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18  Abstract: Accurate glacier inventories are fundamental for quantifying glacier change, estimating
19 ice volume and assessing meltwater resources. However, medium-resolution inventories often fail to
20 resolve critical glacier characteristics in topographically complex and debris-rich mountain
21 environments. Here, we present the 2 m Karakoram Glacier Inventory (2mKGI), developed from
22 high-resolution ZiYuan-3 (ZY-3) optical imagery, a co-registered ZY-3 digital elevation model
23 (DEM) and auxiliary optical datasets through an integrated deep-learning and manual-refinement
24 framework. The inventory identifies ~13,900 glaciers covering 21,261.8 & 278 km?, including 2,239.9
25 + 82.8 km? of supraglacial debris, with an overall mapping uncertainty of +4.7%. Comparison with
26 existing inventories reveals that previous medium-resolution products commonly underestimate
27 glacier numbers while simultaneously overgeneralizing debris-covered glacier margins. These biases
28 substantially influence glacier-count statistics, estimates of debris-covered area, and the interpretations
29 of glacier-change signals. The newly identified glaciers are mostly <0.1 km?. Despite their limited area,
30 their thin ice and shorter response times may make them particularly sensitive to warming.
31 Topographic analysis further demonstrates that supraglacial debris is preferentially distributed across
32 low-elevation and low-slope glacier tongues, highlighting the strong controls of valley geometry, ice
33 transport processes, and ablation-zone morphology on debris persistence. The 4 m ZY-3 DEM
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34 highlights that high-resolution topographic information improves the delineation of glacier-units,
35  accumulation—ablation zone structure and debris-covered tongues by preserving steep headwalls,
36  slope discontinuities, tributary junctions, local relief and low-gradient terrain. The 2mKGI will
37  provide a high-resolution geometric and topographic benchmark for glacier-change assessment,
38  ice-thickness inversion, glacier-evolution modelling and next-generation automated glacier
39 mapping in the Karakoram.

40 Keywords: High-resolution glacier inventory; ZY-3 DEM, Deep learning; Karakoram; Supraglacial

4] debris

42 1. Introduction

43 Mountain glaciers are sensitive indicators of climate change and influence regional water resources,
44 glacier-related hazards, ecosystems, and global sea level (Immerzeel et al., 2020; King et al., 2012;
45 Kraaijenbrink et al., 2017; Sorg et al., 2012). Under ongoing glacier change, reliable inventories
46 provide essential boundary information for quantifying glacier area and its change, estimating ice
47 thickness and volume, reconstructing bed topography, generating flowlines, and modelling glacier
48 evolution (Farinotti et al., 2019; Linsbauer et al., 2012; Maussion et al., 2019; Paul et al., 2017).

49 The Karakoram is one of the most glacierized mountain regions outside the polar regions and is
50 characterized by extreme topographic complexity. In contrast to widespread glacier retreat in many
51 mountain ranges, parts of the Karakoram have exhibited stable glacier extents, local advances, or
52 near-balanced mass budgets in recent decades, a pattern commonly referred to as the “Karakoram
53 anomaly” (Farinotti et al., 2020; Hewitt, 2005). Climate forcing alone cannot fully explain this pattern;
54 high relief, avalanche nourishment, debris-covered tongues, large valley glaciers, and surge-type
55 activity shape accumulation, ablation, and ice dynamics (Hewitt, 2011). These factors also hinder
56 boundary delineation near snowlines, upper-basin margins, steep headwalls, narrow divides, and
57 debris-covered termini, where seasonal snow, shadows, bedrock, moraines, and non-glacial debris
58 obscure glacier extent (Paul et al., 2013). Existing inventories, including GAMDAM, SCGI, RGI, and
59 recent Karakoram products, have improved estimates of glacier area, number, and spatiotemporal
60 change (Guo et al., 2015; Ke et al., 2026; Mélg et al., 2018; Nuimura et al., 2015; Pfeffer et al., 2014;
61 Xie et al., 2023). Most are based on 10-30 m optical imagery and combine spectral-index-based

62 extraction, manual correction, topographic constraints, and increasingly machine/deep learning.
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63 Effective regionally, these data still smooth, omit, or merge small glaciers, narrow divides, fragmented
64 upper margins, and debris-covered tongue margins. These uncertainties propagate beyond counts and
65 area. For debris-covered glaciers, supraglacial debris area differences can reach 30% where
66 supraglacial debris is confused with moraines, talus, bedrock, or proglacial deposits (Paul et al., 2013).
67 Omitting very small glaciers (<0.5 km?) can bias glacier counts and size-frequency distributions;
68 although they account for only about 13% of glacier area and 5% of ice volume, their short response
69 times make them important for local hydrology and near-term glacier-loss assessments (Huss and
70 Fischer, 2016). Because glacier detection is resolution- and protocol-dependent, 10-30 m inventories
71 may exclude small units that are resolvable in metre-scale imagery under favourable late-ablation
72 conditions (Leigh et al., 2019). A £10% initial-area uncertainty changes projected glacier-and-ice-cap
73 sea-level contribution by about +11%, while inventory choice alone can produce an 18% century-scale
74 difference (Slangen and Van De Wal, 2011). Inventory choice can also change ice-volume estimates by
75 2-8% regionally and 17-25% in glacierized subregions, and may affect projected twenty-first-century
76 mass loss more than adjacent emission scenarios (Li et al., 2023). Thus unresolved boundaries, omitted
77 small glaciers, and generalized debris-covered margins can bias water-resource assessments, sea-level
78 projections, and glacier-dynamic modelling.

79 High-resolution imagery and semantic segmentation improve automated mapping, but training-label
80 quality, class imbalance, seasonal snow, shadows, and spectral ambiguity still limit performance (Chu
81 et al, 2022; Xie et al.,, 2020; Yang et al.,, 2024). These limitations are particularly acute for
82 debris-covered glaciers: surfaces resemble moraines, talus, bedrock, and proglacial deposits, while
83 margins follow slope breaks, lateral moraines, meltwater outlets, low-gradient tongues, valley geometry,
84 and flow-compatible terrain (Bolch, 2006; Moélg et al., 2018; Paul et al., 2004; Shukla and Ali, 2016;
85 Xie et al., 2020; Yang et al., 2024). Reliable delineation therefore requires metre-scale optical detail
86 and accurate topography: imagery captures texture, tone, supraglacial ponds, divides, and fragmented
87 margins, whereas high-resolution DEMSs preserve slope transitions, drainage divides, tongue
88 morphology, and valley geometry that coarse DEMs smooth (Bolch et al., 2010; Moélg et al., 2018; Xie
89 et al, 2023). ZY-3 tri-stereo imagery and near-synchronous DEMs provide a consistent
90 optical-topographic basis for separating debris-covered ice from non-glacial debris and analysing
91 Karakoram glacier morphology.

92 We developed 2mKGlI, a high-resolution Karakoram inventory that explicitly delineates debris-covered
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glaciers, using ZY-3 optical imagery, supplementary Sentinel-2 imagery, Landsat-derived land surface
temperature (LST), and a 4 m ZY-3 DEM in a deep-learning and manual-refinement workflow. We
aimed to produce a region-wide high-resolution inventory with quantified uncertainty; evaluate gains in
small-glacier detection, debris-covered margin delineation, and glacier-unit subdivision relative to
existing inventories; analyse how elevation, slope, aspect, and glacier type structure glacier area and
supraglacial debris; and assess the 4 m ZY-3 DEM for interpreting morphometry, terrain transition
zones, and debris-cover patterns. 2mKGI provides a high-precision geometric and topographic basis for
glacier-change assessment, ice-thickness and volume estimation, evolution modelling, and automated

mapping in the Karakoram.
2. Study Area and Data
2.1 Study Area

The Karakoram, located in High Mountain Asia (33.60-37.47°N, 73.72-80.50°E), is one of the most
heavily glacierized mountain systems outside the polar regions (Figure 1). Elevation ranges from 1,216
to 8,519 m a.s.l. (above sea level), with a mean of 4,920 m. Approximately 28-37% of the range is
glacierized, and debris-covered glaciers are especially common in the central Karakoram, where about

14.3% of glaciers contain supraglacial debris (Hewitt, 2005).
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110 Figure 1. Study area of the Karakoram. (a) Glacier distribution, coverage of the ZY-3 DEM, and the
111 ZY-3 and Sentinel-2 imagery used for boundary extraction; (b) geographic location of the Karakoram;

112 and (c) mean monthly precipitation and temperature over the past two decades.
113 2.2 Datasets

114  Table 1 lists the datasets used to produce and analyse 2mKGI: ZY-3 optical/stereo imagery, Sentinel-2
115 multispectral data, Landsat 8 OLI/TIRS imagery, DEMs, and two reference inventories. ZY-3 supplied
116 the primary optical data for glacier-boundary and supraglacial-debris delineation; Sentinel-2 filled gaps;
117 Landsat 8 provided LST; and DEMs supported topographic analysis and glacier-unit subdivision.Table

118 1. Data used in this study to produce the high-resolution glacier inventory.

Data type  Data name Res;)lllgtlon Application Date Access
30 . July—October Google Earth Engine (GEE)
Landsat 8 100 LST retrieval (2020, 2021) asset or USGS
’ (https://earthexplorer.usgs.gov/)
5.8 Glacier-boundary
extraction; model .
. L China Centre for Resources
Zzggf_lgf input lezlggozc (t)(;l;i):r Satellite Data and Application
Satellite 2.1 > (https://data.cresda.cn/)
imagery
3.5 ZY-3 stereo
image pair
Sentinel-2 10 Supplementary July—October GEE asset or ESA
glacier mapping (2020, 2021) (https://dataspace.copernicus.eu/)
Slope derivation;
ZY-3 DEM 4 glacier-unit 2020 (;’f:r:f‘;f: ’:?E‘nazzsz’
subdivision P 8
Suppl ¢ NASA
ASTER uppiementary (https://www.earthdata.nasa.gov/t
30 topographic 2019 P &
DEM GDEM V3 analysis opics/land-surface/digital-elevati
nalyst on-terrain-model-dem.)
SRTM
(Shuttle Regiopal GEE asset or USGS
Radar 30 clevation 2000 (https://earthexplorer.usgs.gov/)
Topography reference
Mission)
(Xie et al., 2023)
KGI-2020s 2018-2020 (https://doi.org/10.5194/essd-15-
Glacier 847-2023)
Inventorie National Snow and Ice Data
s Center
RGIV7.0 2000 (https://nsidc.org/data/nsidc-0770
/versions/7)

119  ZY-3 is a Chinese civilian high-resolution stereo-mapping satellite equipped with a 2.1 m nadir



https://doi.org/10.5194/egusphere-2026-2836
Preprint. Discussion started: 16 June 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

120 panchromatic camera, a 5.8 m multispectral sensor, and forward/backward stereo cameras. We used 36
121 July—October ZY-3 scenes from the 2020-2021 late-ablation seasons, each with <10% cloud cover, to
122 reduce cloud contamination and seasonal snow. The panchromatic and multispectral images supported
123 glacier mapping, whereas the stereo images were used to generate the ZY-3 DEM. Approximately 10
124 Sentinel-2 images from the same late-ablation season were used to supplement areas without ZY-3
125 coverage, providing complete coverage of the Karakoram.

126 LST was derived from Landsat 8 OLI/TIRS scenes, while most topographic variables were derived
127 from the 4 m ZY-3 DEM. ASTER GDEM V3 filled areas without ZY-3 DEM coverage, and SRTM was
128 used as a regional reference DEM. Feature-ablation tests showed that slope and LST improved glacier
129 mapping, particularly for debris-covered ice (Table S1). RGI v7.0 and KGI-2020s were used as
130 comparison inventories to assess differences in glacier area, number, boundary delineation, and

131 debris-covered glacier representation.

132 3. Methods
133 3.1 Pre-processing of satellite imagery

134 For each ZY-3 scene, we radiometrically calibrated, atmospherically corrected, and orthorectified the
135 multispectral and panchromatic images, then fused the 5.8 m multispectral bands with the 2.1 m nadir
136 panchromatic band to produce 2 m pan-sharpened multispectral images for boundary extraction. In
137 Google Earth Engine (GEE), we processed Sentinel-2 surface reflectance from the same late-ablation
138 windows, masked cloud and cirrus pixels, and calculated Normalized Difference Snow Index (NDSI)
139 and Normalized Difference Water Index (NDWI) to identify clean ice, snow-covered glacier surfaces,
140  supraglacial lakes, and adjacent water bodies. We manually checked Sentinel-2-derived outlines and
141 harmonized them with ZY-3 outlines.

142 We retrieved LST from temporally matched Landsat 8 OLI/TIRS imagery in Google Earth Engine
143 using a radiative-transfer approach. Red, near-infrared, and thermal-infrared bands were used to
144 estimate vegetation cover, surface emissivity, and thermal radiance, from which LST was derived using
145 the inverse Planck function (Ermida et al., 2020). All optical, thermal, and topographic layers were
146 transformed to a common coordinate system and spatially co-registered before model training and
147 inference. LST and slope were aligned to the 2 m ZY-3 grid for feature stacking. This enabled the

148 model to combine high-resolution ZY-3 spectral information with thermal and topographic constraints
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149 for debris-covered glacier mapping.
150 3.2 Generation of the 4 m DEM using ZY-3 Stereo Images
151 The Karakoram’s extreme relief, steep headwalls, incised valleys, and complex glacier margins require
152 detailed topography for slope derivation, ridgeline extraction, glacier-unit subdivision, and
153 debris-covered margin interpretation. We therefore generated a 4 m DEM from ZY-3 tri-stereo imagery
154 and used it as the primary topographic dataset for glacier mapping and morphometric analysis (Figure
155 2).
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157 Figure 2. Generation and validation of the 4 m ZY-3 DEM. (a) Schematic diagram of ZY-3 tri-stereo
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158 imaging geometry. (b) DEM production and ICESat-2-based validation workflow. (¢) Example of the 4
159 m DEM and slope detail in complex glacierized terrain. (d) Distribution of ICESat-2 ATL06 validation
160 tracks and RMSE values for different terrain classes in the Karakoram.

161 Due to the limited length of a single linear array, the ZY-3 camera's focal plane is constructed using
162 multiple staggered CCD (Charge-Coupled Device) chips. Consequently, the raw ZY-3 stereo imagery
163 inherently contains CCD stitching errors (which introduce interior- and exterior-orientation errors),
164 optical distortion, sensor misalignment, and orbit/attitude uncertainties. Furthermore, it may also
165 contain ~0.67 Hz attitude oscillations that distort image geometry (Tong et al., 2015; Wang et al., 2016;
166 Zhang et al., 2013). Before DEM generation, we applied virtual re-imaging with an idealized virtual
167 CCD line-array model to correct CCD stitching, array rotation and tilt, and nonlinear distortions. We
168 also smoothed orbit and attitude observations by polynomial fitting to suppress platform jitter and

169 attitude-oscillation effects. The corrected image-to-ground relationship is expressed in Eq. (1), where ¢

170 is the imaging time of a scan line; A is a scale factor; and represent the viewing angles
171 of the virtual CCD in the sensor coordinate system; denotes the boresight alignment matrix
172 transforming coordinates from the satellite body frame to the sensor frame; is the rotation matrix

173 from the Earth-Centered Inertial (ECI) frame to the satellite body frame, which is constructed from the

174 smoothed attitude angles (i.e., roll ~( ), pitch ~( ), and yaw ~( )) at time ¢; () represents the
175 coordinate transformation matrix from the Earth-Centered, Earth-Fixed (ECF) frame to the ECI frame
176 to compensate for the Earth's rotation; / , , ]”stands for the 3D ground coordinates of the target point
177 in the ECF frame; and / (), (), ()/”is the satellite position vector in the ECF frame interpolated
178 from the ephemeris data. This model provides a geometrically consistent basis for stereo orientation

179 and subsequent 3D reconstruction.

- - O
180 = (OO0 O -0 M
1 O)
181 We generated the DEM in PCI Geomatica using a rigorous sensor model adapted to ZY-3
182 three-line-array geometry (Deilami and Hashim, 2011). The workflow included relative and absolute
183 orientation, epipolar resampling, dense image matching, forward intersection, interpolation, outlier

184 removal, gap filling, and multi-scene mosaicking (Figure 2b). Relative orientation linked the forward-,
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185 nadir-, and backward-looking images; absolute orientation transformed the stereo model into ground
186 coordinates; and epipolar resampling reduced image matching to an approximately one-dimensional
187 search. For each stereo pair, we automatically extracted 1,000-2,000 tie points and controlled residual
188 vertical parallax within one pixel. Dense matching then produced conjugate points, whose 3D
189 coordinates were calculated by least-squares forward intersection using the collinearity equations in Eq.
190 (2). After interpolation, outlier removal, gap filling, and mosaicking, we resampled the DEM to a
191 uniform 4 m grid for glacier-unit subdivision, slope calculation, and terrain-attribute extraction.

— o= 11 = D)+ 12( = D)+ a13( =)
192 R 15 o Yo @

o~ 31( = )+ 30— )+ — )

193 where (x, y) are image coordinates, (xo, yo) are the principal-point coordinates, f is the focal length, (X;,
194 Y5, Z;) are the sensor coordinates, rjj are the elements of the rotation matrix, and (X, Y, Z) are
195 object-space coordinates.
196 DEM accuracy was assessed using temporally matched ICESat-2 ATL06 laser altimetry, and the
197 assessment was stratified by terrain category because errors in both the DEM and altimetry increase
198 with terrain steepness (Figure 2d). The ZY-3 DEM achieved RMSEs of 4.33, 5.73, 9.44, and 12.67 m
199  over flat, hilly, mountainous, and alpine terrain, respectively. The larger errors in alpine terrain likely
200 reflect steep slopes, terrain shadows, surface roughness, and the sensitivity of ICESat-2 footprints to
201 local elevation gradients. Overall, the DEM provides high-resolution topographic support for
202 slope-constrained glacier interpretation, ridgeline-based subdivision, and analysis of glacier
203  morphometry and supraglacial debris distribution.
204 3.3 Glacier-inventory workflow
205  3.3.1 Automated glacier mapping using multisource inputs
206  Glacier outlines and supraglacial debris were initially extracted using a U-Net model enhanced with the
207 Convolutional Block Attention Module (CBAM) (Woo et al., 2018). The model used pan-sharpened
208 ZY-3 multispectral imagery as the primary input, while Landsat-derived LST and ZY-3 DEM-derived
209 slope were included as auxiliary channels to strengthen the thermal and topographic constraints on
210 debris-covered glacier mapping. Training labels were manually delineated from four representative
211 ZY-3 scenes and included three classes: background, clean ice, and debris-covered ice. Existing glacier
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212 inventories, slope information, and Google Earth imagery were used as references during label
213 generation. Clean-ice boundaries were mainly interpreted from spectral and textural contrast, whereas
214 debris-covered glacier margins were constrained using slope breaks, lateral moraines, meltwater outlets,
215 ice cliffs, and flow-compatible valley morphology. The labels were rasterized and divided into 512 x
216 512 pixel tiles. After data augmentation and removal of non-glacier tiles, 7,772 georeferenced samples
217 were retained and split into training, validation, and test subsets at a ratio of 8:1:1.

218 During model development, we evaluated both Dice loss and Focal loss to address the severe class
219  imbalance between supraglacial debris and background features (Figure S1). These two functions differ
220 significantly in their optimization objectives. Focal loss is an extension of cross-entropy that introduces
221 a modulating factor to optimize difficult pixel-level classifications; it effectively prevents the vast
222 number of easy negatives (e.g., clear ice/snow) from overwhelming the gradient. Conversely, Dice loss
223 is optimized for region-level similarity, directly maximizing the intersection over union between the
224 prediction and the ground truth. While Focal loss excels at delineating hard boundaries, its pixel-wise
225 focus can sometimes lead to fragmented predictions in complex terrain. Because Dice loss inherently
226 prioritizes overall spatial overlap and structural integrity, it produced more continuous
227 supraglacial-debris mappings in our experiments and was therefore adopted for the final model (Lin et
228 al., 2017; Sudre et al., 2017). It is calculated as follows:

229 =1-—== ?3)
230  where p is the segmentation output generated by the model and g the actual segmentation label.

231 The network was trained using the Adam optimizer with a batch size of four image tiles and an initial
232 learning rate of 1 x 107, which was automatically adjusted during training. Training was run for 200
233 epochs, and the model converged after approximately 50 epochs (Figure S2). Dropout with a
234 probability of 0.5 and standard data augmentation were used to reduce overfitting and improve
235 generalization. For regional mapping, inference was performed scene by scene. Each scene was divided
236 into overlapping 512 x 512 pixel tiles to reduce edge artefacts during mosaicking. The predicted masks
237 were then mosaicked, vectorized, and screened to remove isolated non-glacial patches, producing the

238 initial glacier outlines for subsequent manual refinement (Figure S3).
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Figure 3. Glacier-boundary extraction workflow based on U-Net+CBAM and ZY-3 imagery.

The automated results were manually refined to correct boundary omissions, internal holes, cloud- and
shadow-related artefacts, seasonal snow contamination, and fragmented debris-covered glacier tongues
(Figure 4). Manual interpretation was based on ZY-3 imagery, LST, DEM-derived slope, and Google
Earth imagery. Clean-ice areas generally required only minor correction, whereas debris-covered
termini and lateral margins were revised more carefully because they are spectrally similar to moraines,

talus, bedrock, and proglacial deposits. Meltwater outlets, ice cliffs, slope breaks, lateral moraines, and
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Figure 4. Typical errors in glacier outlines extracted by U-NettCBAM from ZY-3 imagery: (a)

boundary omission, (b) internal holes, (c¢) cloud and mountain-shadow contamination, and (d)
fragmented debris mapping.

Glacier units were subdivided using DEM-derived ridgelines following drainage-basin-based methods
(Bolch et al., 2010; Molg et al., 2018; Xie et al., 2023). The 4 m ZY-3 DEM was used where available,
and ASTER GDEM V3 was used elsewhere. Initial drainage divides were generated from
flow-direction and basin analysis and then manually corrected using three-dimensional topographic
interpretation (Figure 5). For each glacier unit, geometric and topographic attributes were extracted,
including area, location, elevation, slope, aspect, DEM source, and supraglacial debris area. As
summarized in Table S2, this manual revision reduced the mapped clean-ice area and increased the

mapped supraglacial debris area (Table S3).
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261
262 Figure 5. Ridgelines derived from the ZY-3 DEM and ASTER GDEM and used to partition glacier
263 units. (a) Partial display of the ZY-3 DEM ridge lines and the ASTER DEM ridge lines, (b)—(d)

264 Procedure for delineating glacial units using ZY-3 DEM ridge lines.

265  3.3.3 Accuracy and uncertainty assessment

266 The automated extraction was evaluated using an independent test dataset covering 4595.1 km?
267 across the western, central, and eastern Karakoram. Model performance was assessed using three
268 standard metrics derived from the confusion matrix (Deng et al., 2016; Huang et al., 2020): Overall
269 accuracy (OA), F1 score (Chicco and Jurman, 2020; Marochov et al., 2021), Mean Intersection over
270 Union (MIoU) (Olofsson et al., 2014). These metrics provide a robust assessment of the model's ability

271 to delineate both glaciers and supraglacial debris. The equations are as follows:

272 Accuracy = (TP + TN)/(TP + TN + FP + FN) %)
__ 2(TP/(TP+FP)xTP/(TP+FN))

273 F1= (TP/(TP-+FP)-+TP/(TP+FN)) (5

274 MioU =2 [ (TP)/(FN +FP +TP) ©)

275 Where TP, FP, FN, and TN represent the true positive, false positive, false negative, and true negative

276 counts, respectively. Specifically, the F1 score provides a comprehensive evaluation by penalizing both
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277 the over-extraction of non-target features (false positives) and the under-extraction of actual targets
278 (false negatives). MIoU evaluates the overall spatial accuracy by calculating the average ratio of the
279 overlapping area to the total combined area across all target classes. The model achieved an overall
280 accuracy of 0.93 and an MIoU of 0.79. The F1 score for supraglacial debris was 0.76, with higher
281 performance in the western Karakoram and lower performance in the eastern Karakoram, where debris

282 cover is less extensive and spectrally similar non-glacial terrain is more common (Table 2).

283 Table 2. Accuracy of glacier extraction in different parts of the Karakoram.

F1-Score

Region Accuracy (Debris) MIloU
West 0.96 0.83 0.86
Central 0.92 0.76 0.78
East 0.92 0.65 0.72
Entire 0.93 0.76 0.79

284 The uncertainty of the final manually corrected inventory was estimated using both a buffer method
285 and repeated independent digitization. A +2-pixel buffer, equivalent to 4 m, was applied to each glacier
286 polygon, yielding uncertainties of +1.1% for total glacier area and +3.8% for supraglacial debris area.
287 In addition, a round-robin test (multi-manual Digitisation — MMD) was conducted to formally assess
288 the boundary uncertainty of the automated extraction (Paul et al., 2013). Three independent
289 glaciologists manually delineated 200 representative glaciers across the Karakoram via visual
290 interpretation using ZY-3 and Google Earth imagery (Figure 6). For the statistical comparison, the
291 arithmetic mean of the glacier areas derived from these three manual digitizations was established as
292 the reference ground truth for each glacier. The extraction uncertainty was then quantified by
293 calculating the relative percentage difference between our automated mapping areas and this
294 established reference baseline. This assessment indicated an overall uncertainty of +4.7%, with most

295  discrepancies occurring in shadowed terrain, snow-covered areas, and debris-covered glacier margins.
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MMD-2

MMD-3

2mKGI

296
297 Figure 6. Glacier outlines independently digitized from ZY-3 imagery by different interpreters: (a)

298 glacier termini, (b) mountain-shadowed areas, (¢) perennial snowfields, and (d) seasonal snowfields.

299 MMDI1-MMD3 represent different digitalisation results.

300 4. Results

301 4.1 Characteristics of the Karakoram glaciers from 2mKGI

302 The final 2mKGI contains 13,907 glaciers larger than or equal to 0.005 km?, covering a total area of
303 21,261.8 + 278 km?. Of this area, 19,021.9 + 204.2 km? is clean ice and 2,239.9 + 82.8 km? is
304 supraglacial debris, corresponding to 10.54% of the total glacierized area. A total of 1,526 glaciers
305 contain supraglacial debris. Approximately 21.5% of the glacier-outline coverage was derived from
306  Sentinel-2 imagery in areas without ZY-3 coverage, whereas the remaining outlines were mapped from
307 ZY-3 imagery. The high-resolution inventory improves glacier delineation in several settings where
308 medium-resolution imagery commonly introduces uncertainty. The 2 m ZY-3 imagery allows glacial
309 lakes and supraglacial ponds to be separated more clearly from glacier polygons (Figure 7a), reduces
310  contamination from seasonal snow (Figure 7b), improves boundary interpretation in cloud- and
311 shadow-affected terrain (Figure 7d), and provides more detailed delineation of complex glacier margins
312 (Figure 7c¢). It also resolves many small glacier units in high-elevation cirques, shaded slopes, and steep

313 tributary basins, where glacier outlines are often omitted or generalized in coarser inventories (Figure
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316 Figure 7. Advantages of high-resolution glacier mapping based on ZY-3 imagery: (a) exclusion of
317 glacial lakes, (b) reduced interference from seasonal snow, (¢) more precise delineation of
318 debris-covered termini, (d) improved mapping in cloud- and mountain-shadowed terrain, and (e)
319  detection of small glaciers.

320 Glacier number and glacier area show contrasting size-class patterns. Small glaciers dominate
321 numerically (Figure 8b): 7,392 glaciers are smaller than 0.1 km?, 3,680 glaciers range from 0.1 to 0.5
322 km? and 1,130 glaciers range from 0.5 to 1.0 km?2. In contrast, glacier area is concentrated in a small
323 number of large glacier systems. Only 26 glaciers exceed 100 km?, but together they occupy 7,406.7
324 km?, accounting for 34.8% of the total glacierized area. This contrast indicates that the Karakoram
325 glacier system consists of numerous very small glacier units but is areally dominated by a few
326 extensive valley glaciers.

327 Spatially, glacier distribution is highly uneven across the Karakoram (Figure 8a). Glacier number is
328 greatest in the central Karakoram, where dense glacier clusters occur around major mountain massifs
329 and tributary basins. Glacier area is also concentrated in the central part of the range, mainly because
330 many of the largest valley-glacier systems are located there. In contrast, the western and eastern sectors
331 contain fewer large glacier bodies and are characterized by a higher proportion of small and
332 medium-sized glaciers. This spatial pattern indicates that regional glacierization in the Karakoram is
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333 controlled not only by the number of glacier units, but also by the presence of a few large, connected
334 valley-glacier systems.
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335

336 Figure 8. Spatial distribution and size-area structure of glaciers in the Karakoram. (a) Spatial
337 distribution of glacier number and area. Circle color indicates glacier number, and circle size indicates
338 glacier area. (b) Glacier size and area structure by area class. Left bars show number share, and right

339 bars show area share.

340 4.2 Distribution patterns of supraglacial debris

341 2mKGI maps 2,239.9 + 82.8 km? of supraglacial debris, or 10.54% of the total glacierized area. Debris
342 occurs on 1,526 glaciers that together cover approximately 16,774.4 km?. It is concentrated in the
343 central and western Karakoram, where large valley glaciers and long tongues dominate, but is less
344 extensive in the eastern Karakoram, where glaciers are generally smaller (Figure 9). This pattern links
345 debris distribution to glacier size, valley geometry, and low-gradient tongue development.
346 Debris-covered area is strongly concentrated on large glaciers. The 26 glaciers larger than 100 km?
347 contain 1,061.2 km? of supraglacial debris, representing 47.4% of the mapped total. Thus, nearly half of
348 Karakoram supraglacial debris lies on a small number of large valley-glacier systems, whereas
349 debris-free glaciers are generally smaller and more often occur as independent bodies in high-elevation

350 cirques, shaded slopes, or steep tributary basins.
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352 Figure 9. Spatial distribution and size-area structure of supraglacial debris in the Karakoram. (a)
353 Spatial distribution of supraglacial debris. Circle color indicates debris patch number, and circle size
354 indicates debris-covered area. (b) Supraglacial debris patch size and area structure by area class. Left
355 bars show number share, and right bars show area share.

356 The high-resolution inventory also captures debris-covered features missed by medium-resolution
357  products. 2mKGI identifies 247 small debris-covered glacier areas absent from KGI-2020s, with
358 individual areas of 0.005-0.91 km?. Yet its total debris-covered area is slightly smaller than KGI-2020s
359 (2,239.9 versus 2,290 km?), showing that metre-scale mapping both recovers omitted small
360 debris-covered units and corrects overgeneralized debris-covered termini and lateral margins.

361 Supraglacial debris therefore forms a spatially organized component of the Karakoram glacier system.
362 Its concentration on large, low-gradient valley tongues may influence ablation heterogeneity, tongue
363 persistence, and glacier response to local climate forcing. 2mKGI provides a high-resolution geometric
364  basis for assessing how debris-covered tongues contribute to heterogencous Karakoram glacier

365 behaviour and the “Karakoram anomaly”.

366 4.3 Elevation, slope and aspect distributions

367 Topography strongly structures the distribution of glacier area and supraglacial debris in the Karakoram
368 (Figure 10). Glacierized terrain spans from approximately 2400 m to more than 8000 m a.s.l., but most
369 glacier area is concentrated in the middle- to high-elevation belt, with a clear maximum at 5600-5800
370 m. In contrast, supraglacial debris is mainly confined to lower elevations and peaks at 42004400 m.
371 Debris-covered area declines rapidly above ~5000 m and becomes negligible above 6000 m, indicating
372 a pronounced vertical separation between debris-covered ablation zones and clean-ice-dominated upper

373 basins.
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376 Figure 10. Topographic distributions of glacier area and supraglacial debris in the Karakoram. (a)
377 Elevation distribution of total glacier area and supraglacial debris area. (b) Slope distribution of total
378 glacier area and supraglacial debris area. (c) Aspect distribution of glacier number and glacier area.

379 Slope further differentiates clean and debris-covered glacier surfaces. Although glacier area occurs
380 across a wide slope range, 34.4% of the total glacierized area lies on slopes below 10°. Supraglacial
381 debris is even more strongly associated with low-gradient terrain, with 68.1% of debris-covered area
382 occurring below 10°. Debris-covered area decreases sharply with increasing slope and is rare on slopes
383 steeper than 30—40°. The aspect distribution shows a contrast between glacier area and glacier number.
384 Glacier area is strongly concentrated on south- and southeast-facing slopes, which together account for
385 76.0% of the total glacierized area. This dominance mainly reflects the orientation of several large
386  valley-glacier systems, whose extensive accumulation basins and tongues control the regional area
387 signal. In contrast, glacier number is more evenly distributed among aspects because numerous small

388 cirque, hanging, and tributary glaciers occur under more diverse local topographic conditions.
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389 4.4 Glacier-type attributes derived from the inventory

390 To further examine the morphometric information contained in 2mKGI, we analysed 564 glaciers
391 larger than 5 km? and classified them into Turkestan-, Mustagh-, and Alpine-type glaciers based on
392  their Accumulation Area Ratio (AAR). Specifically, we utilized a published glacier albedo product (Xie
393 et al., 2024) to approximate the snowline altitude and delineate the accumulation zone for each glacier.
394 Following established typological criteria (Hewitt, 2011; Xie et al., 2023), the classification was
395 executed using specific AAR thresholds: Turkestan-type (AAR < 0.3), Mustagh-type (0.3 <AAR <0.6),
396 and Alpine-type (AAR > 0.6). Finally, known surging glaciers were marked as an additional dynamic
397 attribute (Figure 11). Alpine-type glaciers dominate the analysed sample, accounting for 51.1% of the
398 analysed glacier area , followed by Mustagh-type glaciers with 38.7% and Turkestan-type glaciers with
399  10.2%. A total of 192 glaciers were identified as surging glaciers.

400 The glacier groups show distinct spatial patterns across the Karakoram (Figure 11). Alpine-type
401 glaciers are widely distributed and constitute the dominant component of the analysed glacier area,
402  particularly in the central Karakoram. Mustagh-type glaciers are concentrated mainly in the central and
403 western Karakoram, where large valley glaciers and well-developed glacier tongues are common.
404 Turkestan-type glaciers are less extensive and occur mainly in the southern and western parts of the
405 region. The spatial pattern of surging glaciers broadly resembles that of Mustagh-type glaciers,
406 suggesting that large, low-gradient valley-glacier systems in the central and western Karakoram

407  provide favourable geometric conditions for both long glacier tongues and surge-type behaviour.
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409 Figure 11. Spatial distribution of glacier-type attributes derived from the 2mKGI: (a) Turkestan, (b)
410 Mustagh, (¢) Alpine, and (d) surging glaciers.

411 The glacier types show distinct topographic settings. Alpine-type glaciers are widely distributed and
412 occupy the highest elevations, with an area maximum at 5600-5800 m (Figure 12a). Mustagh- and
413 Turkestan-type glaciers peak at lower elevations, mainly at 5200-5400 m and 5000-5200 m,
414 respectively. Surging glaciers have a broader elevation distribution and are concentrated mainly
415 between 5400 and 5800 m, indicating that surge-type behaviour is associated with large glacier systems
416 spanning a wide altitudinal range rather than with a single elevation belt. In terms of slope, all glacier
417 types are dominated by low-gradient surfaces, with Alpine-type glaciers showing the most extensive
418 low-slope areas (57.4% of area below 15°), followed by Mustagh (48.3%) and Turkestan (44.3%). The
419 steeper slope distributions of Mustagh and Turkestan glaciers are consistent with their occurrence in
420 more rugged, high-relief terrain that favours debris accumulation and supraglacial cover, while the
421 gentler Alpine-type profile reflects its association with broader accumulation basins and smoother

422 valley floors (Figure 12 b, c).
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424 Figure 12. Topographic and longitudinal profiles of glacier types in the Karakoram. (a) Elevation—area
425 distributions, (b) slope—area distributions, (¢) Slope-area fraction per glacier type (5° bins), (d)
426 normalized mainline elevation profiles, (e) normalized mainline slope profiles, and (f)
427 area-concentration profiles for Alpine-, Mustagh-, Turkestan-type and surging glaciers.

428 Normalized mainline profiles further clarify these differences (Figure 12c—e). Alpine-type glaciers
429 remain higher along the mainline and decline gradually from ~6100 m to ~4900 m, whereas Mustagh-
430 and Turkestan-type glaciers descend more rapidly to lower termini of ~4100 m. Surging glaciers
431 closely resemble the Mustagh-type profile, consistent with their association with large valley-glacier
432 systems. In Mustagh-, Turkestan-, and surging glaciers, mainline slope decreases abruptly from steep
433 upper basins (>35-40°) to gentler middle and lower reaches (~15-20°), with the transition concentrated
434 at normalized distances of ~0.4-0.5. Area-concentration peaks at the same position mark the shift from
435 narrow upper reaches to broader, low-gradient tongues. This geometry favors debris-cover
436 development by enhancing debris supply from steep headwalls and promoting debris retention on
437 gentler lower tongues. By contrast, Alpine-type glaciers, which are higher and more gradually graded,

438 show less developed low-elevation debris-covered tongues.

439 5. Discussion
440 5.1 Comparison with previous glacier inventories and glaciological implications

441 Previous-inventory comparisons place the largest discrepancies in small glaciers and debris-covered
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442  margins, where medium-resolution mapping is weakest (Figure 13). RGI v7.0 omits small glaciers and
443 parts of debris-covered termini, whereas KGI-2020s generalizes debris-covered tongues and lateral
444 margins, creating opposing biases: ice omission versus expansion of ambiguous debris-covered terrain.
445 2mKGI's 2 m outlines mitigate both by resolving omitted small glaciers and excluding stagnant debris,
446 proglacial deposits, and non-glacial debris-covered surfaces. This distinction matters because debris
447 cover modifies melt, surface lowering, ice dynamics, runoff generation, and interpretations of the

448 Karakoram anomaly (Farinotti et al., 2020; Molg et al., 2018; Zhu et al., 2025).

449

450 Figure 13. Comparison among glacier inventories based on ZY-3 imagery. (a) Comparison with RGI,
451 highlighting glaciers omitted in RGI. (b) Comparison with KGI, showing differences in glacier termini
452 and local boundary detail. (¢) Comparison with RGI in high-altitude areas with limited glacier change.
453 (d) Comparison with KGI in high-altitude terrain and glacier termini.

454 2mKGI chiefly revises the glacier population by adding glaciers <0.1 km?. Although these glaciers
455 contribute little to total area and probably less to regional ice volume, their limited thickness, short
456 adjustment times, and high sensitivity to temperature and accumulation changes make them important
457 for glacier response (Huss and Fischer, 2016). Omitting them skews assessments toward larger,
458 slower-responding glaciers and underestimates ice bodies likely to fragment, shrink rapidly, or

459 disappear under sustained warming. These small glaciers also reveal fine-scale climate sensitivity in the
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460 Karakoram. Many occupy steep cirques, hanging-glacier settings, and shaded headwalls, where
461 avalanche-fed accumulation, wind redistribution, and topographic shading can partly offset climatic
462 forcing and reduce melt. Their responses vary: small volume and narrow elevation range make some
463 highly vulnerable, whereas local topographic sheltering may prolong others. This supports the view
464 that High Mountain Asia glacier change reflects climate forcing, glacier geometry, hypsometry, debris
465 cover, and avalanche contribution (Brun et al., 2019; Farinotti et al., 2020; Sakai and Fujita, 2017).

466 Grid comparisons show that inventory resolution reshapes glacier-area signals (Figure S4). For RGI
467 v7.0, we limited analysis to high-elevation accumulation areas, where real retreat should be limited and
468 differences mainly reflect boundary uncertainty or seasonal/perennial snow inclusion. There, 2mKGI
469 maps up to 48.41 km? less area than RGI per cell; the maximum positive difference is 15.88 km?, and
470 RGI overestimates accumulation-area extent by 607 km?. For KGI-2020s, closer in acquisition period,
471 full-region differences range from -12.9 to 7.9 km?, with an overall overestimate of 1,164.2 km?. These
472 contrasts mainly reflect broader debris-covered outlines and mixed-pixel effects in the
473 medium-resolution product.

474 After grid-scale uncertainty propagation, the RGI-2mKGI comparison leaves credible differences with
475 coherent spatial structure (Figure S5): positive differences cluster in the western and north-central
476 Karakoram, whereas negative differences are more common in the east. These inventory-based signals
477 do not prove advance or retreat in every grid cell. Instead, they show that, where small glaciers, debris
478 cover, and complex topography jointly affect boundaries, high-resolution inventories such as 2mKGI

479 are essential for separating mapping artefacts from real glacier change.
480 5.2 Advantages of the 4 m ZY-3 DEM for glacier morphometric analysis

481 The 4 m ZY-3 DEM shows glacier-type-dependent resolution effects (Figure 14a—d). For Alpine-type
482 glaciers, mean and steep-slope metrics differ most, indicating that the 30 m ASTER DEM smooths
483 cirque walls, accumulation-zone margins, and snowline-adjacent slope breaks. Because snowfall over
484 relatively continuous accumulation areas sustains these glaciers, such gradients are critical for
485 interpreting accumulation-ablation partitioning and sensitivity to snowline or equilibrium-line shifts
486 (Hewitt, 2011; Sakai and Fujita, 2017). Coarser DEMs can thus underestimate high-gradient terrain and
487 dampen apparent climatic sensitivity. For Mustagh- and Turkestan-type glaciers, gains occur mainly in

488 roughness and local relief. These glaciers are shaped by steep valley walls, avalanche-fed accumulation,
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tributary icefalls, and complex flow routing; 4 m topography resolves short-wavelength variability
around headwalls, tributary junctions, and valley-glacier transitions that 30 m data smooth. This detail
matters because glacier response depends on climate forcing, snow redistribution, shading, debris
supply, and low-gradient tongue geometry. The 4 m DEM therefore converts descriptive glacier-type

classes into a quantitative topographic framework.
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Figure 14. DEM-resolution effects and freezing-level threshold sensitivity of glacier terrain and
supraglacial debris. (a-d) Mean differences between the 4 m and 30 m DEMs by glacier type for mean
slope, 90th percentile slope, 90 m surface roughness, and 90 m local relief. Points indicate type means,
and horizontal bars show 95% bootstrap confidence intervals. (e) Cumulative glacier area and
supraglacial debris area below selected elevation thresholds. (f) Percentage of supraglacial debris area
below the shifted freezing level under different baseline freezing-level heights and warming scenarios.

Supraglacial debris provides a second implication. Debris-covered surfaces occur lower than the
overall glacierized area (Figure l4e), consistent with emergence and persistence on low-gradient
ablation tongues where valley-wall input, englacial transport, flow deceleration, and sustained melt
coincide. Linking debris elevation with freezing-level rise shows topographic control on climatic
exposure (Figure 14f). Although distinct from the equilibrium-line altitude, the freezing level indexes
thermal exposure; warming raises it, placing more debris-covered ice below freezing-level height and

under positive air temperatures. In the Karakoram, where debris cover and topographic complexity
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508 shape heterogeneous glacier behaviour and the Karakoram anomaly, this coupling is crucial (Farinotti
509 et al., 2020; Zhu et al., 2025). Thus, the 4 m ZY-3 DEM offers not only finer terrain statistics but a

510  process-relevant framework linking glacier type, debris distribution, and climate exposure.
511 5.3 Dataset value and methodological limitations

512 By resolving very small glaciers, narrow divides, upper-basin margins, and debris-covered termini,
513 2mKGI addresses two key biases in medium-resolution inventories: omission of small glaciers and
514 overgeneralization of debris-covered margins (Molg et al., 2018; Nuimura et al., 2015; Paul et al., 2013;
515 Xie et al., 2023). Its clean-ice outlines, debris-covered boundaries, uncertainty estimates, and
516 topographic attributes provide more reliable geometry for area-change assessment, hypsometric
517 analysis, ice-thickness inversion, volume estimation, glacier-evolution modelling, and evaluation or
518 training of automated mapping products (Farinotti et al., 2019; Linsbauer et al., 2012; Maussion et al.,
519 2019; Paul et al., 2017). The finer glacier-unit subdivision also improves glacier-specific estimates of
520 area, length, elevation range, slope, and hypsometry, especially in compound valley-glacier systems
521 where coarser data poorly resolve drainage divides and tributary structures (Bolch et al., 2010; Molg et
522 al., 2018; Xie et al., 2023).

523 Limitations remain in automated high-resolution mapping. Seasonal snow, clouds, mountain shadows,
524 supraglacial ponds, and debris-covered termini still require manual interpretation and quality control
525 (Bolch, 2006; Paul et al., 2013; Xie et al., 2020). Directly stacking optical, thermal, and topographic
526 variables also underuses their physical complementarity, limiting automatic separation of
527 debris-covered ice from moraines, talus, bedrock, and proglacial deposits (Bolch, 2006; Paul et al.,
528 2004; Xie et al., 2020). Future work should combine physically meaningful predictors, such as SAR
529 backscatter, albedo, and surface velocity, with multimodal architectures that integrate optical, thermal,

530 topographic, and radar constraints.

531 6. Conclusion

532 The 2mKGI provides a high-resolution glacier inventory for the Karakoram that integrates glacier
533 outlines, supraglacial debris extent and topographic attributes. Beyond improving spatial resolution, it
534 reveals two important biases in existing inventories: the omission of numerous small glaciers and the
535 overgeneralization of debris-covered margins, both of which can affect assessments of glacier number,
536 area distribution, ice volume and meltwater potential. The inventory shows that the Karakoram glacier
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537 system is strongly scale differentiated, with small glaciers dominating in number but glacier area and
538 supraglacial debris concentrated in a limited number of large, low-gradient valley-glacier systems. The
539 spatial concentration of debris cover at lower elevations and on gentle tongues indicates that debris
540 supply, valley confinement, ice transport and terrain structure jointly regulate debris accumulation and
541 persistence. The 4 m ZY-3 DEM further improves glacier-unit subdivision and links boundary
542 interpretation with accumulation—ablation structure, debris retention and tongue morphology. Overall,
543 2mKGI provides a high-resolution geometric and topographic baseline for glacier-change monitoring,
544 ice-thickness inversion, ice-volume estimation, glacier-evolution modelling and automated glacier
545 mapping, while future work should strengthen automated debris-covered glacier delineation through

546 additional physical constraints and multimodal data fusion.
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