating the mean of all effective laser footprints.

_ L Ahgepi/Ahicesata
n

Ah

(1)

where Ah represents the accumulated elevation change over the years; Y Ahgepr/Ahjcesat-2
are the overall elevation variations in effective GEDI L or ICESat-2 footprints; and 7 is the
corresponding footprints of GEDI or ICESat-2.

Calculating the annual average change can reflect the rate of glacier elevation change.
The expression for calculating the rate of glacier elevation change is shown in the follow-
ing equation:
B Ah
~ Tcepi/icesat2 — TranDEM-X

v (2)
where v represents the rate of elevation change; Tgrpr,/icEsat-2 is the data collection time
of GEDI L2A or ICESat-2; and Tr,,pepm-x is the data product acquisition time of TanDEM-X
90 m.

To statistically analyze the cumulative elevation changes and annual elevation change
rates, we employed both mean and median values as central tendency measures, along with
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standard deviation (SD) and median absolute deviation (MAD) as indicators of variability
and error ranges. The MAD was estimated as follows:

1
SD = \/nE_l (Ah; —p)* 3)
MAD = median(|Ah; — m(Ah)|) 4)

where Ah; corresponds to the height change of the ith footprint and y and mAh are the
mean and median of all the individual height differences.

4. Results and Analysis

4.1. Glacier Elevation Change Retrieved Using GEDI Versus ICESat-2
4.1.1. Changes in Statistics of the Overall SETP

Based on the above data preprocessing, the proportion of retained GEDI samples from
2019 to 2021 was 22.93%, 32.10%, and 32.49%, respectively, with an average effective data
rate of 29.17% for elevation change monitoring. Figure 2 shows histograms of the height
changes derived from GEDI versus ICESat-2 in 2019 in the glacier and off-glacier regions.
It can be seen that the number of ICESat-2 points exceeded that of GEDI in the glacier area.
The denser footprints indicate that using ICESat-2 to evaluate GEDI is a feasible approach.
Compared to ICESat-2, in the glacier area, GEDI presented a similar distribution of positive
and negative changes to that of ICESat-2, which were biased towards the left (Figure 3a),
indicating the elevation thinning of the glaciers. Outside glacier areas, GEDI exhibited a
more asymmetric negatively skewed distribution. In addition to the larger dispersion of the
GEDI data, larger height differences occurred relatively more commonly, as shown by the
long tails of the histogram (Figure 3b). Theoretically, the elevation should remain constant
in the off-glacier areas. However, this exception may be caused by seasonal variations (like
snow cover), the quality of multi-source data, and errors caused by interpolation processing.

Table 2 lists the cumulative elevation changes from 2019 to 2021 in glacier and off-
glacier areas relative to the reference TanDEM-X in 2015. In terms of the numerical values,
the changes retrieved from GEDI and ICESat-2 inside and outside the glaciers were negative,
indicating the melting of glaciers and the lowering of the terrain in the off-glacier area,
consistent with the long negative tail of elevation changes shown in Figure 2. Compared to
ICESat-2, the glacier thinning values given by GEDI were larger than those of ICESat-2, no
matter the mean or median metrics, indicating that GEDI overestimated this to some extent.
Using the changes in GEDI minus those of ICESat-2, the differences in the means were
—0.53 m, 0.30 m, and —0.64 m from 2019 to 2021, with an average difference of —0.29 m;
the corresponding differences in the medians were —0.86 m, 0.27 m, and —0.83 m, with
an average of —0.47 m. From the perspective of SD and MAD, the GEDI indicators were
larger, but comparable to those of ICESat-2, with average differences of 0.54 m and 0.43 m
in glacier areas, indicating the relatively discrete nature of the monitored glacier elevation
variations. However, the 2020 data shows a notable discrepancy between GEDI (minimal
change) and ICESat-2 (a ~1.2 m change); the differences likely arise from their distinct
sensor characteristics (e.g., waveform vs. photon-counting lidar), varying spatiotemporal
sampling (orbital patterns and seasonal coverage), and differences in data processing
algorithms (e.g., noise filtering and ground detection).
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Figure 3. Comparison of height difference derived from GEDI and ICESat-2 (the green dashed line is
the 0 axis): (a) glacier region; (b) off-glacier region.

For the off-glacier area, the means of GEDI and ICESat-2 were numerically close in
2019. However, the results of 2020 and 2021 show significant differences, at —0.94 m versus
—0.56 m and —1.07 m versus —0.69 m, respectively, which indicates that the errors of GEDI
were relatively larger and that it had, to some extent, overestimated the degree of decline
in terrain altitude. However, from the perspective of the median, the values of all three
years were closer, indicating that using the median of GEDI to represent terrain altitude
changes may be more robust. Meanwhile, the SD and MAD indicators also revealed that
the GEDI data were relatively scattered compared to ICESat-2. A possible explanation for
this could be the much larger area that each GEDI footprint represents within a diameter of
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approximately 25 m, which could lead to a moderately large height difference within the
mountain terrain.

Table 2. Comparison of cumulative glacier elevation changes in glacier and off-glacier areas derived
from GEDI and ICESat-2 from 2019 to 2021, with reference to TanDEM-X data in 2015.

Glacier Area Off-Glacier Area

GEDI ICESat-2 GEDI ICESat-2

Statistics (m)

2019

2020 2021 2019 2020 2021 2019 2020 2021 2019 2020 2021

Mean
Median
SD
MAD

—3.36
—-3.72
8.54
5.96

-339 —-46 —-283 -369 -39 -076 -—-094 -1.07 -074 —-056 —0.69
-374 -524 -286 —401 —-441 -045 -061 —-076 —-056 —043 —0.54

8.72 8.77 7.83 8.2 8.37 9.62 9.64 9.53 6.57 6.3 6.36
6.27 6.34 5.31 5.92 6.03 6.82 6.83 6.67 3.52 3.27 3.34

The annual average elevation change rate from 2019 to 2021 in the glacier and off-
glacier outlines is tabulated in Table 3. The change rates of GEDI and ICESat-2 in the glacier
areas were relatively close, with means of —0.60 £ 0.19 m/yr versus —0.58 & 0.15 m/yr,
and medians of —0.70 & 0.12 m/yr versus —0.62 + 0.08 m/yr, respectively. For the off-
glacier area, the average change rates of terrain elevation were —0.15 &= 0.23 m/yr versus
—0.11 £ 0.17 m/yr (mean) and —0.10 £ 0.17 m/yr versus —0.09 £ 0.09 m/yr (median).
Taking into account the natural undulation of terrain and landforms, changes in snow
thickness, and the working mechanism of laser altimeters, the elevation variations in the
glacier-free areas were reasonable, and the numerical difference between GEDI and ICESat-
2 was not significant. These results indicate that the GEDI products were reliable data
sources for monitoring glacier elevation changes in mountain areas.

Table 3. Comparison of the annual elevation change rates of GEDI vs. ICESat-2 within and outside
glacier areas.

Glacier Area Off-Glacier Area
Statistics (m/yr) Mean Median Mean Median
GEDI -060£019 -070+0.12 —-015+0.23 —-0.10=£0.17
ICESat—2 —-058+£015 —-0.624+0.08 —-011+£017 —0.09 £ 0.09

4.1.2. Seasonal Change Comparison

Considering that the SETP region is significantly influenced by the Indian Ocean
monsoon, which carries abundant warm and humid air flow that results in significant
precipitation from June to September every year, we further evaluated and analyzed the
monitoring capability of GEDI from the perspective of seasonal change. The four seasons
are defined as follows: spring (from March to May), summer (from June to August), autumn
(from September to November), and winter (from December to the next February), which
are abbreviated as Spr. (Spring), Sum. (Summer), Aut. (Autumn), and Win. (Winter).
Figure 4 illustrates the mean and the differences in elevation variations retrieved by GEDI
and ICESat-2 from 2019 to 2021. As the test data of 2021 spanned from January to July, the
changes in autumn were not reflected in 2021.
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Figure 4. Seasonal comparison of glacier elevation variations derived from GEDI and ICESat-2 for
the time period from 2019 to 2021. Here, the abbreviations (Spr.), (Sum.), (Aut.), (Win.) represent
Spring, Summer, Autumn, and Winter, respectively. In the linear fitting formula, ‘t’ represents time
and ‘'h’ denotes the thinning rate of glacier elevation change.

Generally, the trend of glacier elevation changes in different seasons identified by GEDI
was similar to ICESat-2. From spring to winter, glacier melting gradually increased and
then decreased. The smallest change occurred in spring, followed by winter, and the largest
changes occurred in autumn, followed by summer. The average thinning identified by the
two missions across the four seasons (spring, summer, autumn, and winter in sequence)
were —3.19 m versus —2.69 m, —3.71 m versus —3.85 m, —4.03 m versus —4.13 m, and
—3.72 m versus —3.44 m, respectively. Overall, GEDI showed a slight overestimation of
the thinning rate of glacier elevation in different seasons, as reflected by the trends in
the least squares regression model. The differences (GEDI minus ICESat-2) were within
a £+ 0.8 m range, as illustrated by the green bars. The maximum difference occurred in
autumn, with an average absolute amount of 0.71 m, and the minimum difference occurred
in winter, with an average absolute amount of 0.29 m. The values for spring and summer
were approximately within 0.5 m. Nonetheless, GEDI reflected that the seasonal glacier
elevation changes conformed to the accumulation patterns of oceanic glaciers in the SETP;
for example, snow accumulation in spring and precipitation supply in summer provide ice
mass replenishment, causing the corresponding elevation variation to decline slowly.

4.1.3. Change Statistics of Sub-Regions

In addition to temporal differences, we also considered possible heterogeneity in space.
Therefore, we further analyzed the changes in the four sub-regions (Southern_Yigong, East-
ern_Yigong, Nancha_Barwa, and Eastern_Bomi) with the highest concentrations of glaciers.
Figure 5 shows the glacier elevation changes retrieved from GEDI and ICESat-2. Gener-
ally, both missions reflected that Southern_Yigong and Nancha_Barwa showed smaller
levels of glacier melting. Their annual average thinning rates were —0.38 & 0.08 m/yr
versus —0.30 £ 0.05 m/yr, and —0.42 &+ 0.10 m/yr versus —0.46 £+ 0.03 m/yr, respec-
tively. The other two sub-regions, Eastern_Yigong and Eastern_Bomi, showed larger
changes: —0.58 £0.08 m/yr versus —0.50 £ 0.04 m/yr and —0.67 + 0.22 m/yr ver-
sus —0.53 & 0.10 m/yr, respectively. Of the four sub-regions, Eastern_Bomi and South-
ern_Yigong, respectively, showed the largest and lowest rates of elevation thinning. Inter-
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estingly, the average elevation melting rate of Eastern_Yigong was very close to the mean
elevation changes in the entire SETP (GEDI with —0.60 £ 0.19 m/yr versus ICESat-2 with
—0.58 &= 0.15 m/yr). From a single regional perspective, GEDI reflected larger differences
in the amounts and change trends compared to ICESat-2, especially in 2021, which may be
caused by the quality of the GEDI data itself, terrain factors, and the uneven distribution of
the two missions’ data in each sub-region.

B Southern_Yigong Eastern_Yigong Nancha_Barwa Eastern_Bomi

0.00 -
—Izo19 | 020 021 I019 020 021
' EDI ICESats

| |
[\J —
o o
(=] (=]
1 1

Elevation change (m)
o
[aw]
[s]

| |
o =
o o
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1

Figure 5. Mean of glacier elevation changes in the four sub-regions where glaciers gathered over
the SETP.

4.2. Influence of Terrain Factors on Glacier Elevation Change
4.2.1. Terrain Elevation

To assess altitude-dependent glacier elevation changes, we classified elevations into
500 m intervals (Figure 6a). Glaciers were predominantly distributed between 4500 and
6000 m (97.96% by number, 96.32% by area), with peak concentrations at 5000-5500 m
(57.89% of total). Both GEDI and ICESat-2 footprints aligned with this distribution, showing
minimal coverage above 6000 m or below 4500 m.

To reduce the error caused by the small distribution of footprints within the low-
altitude and high-altitude groups, we further analyzed the elevation change patterns of
glaciers that were mainly distributed between elevations of 4500-6000 m at intervals of
300 m (Figure 6b), which revealed a clear altitudinal trend: maximum thinning occurred
at lower elevations (4500-4800 m), likely due to smaller glacier areas, with diminishing
thinning rates up to 5700 m. Above 5700 m, glaciers transitioned to accumulation. This
pattern highlights the critical role of altitude in modulating glacier mass balance, with
lower-elevation glaciers exhibiting greater climate sensitivity.

Compared to ICESat-2, generally, GEDI overestimated the overall glacier elevation
changes at different altitudes (Figure 6c). The cumulative elevation changes shown by
GEDI for the five altitude levels were —6.43 m, —5.36 m, —4.94 m, —1.43 m, and 2.06 m,
while the corresponding changes for ICESat-2 were —5.50 m, —3.97 m, —4.45 m, —0.64 m,
and 4.12 m, respectively. At different altitude ranges, the differences between the two
missions showed a trend of first increasing, then decreasing, and then increasing again.
Among them, the minimum difference was about 0.5 m at altitudes of 5100-5400 m, and
the maximum range was nearly 2 m at altitudes of 5700-6000 m. Overall, the magnitude of
glacier thinning at different altitudes was influenced by the size and number of distributed
glaciers and the number of effective footprints.
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Figure 6. (a) Distribution of the number and area of glaciers with different mean slopes; (b) cumulative
changes in glacier elevation within different terrain altitudes derived from GEDI and ICESat-2;
(c) comparative analysis of elevation differences between GEDI and ICESat-2 at different altitudes.
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4.2.2. Slope and Aspect

(1) Terrain slope and Glacier elevation changes

Slope, derived from glacier attribute data as surface-averaged values, significantly
influences glacier morphology and mass balance. Categorized into five 10° intervals
(from 5-15° to >45°), analysis revealed a bell-curve distribution peaking at 15-25° slopes
(Figure 7a). This range contained 54.86% of total glacier area and 47.05% of glacier count.
Conversely, steep slopes (>35°) represented only 4.98% of area and 14.33% of glaciers. To
enable comprehensive slope-dependent studies, we retained all slope ranges using a GEDI
footprint analysis without filtering.
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Figure 7. Cont.
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Figure 7. (a) Distribution of glacier area and quantity on different slopes; (b) comparison of changes
in glacier elevation within different terrain slopes derived from GEDI and ICESat-2; (c) comparative
analysis of elevation differences between GEDI and ICESat-2 at different slope grades; (d) standard
deviation of elevation changes retrieved using GEDI and ICESat-2 for different slopes.

Figure 7b illustrates the changes in glacier elevation as the slope increases: as the slope
increased, the glacier thinning generally showed a trend of first decreasing, then increas-
ing, and then decreasing again. Specifically, the glaciers with the largest thinning were
distributed in slope grades less than 5-15°. The thinning gradually decreased in glaciers
distributed between 15 and 35°, and a further increase was seen in glaciers distributed
between 35 and 45°. When the slope was greater than 45°, the thinning height began to
decrease again. Compared to ICESat-2, GEDI showed an overall overestimation of changes
in glacier elevation across different slope grades, with the average thinning values of the
five slope grades (5-15°, 15-25°, 25-35°, 35-45°, and >45°, in turn) being —4.82 m versus
—4.96 m, —3.68 m versus —3.47 m, —3.17 m versus —2.04 m, —2.62 m versus —2.14 m, and
—2.88 m versus —2.25 m, respectively.

Figure 7c further quantifies the average differences at different slope grades, which
demonstrates that the highest absolute difference occurred between 25 and 35° from 2019
to 2021. As the slope increased, the SDs of both elevation changes gradually increased,
with average differences of 0.14 m, —0.21 m, —1.13 m, —0.48 m, and —0.63 m. Figure 7d
shows that the SDs of GEDI elevation differences ranged from 7.95 to 10.65 m, and the
corresponding SDs of ICESat-2 ranged from 6.91 to 10.25 m, indicating that the uncertainty
of glacier elevation changes gradually decreased as the slope increased.
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(2) Terrain aspect and Glacier elevation change

Aspect (slope azimuth) influences glacier distribution and changes by affecting solar
radiation exposure, altering energy and mass balance. We divided the terrain aspect into
eight grades based on the average aspect of each glacier, as shown in Figure 8a: north
(N), northeast (NE), east (E), southeast (SE), south (S), southwest (SW), west (W), and
northwest (NW). This indicates the uneven distribution of glaciers over the SETP across
the eight grades. Using NW and SE as dividing lines, regardless of area or quantity,
analysis of slope azimuth reveals significant hemispheric asymmetry in glacier distribution.
North-facing slopes (N, NE, E) account for 56.08% of total glacier area and 49.61% of
glacier count, whereas south-facing aspects (S, SW, W) account for 22.05% of the total
glacier area and 27.23% of glacier area, respectively. This pronounced north-south contrast
primarily stems from differential solar radiation receipt, where reduced insolation on
northern slopes promotes favorable conditions for ice accumulation and preservation. The
observed distribution pattern aligns with established principles of topographic shading’s
effects on glacier mass balance.

N
20.00 NE
NW  15.00/1—=_ NE
E
W -E
\ SE
SW SE
— GEDI2019 S GEDI 2020
S GEDI 2021 ICESat-2 2019
Number of Glaciers Glacier area — ICESat-2 2020 —— ICESat-2 2021
(a) (b)

Figure 8. (a) Distribution of the quantity and area (%) of glaciers within different aspects; (b) cumula-
tive changes in glacier elevation within different aspects derived from GEDI and ICESat-2.

Figure 8b depicts glacier elevation changes in different aspects. Comparing the glacier
thinning values identified with GEDI and ICESat-2, it was found that the three slope di-
rections with the largest glacier elevation changes in 2019 were consistently the NW, N,
and W slopes. The corresponding change results were —4.21 + 8.36 m versus 3.8 &+ 7.66 m,
—3.83 £ 8.44 m versus —3.23 £ 8.25 m, and —3.67 & 8.73 m versus 3.82 £ 8.25 m. Signif-
icant differences were distributed in the E and SW slopes. In 2020, the three directions
with significant changes were also consistent, namely the NW (—4.37 & 8.74 m versus
—3.84 £7.64 m), W (—3.61 &+ 9.07 m versus —4.44 £ 8.25 m), and NE (—3.85 & 8.61 m vs.
—3.89 £ 8.42 m) slopes, with significant differences distributed in the SE direction. The
directions with significant changes in 2021 were NW and W, in addition to the E and S
slopes. Overall, the three directions with significant changes over the three years analyzed
were NW, W, and SW, consistent with glacier distribution and possibly due to the greater
solar radiation on the sunny slopes that was not conducive to glacier accumulation.
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4.3. Influence of Glacier Attributes on Changes in Elevation
4.3.1. Glacier Areas

We analyzed glacier elevation changes across eight size classes (from <0.1 km? to
>10 km?), revealing distinct distribution patterns (Figure 9a). While small glaciers (<0.5 km?)
dominated numerically (72.75% of total count, 5225 glaciers), they accounted for less than
1% of the total area. Conversely, only 84 large glaciers (>10 km?) comprised 36.06% of
the glacierized area. Most glacier areas (59.11%, 3807.42 km?) were concentrated in mid-
size glaciers (0.2-10 km?), with peak abundance occurring at <0.1 km? (2284 glaciers)
and 0.2-0.5 km? (1645 glaciers). Unlike previous studies that excluded small glaciers, we
intentionally retained all size classes to comprehensively evaluate GEDI’s monitoring
capabilities across the full glacier-size spectrum.

Both GEDI and ICESat-2 detected consistent thinning across all glacier sizes in the
SETP, with distinct area-dependent patterns (Figure 9b). Small glaciers (<0.2 km?) exhibited
the most rapid thinning, while mid-sized glaciers (0.2-5 km?) showed gradually reduced
thinning rates. This trend reversed for larger glaciers (5-10 km?), followed by a renewed
decline in thinning rates for glaciers >10 km?. Annually, GEDI overestimated elevation
losses compared to ICESat-2 (e.g., —5.34 m vs. —4.73 m in 2021), but both sensors revealed
that small glaciers thinned ~3x faster than those >10 km? (e.g., —1.24 m/yr vs. —0.49 m/yr
for GEDI).

Discrepancies between GEDI and ICESat-2 were most pronounced for glaciers of
0.5-2 km? (from —0.77 m to —0.54 m differences, Figure 9c). The largest absolute differences
occurred for glaciers >10 km?, likely due to an uneven data distribution. Despite these
variations, both datasets confirmed that smaller glaciers experienced disproportionately
higher elevation loss rates, highlighting their heightened vulnerability to climate change.
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Figure 9. Cont.
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Figure 9. (a) Distribution of glacier area grades by quantity and area; (b) changes in glacier elevation
within different areas derived from GEDI and ICESat-2; (c) comparative analysis of differences in
elevation between GEDI and ICESat-2 data at different area levels.

4.3.2. Glacier Moraines

Supraglacial debris is a critical factor influencing glacier changes. To investigate
the impact of supraglacial debris on glacier elevation changes, glaciers in the SETP were
divided into two categories and studied separately according to their distribution: those
with a supraglacial debris cover (debris-covered glaciers) and those without (debris-free
glaciers). According to statistics on glacier attributes, 348 glaciers had a debris cover
and 6834 did not, accounting for 4.85% and 95.15%, respectively. Figure 10 illustrates
the elevation changes in the two types of glaciers: debrisflagl denotes the glaciers with
moraines, and debrisflag0 notes the clean glaciers.

The figure clearly shows that, regardless of the type, both glacier groups showed a
common thinning trend; however, the changes in debris-covered glaciers were smaller than
in those debris-free glaciers, indicating that the supraglacial debris had reached a certain
thickness and could effectively reduce the heat absorption capacity of the glacier surface,
thus slowing down the melting rate. From 2019 to 2021, the average elevation changes
in the two types of glaciers were —2.90 m versus —4.35 m for GEDI and —2.19 m versus
—4.27 m for ICESat-2. The average inhibition rates estimated using GEDI and ICESat-2
were 34.11% and 47.80%, respectively, when comparing the melting rate of debris-free
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glaciers, illustrating that the supraglacial debris of glaciers has a significant impact on the
melting and ice loss of glaciers over the SETP.
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B Debrisflag0 Debrisflagl

Figure 10. Changes in glacier elevation with and without debris cover derived from GEDI and
ICESat-2.

5. Discussion

Given the absence of high-precision field measurements in these extreme glacial
environments, we evaluated GEDI-derived elevation changes using comparisons with
higher-accuracy ICESat-2 data, focusing on relative trends rather than absolute values. We
then contextualize these elevation variations within the existing literature, and examine
the key factors affecting monitoring accuracy, including (1) GEDI data quality, (2) ICESat-2
ATL06 product reliability, and (3) TanDEM-X DEM performance.

5.1. Comparison with Similar Surface Elevation Estimates over SETP

Our study compared GEDI and ICESat-2 glacier elevation measurements, quantifying
their differences. As GEDI applications in HMA glaciers were previously unexplored, we
focused on ICESat-2's high-precision data for elevation change analysis. GEDI detected an
average annual elevation loss of —0.70 &= 0.12 m/yr (2019-2021) in SETP glaciers, consistent
with previous findings [6,11].

Using the ASTER optical satellite stereo pairs, Brun et al. [9] found that the Nyainqgen-
tanglha region had a very negative rate of elevation change: —0.72 £ 0.27 m/yr between
2000 and 2016. Zhao et al. [11] combined multi-satellite altimetry (ICESat, CryoSat-2,
ICESat-2), DEM differencing, and gravity data to estimate glacier elevation changes across
the SETP. They found an average thinning rate of —0.71 £ 0.18 m/yr (2000-2019) and
—0.83 £ 0.04 m/yr (2011-2020). While our sub-regional division aligns with Zhao et al.’s
study, slight differences exist due to unclear sub-regional boundaries. Additionally, the
study periods differ, which may contribute to variations in the estimated elevation changes.
Despite minor numerical variations, the spatial trends agree: Eastern_Bomi showed the
fastest thinning, Southern_Yigong the slowest, and Eastern_Yigong’s melting rate closely
matched the SETP-wide average. Moreover, Shen et al. [31] used ICESat1/2 and SRTM
DEM to estimate the interannual and intra-annual elevation changes in glaciers in the
entirety of HMA (2003-2020), indicating a faster thinning rate in recent years. Among the
sub-regions, the results show that the annual glacier elevation change rate in Nyainqen-
tanglha glaciers increased from —0.81 & 0.15 m/yr in 2003-2008 to —1.12 £ 0.13 m/yr in
2003-2020, which was the region with the fastest glacier loss. Fan et al. [29] determined a
glacier thinning rate of —0.81 & 0.18 m/yr (2003-2021) in the Hengduan Mountains using
ICESat-2 and NASADEM data, corroborating the widespread rapid thinning observed
across the SETP in previous studies. While our results show slight numerical variations
compared to existing research, these differences fall within an acceptable range, and may be
attributed to several factors: the uneven spatial distribution of GEDI data, inconsistencies
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in data processing methodologies, variations in study periods, and differences in research
area boundaries.

At the seasonal scale, our GEDI results reveal clear seasonal glacier elevation patterns,
with accumulation predominantly occurring during winter and spring (albeit minimal in
spring) and accelerated melting in summer and autumn. These observations are consistent
with previous ICESat-2 studies: Shen et al. [31] documented peak glacier elevations in
spring and winter-spring thickening in the Nyainqgentanglha region (2019-2020), while
Wang et al. [30] reported similar winter-spring thickening and summer—autumn thinning
patterns across the entire HMA (2018-2020), noting that glacier surfaces typically reach their
lowest levels in September—October. Specifically, for Indian monsoon-influenced glaciers in
the Nyaingentanglha-Hengduan region, they observed winter thickening (October-March)
with distinct altitude-dependent variations, showing slight gains at higher elevations, but
significant losses at lower elevations. This strong agreement with independent ICESat-2
findings validates the reliability of GEDI L2A data for glaciological research, particu-
larly in areas where higher-precision altimetry data are scarce. However, temporal mis-
matches of the two missions could affect results in accumulation zones. Enderlin et al.
(2022) [45] showed ICESat-2 season-dependent elevation patterns requiring correction
(£0.5-1.2 m errors if ignored). Therefore, in the future, best practices include hydrolog-
ical year normalization and snowpack adjustments, which should be adopted in GEDI
performance assessment.

5.2. Factors Affecting the Monitoring Accuracy of Changes in Glacier Elevation
(1) Accuracy of the GEDI altimetric product

In our study, the latest version (2) of GEDI products was used, which improved
geolocation compared to version 1. Overall, 95% of the mission weeks had a 1-sigma
geolocation error less than 11.9 m. The mean geolocation accuracy was 10.3 m (1 o offset).
The horizontal 10 m offset of the footprint center translates to a corresponding 10 m X tan
(slope) vertical offset. For example, a mean vertical error of about 5 m would be introduced
for a 25° slope. Thus, increasing slopes lead to an increasing negative deviation between the
glacier estimates of GEDI and the reference counterpart ICESat-2 (Figure 7c). Nevertheless,
we applied the parameters ‘quality_flag’ and ‘degrade_flag’ to help increase the precision
of GEDI elevation estimates by filtering out more outliers. There are still many parameters
affecting product accuracy that need to be discussed, such as acquisition time (day or night),
beam mode (strong or weak beams), sensitivity, or different denoising algorithms (al-a6).
In addition, it is notable that the distribution of the GEDI footprints is uneven in space and
time, which directly affects the measurement accuracy of the height and characteristics of
temporal-spatial changes in glacier elevation.

(2) Accuracy of the ICESat-2 altimetric product and reference DEM data

The accuracy of spaceborne elevation estimates depends heavily on reference data
quality. While ICESat-2s photon-counting technique offers superior resolution (0.7 m
photon spacing), its processed ATLO6 data averages measurements up to 20 m resolution,
with reduced accuracy in steep terrain. Although theoretical vertical errors are <0.1 m on
flat ground, real-world performance degrades with increasing slope (Figure 7d) due to
geolocation uncertainties from orbital and pointing variations. Additionally, the 91-day
revisit cycle creates temporal mismatches with GEDI observations, potentially introducing
seasonal surface change artifacts during the gap period.

The TanDEM-X DEM demonstrates a global vertical accuracy of 1.09 m, although this
degrades in mountainous regions due to geolocation errors and X-band signal penetration
(reaching 4-6 m in dry snow zones) [31]. Compared to ICESat-2’s penetration-free laser
altimetry, TanDEM-X systematically underestimates ice elevation by 2.25 £ 1.68 m on
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average in Hengduan Shan [46,47]. Key limitations include (1) multi-year data acquisition
(2010-2015), as noted in Section 2.3, introducing temporal uncertainties in the assessment
of glacier changes, particularly for dynamic regions with significant interannual variabil-
ity, (2) uncorrected seasonal penetration variations due to unknown acquisition timing,
and (3) resolution mismatches between GEDI'’s 25 m footprints and TanDEM-X’s 12 m
pixels. While suitable for studying flat glacier termini, TanDEM-X requires improvements
for steep terrain applications. Future studies should employ footprint-averaged DEM
values rather than bilinear interpolation and incorporate time-specific validation data to
enhance accuracy.

6. Conclusions

Glaciers in HMA are the world’s largest storage source of frozen water outside of polar
regions and, as such, are an important water source for millions of people. GEDI provides
an opportunity to survey changes in glacier surface elevation in unprecedented detail. This
study uses the SETP, one of the most sensitive areas to climate change, as the test area in
order to assess the performance of GEDI in monitoring glacier elevation changes, with
the ICESat-2 high-accuracy land ice ATL06 and reference TanDEM-X DEM products used
for comparison. Firstly, the preprocessing of both datasets was implemented using the
glacier inventory, and the obvious outliers were deleted using quality metrics provided
by the products themselves. Subsequently, we took the TanDEM-X DEM as a reference for
past data to estimate the multi-year elevation change; the differences between ICESat-2
and the TanDEM-X DEMs were used as a comparison for the GEDI-based counterpart.
Finally, possible affecting factors, such as the terrain features—including altitude, slope,
and aspect—and glacier attributes, such as area grade and debris cover, were analyzed to
assess GEDI'’s ability to monitor glacier elevation changes.

The results show that the GEDI elevation values have relatively high outliers in com-
plex mountain glacier areas. According to our method of extracting changes in elevation,
the average data retention rate of GEDI from 2019 to 2021 was 29.17%. Compared with
ICESat-2, from the perspective of changes in the numerical values of annual glacier eleva-
tion, GEDI overestimated glacier elevation melting to some extent with a mean difference
bias of —0.29 m, and the corresponding accuracy metrics SD and MAD were larger than
those of ICESat-2, with biases of 0.54 m and 0.43 m. However, when comparing the annual
glacier thinning rates over the entire SETP, the two are relatively close, with a mean of
—0.60 £ 0.19 m/yr versus —0.58 £ 0.15 m/yr and a median of —0.70 £ 0.12 m/yr versus
—0.62 & 0.08 m/yr, respectively.

The corresponding changes in non-glacier areas are also relatively close, indicating that
the GEDI data can be used effectively for monitoring mountain glacier elevation changes.
In the sub-regions, where glaciers are mainly concentrated, there is a significant difference
in the absolute amount of glacier changes, which may be due not only to the quality of
the data itself and the terrain factors, but also to the uneven distribution of the GEDI and
ICESat-2 data. On a seasonal scale, GEDI reflected the same change trend as ICESat-2, with
greater melting occurring in autumn and summer and less melting occurring in spring and
winter. Compared to ICESat-2, the elevation variation differences were within a £ 0.8 m
range. Nevertheless, the GEDI mission allowed us to capture the monthly, seasonal, and
annual dynamics of the changes in glacier surface elevation, and the results indicate that
the dataset is a valuable resource for hydrological and climatic change studies.

Moreover, considering terrain factors, the distribution of footprint points in GEDI
was uneven at different altitudes, mainly from 4500 m to 6000 m. GEDI revealed similar
changing patterns for glacier clusters at different altitudes, slopes, and aspects. Specifically,
as the altitude increases, the elevation thinning generally decreases until accumulation
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occurs. This change pattern was synchronously influenced by the distribution of glacier
area and the effective number of footprints at different altitudes. In addition, the spatial
heterogeneity of elevation changes for glacier clusters was strongly controlled by local
topographic slope and aspect parameters that modify solar insolation. The distribution
of glaciers was mainly concentrated within a slope range of 15-35°, with a gradually
decreasing melting rate. As the slope increases, the standard deviation also gradually
increases, indicating that the accuracy of GEDI elevation monitoring gradually decreases
with an increase in slope. Thus, in future research, terrain slopes can be used as a filter for
the dataset when applied to some specific research objectives. Among topographic factors,
aspect has a particularly significant impact on glaciers. North-facing slopes favor glacier
preservation, leading to higher concentrations, whereas south-facing slopes receive more
solar radiation, resulting in greater melt. Generally, the number and spatial distribution
of GEDI footprints will directly affect the accuracy of the results. Therefore, to improve
the analysis of changes in glacier elevation, the terrain factors should be comprehensively
considered when using GEDI or ICESat-2 altimetry data.

In terms of the attributes of the glaciers themselves, GEDI reflected that small glaciers
underwent greater changes than large glaciers, and the thinning rate of glaciers with an
area less than 0.1 km? was about three times that of glaciers with an area greater than
10 km?, which provides valuable information for monitoring the changes in elevation of
small glaciers. Meanwhile, GEDI also revealed that glacier moraines significantly inhibited
the melting rate to about 34.11% compared to glaciers without moraines. This indicates
that the thickness of glacial moraines has reached a certain level in this area, providing new
ideas for slowing down glacier melting.

Overall, our quantitative comparison, assessments, and accuracy analysis of GEDI’s
multi-beam large-footprint surface elevation observations with those of the higher-accuracy
ICESat-2 ATL06 land ice products greatly increase our confidence in using GEDI data for
monitoring changes in the elevation of mountain glaciers and aid in understanding their
present state and future changes. While GEDI provides valuable large-scale elevation data,
its spatial resolution may not capture fine-scale glacial dynamics. In the future, combining
these two missions can allow us to take advantage of the strengths of each instrument to
extend geographic coverage and increase the sampling density and measurement frequency
of mid- and low-latitude mountain glaciers, therefore improving the accuracy of glacier
elevation changes and mass balance retrieval.
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