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Abstract 33 

Glacier retreat drives the expansion of glacier-contact lakes until topographic constraints trigger their 34 

detachment from parent glaciers. While the expansion phase is well-documented, the post-detachment 35 

evolution and its driving mechanisms remain poorly understood, limiting future glacier-related water resource 36 

and hazard assessments. Here, we investigated the spatio-temporal evolution of recently glacier-detached 37 

lakes across the Third Pole from 1990 to 2023 by combining multi-temporal lake inventories, climate and 38 

glacier mass-balance datasets, glacier runoff simulations, and geomorphic proxies for erosion and sediment 39 

supply. We identified 882 glacier-contact lakes that became detached during the study period, accounting for 40 

29% of the 3024 glacier-contact lakes mapped in 2023. Contrary to the widely documented expansion of 41 

glacier-contact lakes, detached lakes decreased in total area from 45.11 ± 0.02 to 42.63 ± 0.02 km², 42 

corresponding to an estimated water-volume loss of ~0.04 Gt, despite an increase in modeled glacier runoff 43 

of ~0.37 Gt. Moraine-dammed lakes accounted for the larger absolute area loss, whereas bedrock-dammed 44 

lakes showed greater relative shrinkage. Shrinking detached lakes exhibited a median proglacial erosion 45 

potential about two times higher than non-shrinking lakes and preferentially occurred in areas with higher 46 

abrasion potential, suggesting an important role of proglacial erosion and sediment infilling in post-47 

detachment lake shrinkage. These results indicate that detached lake evolution cannot be explained by 48 

meltwater supply alone. Instead, glacier detachment may mark a shift from meltwater-dominated lake 49 

expansion toward sediment-influenced lake shrinkage, reflecting an ongoing proglacial-to-paraglacial 50 

transition in high mountain glacial lake systems. Accounting for this transition can improve future assessments 51 

of glacial lake evolution, alpine water storage, and GLOF-related hazards under continued glacier retreat. 52 

 53 
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1. Introduction 56 

Global warming is profoundly changing the glaciers and hydrological systems in alpine regions (Yao et al., 57 

2022), accelerating glacier wastage (Brun et al., 2017; Hugonnet et al., 2021; Larocca et al., 2023; Yang et al., 58 

2023) and impacting glacial lake evolution (Carrivick and Quincey, 2014; Carrivick et al., 2022; Shugar et al., 59 

2020). The Third Pole region (TPR), including the Tibetan Plateau and surrounding mountains and often 60 

referred to as High Mountain Asia, hosts the largest glacier cover outside the polar regions and has 61 

experienced rapid expansion of glacier-contact lakes driven by glacier retreat and melt  (Zhang et al., 2023a; 62 

Zhang et al., 2023b). Glacier-contact lakes exert a significant influence on both upstream glacier dynamics and 63 

downstream human settlements due to their direct connection with their parent glaciers (Carrivick and Tweed, 64 

2013; Carrivick and Tweed, 2021; Emmer et al., 2015; Peng et al., 2023). Glacier-contact  lakes are observed at 65 

the termini of glaciers that are experiencing greater mass loss compared to those without such lakes (Carrivick 66 

et al., 2020; Sutherland et al., 2020), particularly in the Himalaya (King et al., 2019; Maurer et al., 2019; Zhang 67 

et al., 2023a).  68 

Detachment of glacier-contact lakes from their parent glaciers, which is a consequence of ongoing glacier 69 

terminus recession, represents a critical transition in their evolution and associated hazard potential. As 70 

glaciers recede out of their glacier-contact  lakes, the lakes transition from directly contacting the glacier to 71 

becoming detached (non-glacier-contact) lakes (Emmer et al., 2020; Zhang et al., 2024). While detached 72 

glacier lakes are typically still connected to the subaerial meltwater stream, as glaciers continue to retreat or 73 

eventually disappear, the glacier meltwater contribution to the lake may decline depending on local 74 

catchment hydrology (Emmer et al., 2015). Furthermore, the transition from lake-terminating to land-75 

terminating glaciers also alters the dynamics and recession rate of the glacier front(Mallalieu et al., 2021; 76 

Scoffield et al., 2024). Lake-driven thermal and mechanical processes, including thermal undercutting, 77 

buoyancy-driven calving, and elevated basal water pressure, can enhance glacier retreat, but these effects 78 

largely cease once a glacier-contact lake detaches from its parent glacier (Carrivick et al., 2020). Finally, GLOF 79 

hazard is likely to change during and after the lake detachment process. While direct exposure to ice 80 

avalanches and rockfalls increases the susceptibility to glacial lake outburst floods (GLOFs) (Emmer, 2017; 81 

Emmer, 2024b), this influence changes after detachment. For instance, GLOF susceptibility to calving glacier 82 

fronts will decrease but whether the overall GLOF hazard will be reduced depends on local conditions and 83 

geomorphic dynamics in the catchment. The probability of ice avalanches into the lakes may temporarily 84 

increase during glacier recession but then decrease with further distance to the lakes (Emmer et al., 2015; King 85 
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et al., 2019). 86 

Detachment of glacier-contact lakes can be regarded as part of a transition from proglacial to paraglacial 87 

conditions (Tweed and Carrivick, 2015). The term ‘paraglacial’ was first introduced to describe the time-period 88 

during which alluvial fans developed following glacier retreat in the mountains of southern British Columbia, 89 

Canada (Ryder, 1971a; Ryder, 1971b). This concept was later broadened to describe landscape-scale sediment-90 

system adjustment following glacier retreat, during which abundant glacigenic sediment can be rapidly 91 

reworked by fluvial and debris-flow processes over millennial timescales (Brardinoni et al., 2018; Church and 92 

Ryder, 1972). Paraglacial refers to a transitional phase during which landscapes progressively shift to a non-93 

glacial state following intense glacial disturbance (Slaymaker, 2009; Slaymaker, 2011). In this phase, erosion, 94 

sediment supply, and the instability of recently deglaciated terrain become key drivers of glacial lake evolution. 95 

Coincident with accelerating glacier melt, landscape instability as manifest in erosion and sedimentation 96 

processes is intensifying in alpine environments, particularly around the glacial lakes (Carrivick and Heckmann, 97 

2017; Carrivick and Tweed, 2021), affecting lake evolution and downstream ecosystems (Hosmann et al., 2025; 98 

Li et al., 2020; Li et al., 2021a; Wilkes et al., 2023). While alpine erosion is driven by a combination of natural 99 

and anthropogenic forces (Zhang et al., 2025; Zhang et al., 2022), natural processes remain dominant in most 100 

high-altitude, relatively remote regions where human activities exert limited influence. Detached lakes 101 

undergo distinct environmental transformations compared with glacier-contact lakes (Hardmeier et al., 2024). 102 

In general, glacier-dominated sediment input gradually decreases as glaciers lose mass and retreat up-valley 103 

(Carrivick and Tweed, 2013; Carrivick and Tweed, 2021), owing to the exposure, unstable proglacial terrain that 104 

becomes an increasingly important source of material after direct glacial influence ceases (Delaney et al., 2018), 105 

or as glacier meltwater discharge diminishes, or as glacier meltwater stream power declines with distance 106 

from a glacier. Sediment discharge from the glacierized catchment is increasingly influenced by materials 107 

derived from the surrounding landscape, including those resulting from weathering processes and mass 108 

wasting events (Delaney et al., 2024). These shifts may have a profound effect on the evolution of recently 109 

detached lakes, making the response of the lake area to climatic and environmental changes more complex 110 

(Steffen et al., 2022). Understanding the characteristics of erosion and sedimentation processes in recently 111 

detached lakes, and their quantitative relationship to changes in lake area, is therefore of paramount scientific 112 

importance for the prediction of future trends in glacial lake evolution and the assessment of associated 113 

environmental risks. 114 

Glacially-derived sediment, along with material transported by glacial meltwater, aeolian, and hillslope 115 
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processes, is deposited in glacial lakes (Carrivick and Tweed, 2021).  Sediment transport fluxes may peak 116 

between 2100 and 2200 as cryospheric degradation continues in cold mountain regions (Zhang et al., 2022). 117 

This period may also see a shift from meltwater-dominated to rainfall-dominated sediment transport regimes. 118 

The timing of this transition is controlled by regional deglaciation rates, meltwater volume, rainfall intensity, 119 

and interactions between landforms and erosional processes (Carrivick et al., 2018a; Carrivick et al., 2018b; 120 

Carrivick and Rushmer, 2018; Mancini et al., 2025). Within glacial lakes, sedimentation is influenced by multiple 121 

factors, significantly determined by whether the lake's drainage is endorheic or exorheic. Endorheic lakes 122 

exhibit high sediment retention, while exorheic lakes allow for partial sediment export.  123 

With accelerating glacier retreat under climate change, the dynamic evolution of glacial lakes has become 124 

a critical focus of high mountain research. These lakes are a direct manifestation of glacier–hydrological 125 

interaction and pose potential risks of GLOFs. Some previous studies have begun to focus on the key 126 

transformation processes of glacial lakes, especially the evolution of glacier-contact lakes to recently detached 127 

lakes (Emmer et al., 2020; Sato et al., 2022; Scoffield et al., 2024). Recent global assessments have improved 128 

our understanding of glacial lake expansion, water storage, and heterogeneous lake changes under glacier 129 

retreat, showing widespread increases in lake number, area, and volume at regional to global scales (Shugar 130 

et al., 2020; Zhang et al., 2024). Regional studies have further highlighted the importance of lake type, dam 131 

type, and topological position in explaining glacial lake evolution, including transitions from proglacial to 132 

detached states in areas such as the Cordillera Blanca and southeastern Tibet (Peng et al., 2024; Rick et al., 133 

2022). In parallel, emerging work on future glacial lake storage and sedimentation has shown that sediment 134 

infilling can influence lake lifespan and storage capacity, especially for small and newly formed lakes (Steffen 135 

et al., 2022; Veh et al., 2026). However, these studies have generally focused on overall lake expansion, lake-136 

type inventories, future lake formation, or hazard potential, rather than systematically quantifying the 137 

observed post-detachment trajectories of recently detached lakes and disentangling their relationships with 138 

climatic, glaciological, hydrological, and geomorphic factors. 139 

Despite these advances, significant knowledge gaps persist in documenting the occurrence of glacier-140 

contact lake detachment and quantifying the characteristics of their subsequent evolution. As glaciers 141 

continue to retreat, the number and area of glacier-contact lakes that become detached glacier-contact lakes 142 

is still unclear in the TPR. There is also a lack of systematic research on the evolutionary trajectory of glacial 143 

lakes following detachment from glaciers: continued expansion, stabilization or gradual shrinkage. Current 144 

predictions of future glacial lake evolution and risks often do not take into account the effects of glacial lake 145 
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detachment from glaciers, which limits the accurate prediction of future glacial lake dynamics and associated 146 

risks. Therefore, it is essential to quantitatively characterize the spatiotemporal evolution of recently detached 147 

lakes and their linkages with climatic, glaciological and geomorphic processes including temperature, 148 

precipitation, glacier mass balance, erosion, and sedimentation, in order to provide first-order insights into 149 

the drivers of lake evolution within the proglacial-to-paraglacial transition, and to support a more informed 150 

understanding of future changes in the alpine cryosphere and related hazards. Building on the proglacial-to-151 

paraglacial transition framework, we formulated three working hypotheses. First, ongoing glacier retreat has 152 

increased the occurrence of lake detachment, leading to an accelerating transition from glacier-contact to 153 

recently glacier-detached states across the TPR. Second, after detachment, lake evolution is not necessarily 154 

characterized by continued expansion. Instead, reduced direct glacier influence and increasing sediment 155 

delivery from newly exposed terrain may promote lake shrinkage. Third, if post-detachment shrinkage reflects 156 

increasing paraglacial geomorphic adjustment, shrinking lakes should show stronger associations with 157 

erosion- and sediment-related geomorphic proxies than with climatic variables, glacier mass balance, or 158 

modeled glacier runoff alone.  159 

This study systematically and quantitatively analyzed the spatiotemporal distribution, regional patterns, 160 

detachment dynamics, and post-detachment evolution of newly detached glacial lakes in the TPR from 1990 161 

to 2023. By quantifying the relationships between lake shrinkage and climatic (temperature, precipitation), 162 

glaciological (glacier mass balance), and geomorphic processes (erosion and sedimentation) factors, this 163 

study aims to explore the potential drivers of the spatiotemporal evolution of detached glacial lakes. We 164 

further project glacier runoff changes under future climate scenarios to evaluate their contribution to 165 

hydrological inputs to glacial lakes. This study provides an improved understanding of high-mountain glacial 166 

lake dynamics within the proglacial-to-paraglacial transition, which inform future efforts in GLOF hazard 167 

assessment and water resource management under ongoing climate change (Figure 1). 168 
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 169 

Figure 1. Evolution and shrinkage mechanisms of recently glacier-detached lakes. a) A typical example of 170 

a glacier-contact lake detaching from its parent glacier (27.82°N, 87.75°E). On 23 Nov 2007, the glacier was 171 

still directly connected to the lake. By 25 Dec 2018, the glacier retreated significantly, and the lake 172 

completely detached from it. b) A glacier-detached lake experiencing ongoing proglacial erosion and 173 

sedimentation, with visible sediment deposits accumulating in the lake basin (29.82°N, 84.69°E). c) A 174 

shrinking glacier-detached lake (33.98°N, 89.21°E). The lake area significantly decreased from 2017 to 2024 175 

due to sediment infilling. Yellow arrows indicate visible sediment/depositional features where shown. d) 176 

Conceptual model illustrating the shrinkage mechanism of glacier-detached lakes. A typical evolutionary 177 

path in which glaciers retreat initially forms a glacier-contact lake. Continued retreat leads to glacier 178 

detachment and the exposure of a new proglacial area, where intense erosion occurs. The resulting 179 

sediment is gradually deposited into the lake, leading to infilling and shrinkage. 180 

 181 
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2. Materials and Methods 182 

2.1. Study Area 183 

The Third Pole region (TPR), with the Tibetan Plateau as its core and surrounding mountain ranges (Figure 2), 184 

often referred to as the "Asia Water Tower", is a highly sensitive area in the context of global climate change 185 

and plays an important role in regional hydrological regulation (Immerzeel et al., 2020; Qiu, 2008; Yao et al., 186 

2012). Extending from the Pamir Plateau and the Hindu Kush in the west, to the Hengduan Mountains in the 187 

east, the Tianshan Mountains in the north, and the Himalaya in the south, this region spans an area of over 5 188 

million km2 and has an average altitude exceeding 4,000 m a.s.l. Due to its unique geographical location and 189 

high-altitude characteristics, glacial lake in the TPR is particularly responsive to climate change. Rapid changes 190 

of the glacial lake profoundly impact regional water security, with far-reaching consequences for the survival 191 

and development of billions of people downstream(Immerzeel et al., 2020). Rising intensities and frequencies 192 

of warm extremes (0.37°C decade−1/2.4% decade−1) (Yang et al., 2022) are occurring concurrently with 193 

increasing precipitation amount and intensity, which is becoming more erratic spatiotemporally (Li et al., 194 

2021b). These dual climatic shifts may influence glacial lake stability and their sedimentary environments. 195 

Rising temperature has expedited glacier melting and permafrost degradation, directly affecting the formation, 196 

expansion and evolution of glacial lakes.   197 

As the largest ice storage area on Earth after the Arctic and Antarctica, TPR encompassing the world's 198 

largest mountain glacier concentration, with approximately 131,762 glaciers covering ~99,468 km2 (RGI 7.0 199 

Consortium, 2023), is experiencing rapid change with significant implications for glacial lake evolution. From 200 

2000 to 2023, this region experienced substantial mass loss of glaciers (~23.1 Gt/yr) (Zemp et al., 2025).  These 201 

changes directly influence the formation, evolution, and eventual fate of glacial lakes, particularly those 202 

undergoing detachment and subsequent sedimentation. Glacier retreat alters regional hydrology and the risk 203 

of GLOFs, relevant to the stability of detached glacial lakes. The TPR is also the source of ten major Asian rivers 204 

including the Yangtze, Yellow, Mekong, and Indus, provides water resources for over 1.3 billion 205 

people(Immerzeel et al., 2010). While increased glacier melt initially enhances runoff, long-term retreat 206 

reduces meltwater contributions, impacting downstream water security and highlighting the importance of 207 

understanding glacial lake contributions to regional water budgets (Huss and Hock, 2018). These 208 

interconnected cryospheric changes underscore the complex environmental context for the detachment lakes 209 

and sedimentation process within the TPR. 210 

 211 
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2.2. Extraction and classification of detached glacial lakes 212 

In this study, we use the term “recently glacier-detached lakes” to refer specifically to lakes that were formerly 213 

in direct contact with a parent glacier but lost this direct contact during the observation period from 1990 to 214 

2023. This term therefore describes a time-bound transition captured by our multi-temporal inventory, rather 215 

than all lakes that may have detached from glaciers over longer geomorphic timescales. For brevity, these 216 

lakes are hereafter referred to as “glacier-detached lakes” or “detached lakes”. To classify lake–glacier 217 

connectivity, we distinguished three lake types: supraglacial lakes, glacier-contact lakes, and glacier-fed non-218 

glacier-contact lakes. Supraglacial lakes are located on glacier surfaces, most commonly within debris-covered 219 

areas and generally concentrated near glacier termini, rather than being widely distributed up-glacier as 220 

reported in Alaska (Rick et al., 2022). Glacier-contact lakes are situated at glacier termini and remain in direct 221 

contact with glacier ice. Glacier-fed non-glacier-contact lakes are no longer in direct contact with glacier ice 222 

but still receive meltwater input from upstream glaciers. (Figure S1).  223 

This classification was primarily used to identify lakes that became detached during the study period. 224 

Specifically, if a lake was classified as glacier-contact in an earlier inventory but as glacier-fed non-glacier-225 

contact in a later inventory, it was counted as a recently glacier-detached lake. For example, a lake that was 226 

glacier-contact in 1990 but glacier-fed non-glacier-contact in 2000 was identified as having detached during 227 

the 1990–2000 period. Lake–glacier connectivity was assessed from multi-temporal inventories compiled for 228 

approximately 1990, 2000, 2010, and 2023. Detachment was therefore identified at the scale of inventory 229 

intervals rather than exact years: lakes that changed from glacier-contact to glacier-fed non-glacier-contact 230 

between two inventory dates were interpreted as having detached during that interval. This approach captures 231 

persistent lake–glacier decoupling, but may not resolve short-lived or rapid connectivity changes within 232 

individual inventory intervals. Lakes that were already glacier-fed non-glacier-contact lakes in the earliest 233 

available inventory were not counted as recently glacier-detached lakes, even though some of them may have 234 

originated from earlier proglacial lakes over longer geomorphic timescales. These pre-existing non-glacier-235 

contact lakes were excluded from the quantitative analysis of detachment rates, post-detachment area change, 236 

and associated drivers, because their detachment timing, pre-detachment area, and immediate post-237 

detachment evolution could not be consistently reconstructed from the available datasets. Therefore, our 238 

inventory should be interpreted as representing recent detachment events captured between 1990 and 2023, 239 

rather than the complete population of lakes that may have detached from glaciers over longer timescales. 240 

This study partitions lakes that become detached from their parent glacier within the TPR into Himalaya 241 
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and extra-Himalayan subsets(Figure S2). For the Himalaya, glacial lake outlines for circa 1990, 2000, and 2010 242 

were obtained from the dataset provided by Zhang et al. (2023a). For the extra-Himalayan subset in circa 1990, 243 

2000, and 2010, and for the entire TPR in 2023, detached glacial lakes were automatically extracted from 244 

Landsat imagery using the deep learning framework developed by Tang et al. (2024). This framework 245 

employed a three-stage workflow: preprocessing Landsat imagery to enhance glacial lake features, predicting 246 

lake boundaries using a DeepLabv3+ model with a MobileNetV3 backbone, and refining predictions through 247 

thresholding and vectorization to create polygonal lake outlines(Tang et al., 2024).  Manual correction using 248 

high-resolution Google Earth imagery as a reference involved removing ~10% of the false positives, including 249 

misclassified glaciers, rivers, shadows, and bare land(Tang et al., 2024). High-resolution Google Earth imagery 250 

was used as supplementary evidence where coverage was available, but the classification was based primarily 251 

on the Landsat inventories to maintain consistency across the TPR. Manual correction was completed by one 252 

experienced operator and independently checked by another. Detachment timing was determined at the scale 253 

of inventory intervals rather than exact years. A lake was interpreted as having detached during a given interval 254 

if it was classified as glacier-contact in the earlier inventory and glacier-fed non-glacier-contact in the later 255 

inventory. This approach captures persistent lake–glacier decoupling, but may not resolve short-lived or rapid 256 

connectivity changes within individual inventory intervals. 257 

This study classified supraglacial, glacier-contact, and glacier-fed non-glacier-contact lakes based on their 258 

spatial relationships with glaciers. The classification was carried out through visual interpretation of multi-259 

temporal Landsat imagery to assess lake–glacier connections, rather than by delineating glacier boundaries 260 

directly. In the inventory, lakes that were not in direct contact with glaciers but still received glacier meltwater 261 

input and were located within a 10 km buffer of glacier extents were classified as glacier-fed non-glacier-262 

contact lakes. The 10 km buffer was used as a search window to identify potential glacier-related lakes and to 263 

exclude lakes unlikely to be influenced by glaciers, rather than as the sole criterion for determining whether a 264 

lake was glacier-fed. The final classification was based on visual interpretation of lake–glacier connectivity, 265 

including the spatial relationship between lakes and glacier termini and evidence of meltwater connection 266 

from multi-temporal satellite imagery. For glacier-contact lakes, direct contact between the lake margin and 267 

glacier ice or the glacier terminus was required. For glacier-fed non-glacier-contact lakes, we required clear 268 

separation from glacier ice together with geomorphic or hydrological evidence of continued meltwater 269 

connection, such as visible meltwater channels or an upstream glacierized catchment. Ambiguous cases were 270 

checked using multiple Landsat scenes from the same inventory period where available, to reduce the 271 
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influence of seasonal snow, shadows, debris-covered ice, variable water level, and transient meltwater 272 

channels. High-resolution Google Earth imagery was used as supplementary reference where coverage was 273 

available, especially for narrow glacier–lake connections and complex glacier-margin settings. However, the 274 

final classification was based primarily on Landsat inventories to maintain consistency across the full TPR and 275 

across inventory periods. 276 

This study specifically focuses on recently glacier-detached lakes, defined as lakes that were glacier-277 

contact in an earlier inventory but subsequently lost direct glacier contact and transitioned into glacier-fed 278 

non-glacier-contact lakes during the observation period. These recently glacier-detached lakes are the subject 279 

of our analysis. The recently glacier-detached glacial lakes were categorized by their dam types (moraine or 280 

bedrock) following established classifications (Emmer et al., 2020; Rick et al., 2022; Zhang et al., 2023a) (Figure 281 

S1). Importantly, ice-dammed lakes were excluded from this study to ensure consistency and reliability of 282 

datasets due to their inherent instability and complex drainage dynamics, which can lead to rapid and 283 

unpredictable changes in lake area. The dataset was compiled by an expert over the course of one year, 284 

ensuring high accuracy and consistency, and was independently reviewed by another expert for additional 285 

validation. These efforts make the glacier-detached glacial lakes dataset provide a robust foundation for 286 

subsequent statistical analyses and investigations into the dynamics, drivers, and potential consequences of 287 

glacial lake evolution in the context of climate change. The dataset was compiled by one experienced operator 288 

and independently checked by another operator to improve consistency in lake-boundary delineation and 289 

lake–glacier connectivity classification. 290 

 291 

2.3. Compilation of shrinking glacial lake inventory 292 

In this study, we systematically screened and analyzed shrinking glacial lakes to explore their shrinkage 293 

characteristics and the driving factors behind them. Based on the extracted glacial lake boundaries, the area 294 

of each glacial lake in different phases was calculated. By comparing the area of the same glacial lake between 295 

two periods, lakes showing area reduction were first identified as potential shrinking detached lakes. To reduce 296 

the influence of seasonal fluctuations and image-related delineation errors, we introduced an area-change 297 

threshold of 0.0054 km2  (Wang et al., 2020).  This threshold corresponds to the typical inter-annual variability 298 

in glacial lake area measurements observed using Landsat imagery, accounting for image resolution (30 m) 299 

and the inherent delineation uncertainty. It effectively distinguishes long-term lake area changes from short-300 

term noise or seasonal effects. Lakes with 𝛥𝐴 ≤ 0.0054 km²  were treated as having no robust area change, 301 
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whereas lakes with area reduction exceeding this threshold were retained as candidate shrinking lakes. 302 

Candidate lakes were further verified by side-by-side visual inspection of co-registered and color-enhanced 303 

multi-temporal Landsat imagery displayed at the same spatial scale. Only lakes showing persistent and visually 304 

clear area reduction were recorded as confirmed shrinking lakes. Those without persistent shrinkage were 305 

removed from the shrinking inventory and assigned to the non-shrinking group for subsequent statistical 306 

analyses. Lakes affected by documented GLOF events were excluded prior to the area-change analysis using 307 

the GLOF dataset(Shrestha et al., 2023). 308 

For each confirmed shrinking glacial lake, several key attributes were recorded: a unique identifier (ID), 309 

longitude and latitude, detachment period, dam type, lake distribution region, pre-detachment area (A₁), area 310 

shrinkage ratio (ω), and median surrounding slope. Detachment periods were determined from multi-311 

temporal Landsat imagery. Dam type (moraine or bedrock) was identified via visual interpretation of high-312 

resolution Google Earth imagery, combined with DEM data. The MERIT DEM is a hydrologically conditioned 313 

and bias-reduced global elevation dataset representing terrain around 2000 at 3 arc-second (~90 m) 314 

resolution (http://hydro.iis.u-tokyo.ac.jp/~yamadai/MERIT_DEM) (Yamazaki et al., 2017). We used MERIT DEM 315 

because it provides spatially consistent, void-filled, and bias-reduced topographic information across the 316 

entire TPR, which is important for regional-scale comparisons among thousands of lakes. Glacial lakes were 317 

assigned to subregions based on the Randolph Glacier Inventory (RGI 7.0 Consortium, 2023). Pre-detachment 318 

area (A₁) represents the represents the lake area during the proglacial stage, immediately prior to detachment. 319 

Area shrinkage was calculated as ΔA = A₁–A₂, where A₁ is the pre-detachment area and A₂ is the post-320 

detachment area. The area shrinkage ratio (ω) was then calculated as ω = (ΔA/A₁) × 100%. 321 

To further quantify the relative level of shrinkage, confirmed shrinking detached lakes were categorized 322 

into four levels based on ω: Level 0 (< 5%, minimal change); Level 1 (5%–25%, mild shrinkage); Level 2 (25%–323 

50%, moderate shrinkage); and Level 3 (≥ 50%, extreme shrinkage). Median terrain slope around each lake, 324 

derived from the MERIT DEM (http://hydro.iis.u-tokyo.ac.jp/~yamadai/MERIT_DEM), was also calculated as a 325 

potential factor influencing lake stability and shrinkage processes.  326 

 327 

2.4. Statistical analysis of potential drivers of lake shrinkage 328 

To assess potential drivers of lake shrinkage, we used the lake area dataset compiled as described above, in 329 

which lake boundaries were delineated from multi-temporal Landsat imagery and shrinkage was quantified 330 

as the difference between pre- and post-detachment areas. Recently detached lakes were classified as either 331 

http://hydro.iis.u-tokyo.ac.jp/~yamadai/MERIT_DEM
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shrinking or non-shrinking. The study period (1990–2023) was divided into three decadal periods: 1990–2000 332 

(Period 1), 2000‒2010 (Period 2), and 2010–2023 (Period 3). Monthly temperature and precipitation data were 333 

obtained from the Third Pole Meteorological Forcing Dataset (TPMFD, 334 

https://doi.org/10.11888/Atmos.tpdc.300398.) and the Third Pole High-resolution Precipitation dataset 335 

(TPHiPr, https://doi.org/10.11888/Atmos.tpdc.272763) respectively, spanning 1990–2020 to assess potential 336 

climatic drivers of lake area change (Jiang et al., 2023) . Linear trend analysis was employed to evaluate 337 

temperature and precipitation changes. Linear trends in temperature and precipitation time series for each 338 

lake were determined using least squares regression. Resulting slopes represent the rate of change, with 339 

associated p-values indicating statistical significance. Annual mean temperature and precipitation were 340 

calculated by averaging monthly data. Interannual variability was quantified as the difference between 341 

consecutive years for both temperature and precipitation. 342 

Long-term glacier mass balance from Hugonnet et al. (2021) for the period 2000-2020 was used to 343 

quantify the water contribution of glacier mass loss to the recently detached lakes. Glacier mass-balance 344 

data for glaciers feeding shrinking and non-shrinking lakes were extracted and analyzed separately. 345 

Comparisons of glacier mass balance between these two groups were conducted to explore the relationship 346 

between lake-area change and glacier mass balance. 347 

The sedimentation process of glacier-contact lakes was quantified according to three main components 348 

identified by Steffen et al. (2022): abrasion, proglacial erosion, and headwall erosion. Subglacial abrasion, 349 

driven by the interaction between basal ice and bedrock, results in the smoothing and grinding of the 350 

underlying bedrock. Increased ice thickness enhances basal pressure and frictional forces, while steeper 351 

slopes generally correlate with higher ice flow velocities, promoting sediment-bedrock interaction and thus 352 

increased abrasion. Following Steffen et al. (2022), we estimated a glacier-specific subglacial abrasion index 353 

as the product of normalized glacier thickness (Millan et al., 2022) and local slope: 354 𝑆𝐴𝐼 = ( ℎ − ℎ𝑚𝑖𝑛ℎ𝑚𝑎𝑥 − ℎ𝑚𝑖𝑛) × ( 𝛼 − 𝑆𝑚𝑖𝑛𝑆𝑚𝑎𝑥 − 𝑆𝑚𝑖𝑛) 
(1) 

where, 𝑆𝐴𝐼 is the subglacial abrasion index; 𝑇 is the local glacier thickness(Millan et al., 2022); ℎ𝑚𝑖𝑛 and ℎ𝑚𝑎𝑥 355 

are the minimum and maximum glacier thickness values used for normalization; 𝑆 is the slope derived from 356 

the MERITDEM; 𝑆𝑚𝑖𝑛 and 𝑆𝑚𝑎𝑥 are the minimum and maximum slope values used for normalization. Both 357 

thickness and slope are normalized to a 0‒1 scale. Higher 𝑆𝐴𝐼 indicates more intense subglacial abrasion. 358 

Proglacial erosion refers to erosive processes occurring within the deglaciated zone. In this study, the 359 

https://doi.org/10.11888/Atmos.tpdc.300398.
https://doi.org/10.11888/Atmos.tpdc.272763
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deglaciated zone was operationally defined using a circular buffer approach to normalize glaciers of different 360 

shapes. This zone is defined as the non-glaciated area within a specified buffer radius of both the glacier and 361 

its associated lake, delineated by the intersection of these two buffer zones. This intersection serves to isolate 362 

the deglaciated area immediately surrounding the lake, excluding distal deglaciated regions not directly 363 

influenced by the lake. Glacier area (𝐴𝑔) and thickness (ℎ) were referenced to the year 2000 (consistent with 364 

the MERIT DEM and Millan et al.(Millan et al., 2022)), and the temporal expansion of the proglacial zone during 365 

1990–2023 was approximated using the thinning rate (𝑑ℎ𝑑𝑡). The buffer radius, which accounts for potential 366 

expansion due to glacier thinning over the study period, was calculated as follows: 367 

 368 

𝑅𝑝𝑟𝑜𝑔𝑙𝑎𝑐𝑖𝑎𝑙 = 𝑅𝑔 × (ℎ + 𝑑ℎ𝑑𝑡 ∗ 𝑁）ℎ  

(2) 

 369 

𝑅𝑔 = √𝐴𝑔𝜋  

(3) 

where, 𝑅𝑝𝑟𝑜𝑔𝑙𝑎𝑐𝑖𝑎𝑙 is the radius of the proglacial area. 𝑅𝑔 is the glacier radius. ℎ is the glacier thickness. 𝑑ℎ/𝑑𝑡 is 370 

the annual average elevation change. 𝑁 is the number of years in the study period. 𝐴𝑔 is the glacier area. 𝜋 is 371 

the mathematical constant pi. This formulation of 𝑅𝑝𝑟𝑜𝑔𝑙𝑎𝑐𝑖𝑎𝑙  accounts for the potential expansion of the 372 

proglacial area due to glacier thinning (𝛥𝐸) over the study period (𝑁). This equivalent-radius formulation 373 

provides a standardized approximation for irregular glacier geometries and ensures comparability across 374 

thousands of lakes. 375 

The circular buffer is an approximation that enables consistent comparison across a large regional dataset. 376 

It does not fully reproduce irregular glacier outlines, valley confinement, drainage routing, or local moraine 377 

and headwall morphology. The resulting proglacial and headwall zones should be interpreted as 378 

standardized zones of potential influence rather than exact geomorphic process domains. 379 𝑃𝐸𝐼  was developed to quantify the erosive potential within the deglaciated zone. This index was 380 

calculated as the product of the normalized deglaciated area and the normalized slope within that zone, both 381 

derived from a DEM. Steeper slopes and larger deglaciated areas generally correlate with increased meltwater 382 

flow, greater glacier-bedrock contact, and enhanced erosive potential. Higher 𝑃𝐸𝐼  values indicate higher 383 

potential for proglacial erosion. 384 

 385 
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𝑃𝐸𝐼 = ( 𝐴 − 𝐴𝑚𝑖𝑛𝐴𝑚𝑎𝑥 − 𝐴𝑚𝑖𝑛) × ( 𝑆 − 𝑆𝑚𝑖𝑛𝑆𝑚𝑎𝑥 − 𝑆𝑚𝑖𝑛) 
(4) 

where, 𝑃𝐸𝐼  is the proglacial erosion index;  𝐴  is the area of the deglaciated zone; 𝐴𝑚𝑖𝑛 and 𝐴𝑚𝑎𝑥 are the 386 

minimum and maximum area used for normalization; 𝑆 is the mean slope of the deglaciated zone. 𝑆𝑚𝑖𝑛 and 387 𝑆𝑚𝑎𝑥 are the minimum and maximum slopes used for normalization. Both area and slope are normalized to a 388 

0-1 scale.  389 

Headwall erosion refers to processes occurring within the non-glaciated area above the median elevation 390 

and within a specified buffer radius upslope of the glacier feeding the associated glacier-contact lake. For 391 

consistency, this buffer radius (𝑅ℎ𝑒𝑎𝑑𝑤𝑎𝑙𝑙) was set equal to the proglacial radius (𝑅𝑝𝑟𝑜𝑔𝑙𝑎𝑐𝑖𝑎𝑙 ), providing a 392 

standardized scale of influence for both upslope (headwall) and downslope (proglacial) processes. Headwall 393 

zones were delineated from non-glaciated terrain upslope of the glacier-lake system, using the same temporal 394 

reference (1990–2023).  395 

        A headwall erosion index (𝐻𝐸𝐼) was calculated to quantify the potential for erosive processes within the 396 

cirque headwall. This index is defined as the product of the normalized headwall area and the square of the 397 

normalized headwall slope, acknowledging the potentially non-linear influence of slope on erosion processes. 398 

Higher 𝐻𝐸𝐼 indicates a greater potential for headwall erosion. 399 𝐻𝐸𝐼 = ( 𝐴ℎ − 𝐴𝑚𝑖𝑛𝐴𝑚𝑎𝑥 − 𝐴𝑚𝑖𝑛) × ( 𝑆ℎ − 𝑆𝑚𝑖𝑛𝑆𝑚𝑎𝑥 − 𝑆𝑚𝑖𝑛)2
 

(5) 

where, 𝐴ℎ  is the headwall area; 𝐴𝑚𝑖𝑛 and 𝐴𝑚𝑎𝑥  are the minimum and maximum headwall areas used for 400 

normalization; 𝑆ℎ is the mean slope of the cirque wall; 𝑆𝑚𝑖𝑛 and 𝑆𝑚𝑎𝑥 are the minimum and maximum slopes 401 

used for normalization.  402 

Because SAI, PEI, and HEI are normalized indices, they provide dimensionless measures of relative erosional 403 

or sediment-supply potential and should not be interpreted as direct estimates of sediment flux, erosion 404 

rate, or deposited sediment volume. Their value lies in comparing relative conditions among shrinking and 405 

non-shrinking lakes at regional scale. And the process attribution at individual lakes requires bathymetry, 406 

sediment budgets, or field-based measurements. 407 

 408 

2.5. Mann-Whitney U test 409 

This study uses the nonparametric statistical method Mann-Whitney U test, also known as Wilcoxon rank sum 410 

test (Dronova et al., 2021; Mann and Whitney, 1947; Wilcoxon, 1992), to evaluate the distribution differences 411 

between shrinking and non-shrinking glacial lakes in terms of temperature change, precipitation change, 412 
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glacial mass balance, and sedimentation process. This method combines and sorts the two sets of data, 413 

calculates the rank sum of each sample in the combined data, obtains the rank sum of each group of samples, 414 

and then obtains the U statistic, which reflects the difference in the distribution position of the two groups of 415 

samples.  416 

 417 𝑈 = min(𝑅1 − 𝑛1(𝑛1 + 1)2 , 𝑅2 − 𝑛2(𝑛2 + 1)2 ) 
(6) 

where 𝑛1 and 𝑛2 are the sample sizes of the two groups of samples, 𝑅1 and 𝑅2 are the sum of the ranks of the 418 

corresponding groups. 419 

The p-value was calculated based on the U statistic for hypothesis testing. The p-value represents the 420 

probability of observing the current data or more extreme data under the premise that the null hypothesis 421 

(that is, there is no difference in the corresponding characteristics of the two groups of glacial lakes) is 422 

established. If the p-value is less than the significance level (usually 0.05), it can be considered that the two 423 

groups of data have significant differences, otherwise it is considered that the two groups of data come from 424 

the same distribution. This method does not depend on the specific distribution of the data, so it has 425 

important applications when dealing with small sample sizes or uneven data distribution. 426 

The Mann-Whitney U test evaluates whether individual variables differ between shrinking and non-427 

shrinking groups, but it does not establish causality or account for interactions among drivers. We therefore 428 

interpret significant differences as statistical associations and use them as evidence for plausible 429 

mechanisms. 430 

 431 

𝑧 = 𝑈 − 𝑛1𝑛22√𝑛1𝑛2(𝑛1 + 𝑛2 + 1)12  

(7) 

 432 𝑝 = 2 × 𝑃(𝑍 > |𝑧|) (8) 

where 𝑃(𝑍 > |𝑧|) represents the probability of observing a 𝑍-score greater than 𝑍 in magnitude under the 433 

standard normal distribution. 434 

 435 

2.6. Estimation of water-volume changes in recently glacier-detached lakes 436 

To quantify water-volume changes associated with the post-detachment evolution of glacial lakes, we 437 

converted lake area to volume using an empirical area–volume scaling relationship. Because direct 438 
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bathymetric measurements of glacial lakes remain sparse across the TPR, we compiled 140 published 439 

bathymetric measurements from glacial lakes in TPR, including lake area, measured volume, dam type, lake–440 

glacier connection status, survey year and data source (Table S4). Because the bathymetric dataset is 441 

dominated by moraine-dammed lakes and contains only one bedrock-dammed lake, the available 442 

measurements were pooled to fit a single TPR-wide area–volume relationship. Separate dam-type-specific 443 

relationships were not fitted due to the insufficient number of bedrock-dammed lake measurements. 444 

Following the power-law form used in previous Himalayan glacial lake studies(Zhang et al., 2023a), we 445 

fitted an empirical relationship between measured lake area and volume(Figure S3): 446 𝑉 = 42.57𝐴1.414
 (9) 

where 𝑉 represents the lake volume (106 m³) and 𝐴 represents the lake area (km²). The fitted parameters, 447 

model performance statistics are provided in Table S2.  448 

In this study, recently glacier-detached lake, its area 𝐴1 before detachment from the glacier and its area 449 𝐴2 after detachment from the glacier are obtained, and the corresponding volumes 𝑉1 and 𝑉2 are calculated 450 

by substituting them into the above empirical formulas. The net volume lost is expressed as: 451 𝛥𝑉 = 𝑉1 − 𝑉2 (10) 

where 𝛥𝑉 is the net water-volume change after lake detachment (106 m³). The total net water-volume change 452 

of recently glacier-detached lakes was obtained by summing 𝛥𝑉 across all identified recently detached lakes. 453 

 454 

2.7. Glacier runoff volume estimation 455 

To estimate glacier runoff volume for 808 glaciers that feed 882 recently detached lakes, we used dynamic 456 

simulations from GloGEM (Global Glacier Evolution Model; Huss and Hock (2015)) updated to the most 457 

recent input data (Zekollari et al., 2024). The model accounts for snow accumulation, snow and ice melt, 458 

and glacier-geometry change for individual glaciers throughout the TPR. Results are calibrated to observed 459 

ice-volume change (Hugonnet et al., 2021), and future simulations are driven by a range of global circulation 460 

models and emission scenarios based on CMIP6. The model outputs monthly glacier runoff (m w.e.) for each 461 

glacier (identified by its RGIv6.0 ID) from 1990 to 2100. Due to randomly generated sub-monthly 462 

temperature variability (Huss and Hock, 2015), glacier runoff values for 1990-2020 may differ slightly among 463 

scenarios even though consistent monthly reanalysis forcing is used. Runoff values are referenced to the 464 

initial glacier surface area at the inventory date, with the contributing catchment assumed to be fully 465 

glacierized. Subsequent runoff originates from both the retreating glacier surface and the emerging 466 
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proglacial area. 467 

To convert the runoff values into volumetric units (km³), we multiplied the monthly runoff (m w.e.) by the 468 

corresponding initial glacier area (km²) for each glacier: 469 

 470 𝐺𝑅𝑉𝑖,𝑡 = 𝐺𝑅𝑖,𝑡 ∗ 𝐴𝑖 (11) 

where 𝐺𝑅𝑉𝑖,𝑡 is the glacier runoff volume (km³) for glacier 𝑖 at time 𝑡, 𝐺𝑅𝑖,𝑡 is the glacier runoff (m w.e.), and 471 𝐴𝑖 is the initial glacier area (km²). 𝑖 is the RGI glacier ID and 𝑡 is the time step (month). 472 

Modeled glacier runoff is treated as a proxy for potential meltwater supply from the upstream glacier 473 

rather than as a direct measure of lake inflow. The fraction of runoff that ultimately contributes to lake storage 474 

may be modified by hydrological routing changes following detachment, infiltration through moraines or 475 

proglacial sediments, evaporation, temporary storage, and diversion of flow away from the lake. Therefore, 476 

runoff trends are used to provide hydrological context for lake evolution rather than to infer direct lake inflow 477 

or lake water balance. 478 

 479 

2.8. Uncertainties 480 

The uncertainty of the area of a single detached glacial lake was estimated based on the potential boundary 481 

offset of ±0.5 pixels during manual delineation. Following previous studies, the absolute area uncertainty was 482 

calculated using the lake perimeter and image resolution as (Zhang et al., 2023a): 483 

 484 𝜕𝐴𝑖 = 𝑃𝑖 ∗ 𝐺2 
(12) 

where 𝜕𝐴𝑖 is the area uncertainty of lake 𝑖, 𝑃𝑖 is its perimeter, and 𝐺 is the spatial resolution of the Landsat 485 

image (30 m). This approach assumes that boundary uncertainty is concentrated within half a pixel width 486 

along the entire lake perimeter. 487 

To estimate the cumulative uncertainty for all recently detached lakes, error propagation was applied 488 

following Wang et al. (2020): 489 

 490 

𝐸𝑇 = √∑ 𝜕𝐴𝑖2𝑛
𝑖=1  

(13) 

where 𝐸𝑇 is the total area uncertainty across 𝑛 recently detached lakes. 491 

Uncertainty in lake-volume estimates was further quantified by propagating the uncertainty of the empirical 492 
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area–volume relationship. Because the relationship 𝑉 = 𝑐𝐴𝑏  was calibrated from a finite bathymetric dataset, 493 

both the coefficient 𝑐 and exponent 𝑏 are uncertain. We used 5000 paired bootstrap resamples of the 140 494 

bathymetric measurements to quantify this uncertainty. For each bootstrap realization 𝑐 , the bathymetric 495 

dataset was resampled with replacement, the power-law relationship was refitted, and a new pair of 496 

parameters (𝑐𝑘 , 𝑏𝑘) was obtained. Lake volumes before and after detachment were then recalculated as: 497 𝑉1,𝑖𝑘 = 𝑐𝑘𝐴1,𝑖𝑏𝑘
 498 𝑉2,𝑖𝑘 = 𝑐𝑘𝐴2,𝑖𝑏𝑘
 499 

where 𝐴1,𝑖 and  𝐴2,𝑖  are the pre- and post-detachment areas of lake  𝑖 , respectively. The bootstrap-based 500 

volume change of each lake was calculated as: 501 𝛥𝑉𝑖𝑘 = 𝑉1,𝑖𝑘 − 𝑉2,𝑖𝑘
 502 

and the total net water-volume change across all recently detached lakes was calculated for each bootstrap 503 

realization as: 504 

 505 

𝛥𝑉𝑇𝑘 = ∑ 𝛥𝑉𝑇𝑘𝑛
𝑖=1  506 

where 𝑛 is the number of recently glacier-detached lakes included in the volume-change calculation. The 2.5th 507 

and 97.5th percentiles of the 5000 bootstrap-derived 𝛥𝑉𝑇𝑘 values were used as the 95% confidence interval of 508 

the total net water-volume change. Predicted volumes and uncertainty ranges for the bathymetric calibration 509 

lakes are reported in Table S3. 510 

Beyond boundary delineation errors, uncertainty may also arise from the construction of the recently 511 

detached lake inventory. In this study, manual correction was mainly used as a quality-control step after 512 

automatic extraction, including the removal of false positives such as misclassified glaciers, rivers, shadows, 513 

and bare land, as well as the correction of lake boundaries in complex areas such as glacier margins, shadowed 514 

regions, or poorly delineated shorelines. High-resolution Google Earth imagery was used as supplementary 515 

reference where coverage was available, but lake-boundary delineation and lake–glacier connectivity 516 

classification were primarily based on the Landsat inventories to maintain consistency across the TPR. Manual 517 

correction and connectivity classification were completed by one experienced operator and independently 518 

checked by another. Multi-temporal imagery, seasonal water-level fluctuations, and mixed pixels near 519 

shorelines may also affect lake-area measurements, although these effects were partly mitigated by applying 520 

an area-change threshold. The decadal to multi-decadal temporal resolution of the lake inventories introduces 521 
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uncertainty in the identification and timing of lake detachment. Our approach is designed to capture 522 

persistent changes in lake–glacier connectivity between inventory periods, but short-lived detachment events, 523 

temporary reconnections, rapid connectivity changes, and changes related to seasonal water-level 524 

fluctuations, snow/ice cover, or transient drainage may not be fully resolved. The reported detachment timing 525 

should therefore be interpreted at the scale of inventory intervals rather than as an exact year of detachment. 526 

Although this limitation may lead to an underestimation of short-lived detachment events, it is unlikely to 527 

alter the main regional patterns of persistent glacier–lake decoupling identified across the TPR. 528 

This study integrates datasets with different spatial and temporal resolutions, including 30 m Landsat 529 

imagery, the ~90 m MERIT DEM, gridded climate products, geodetic glacier mass-balance estimates, and 530 

GloGEM runoff simulations. These scale mismatches may introduce uncertainty when linking lake-area change 531 

to climatic, glaciological, hydrological, and geomorphic drivers, particularly for individual lakes. Because our 532 

analyses focus on regional-scale contrasts between shrinking and non-shrinking recently detached lakes, the 533 

results should be interpreted as group-level statistical associations rather than site-specific process estimates. 534 

Driver variables also carry uncertainties: glacier thickness and elevation-change products affect estimates of 535 

subglacial abrasion and proglacial radius. DEM errors influence slope and headwall indices, and regional 536 

climate and glacier mass-balance datasets may not fully capture basin-scale variability. Volume estimates 537 

derived from empirical area–volume scaling should be regarded as first-order approximations, since 538 

sedimentation may decouple area and volume changes, and moraine-dammed versus bedrock-dammed lakes 539 

may differ systematically in depth. Overall, these uncertainties do not alter the regional-scale patterns revealed 540 

in this study but warrant caution when interpreting estimates for individual lakes. 541 

 542 

3. Results 543 

3.1. Widespread distribution and regional heterogeneity of recently glacier-detached lakes  544 

A comprehensive inventory of glacial lakes across the TPR was compiled based on multi-temporal Landsat 545 

imagery (1990–2023), integrating automated extraction using a deep learning framework with manual 546 

refinement (Tang et al., 2024). Dam types were classified using high-resolution Google Earth imagery and 547 

digital elevation models (DEMs), and detachment status was determined based on temporal changes in 548 

glacier-lake connectivity. The TPR contained 3,024 glacier-contact lakes with a total area of ~281.0 km² in 549 

2023. The majority (75.9%) were moraine-dammed lakes (2,295 lakes, ~257.4 km²), while the remaining (24.1%) 550 

were bedrock-dammed lakes (729 lakes, ~23.6 km²) (Figure S4a). Detachment is a prominent glacial lake type 551 
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transformation, alongside transitions from supraglacial to glacier-contact lakes and from detached to non-552 

glacier-fed lakes (Figure S4b). 553 

In total, 882 recently detached lakes were identified across the TPR between 1990 and 2023, with their 554 

spatial distribution and dam type of recently detached lakes exhibit significant regional heterogeneity (Figure 555 

2). From 1990 to 2023, 882 recently detached lakes developed primarily in Central Tibet (163 lakes), Western 556 

Tianshan (156 lakes) and Eastern Tianshan (155 lakes). Moraine-dammed detached lakes (675 lakes) 557 

significantly outnumbered bedrock-dammed detached lakes (207 lakes). Western Tianshan showed the 558 

highest number of moraine-dammed detached lakes (121 lakes), as glaciers in this region are predominantly 559 

valley glaciers with abundant unconsolidated moraine deposits at their termini. Following glacier retreat, these 560 

deposits readily formed moraine-dammed lakes; while Central Tibet displayed the highest number of 561 

bedrock-dammed detached lakes (44 lakes), as the region is characterized by extensive plateau topography 562 

and relatively limited moraine deposition at glacier termini. Recently detached lakes develop from glacier-563 

contact lakes detaching from the parent glacier (Figure 1a), and three distinct area change patterns following 564 

detachment were identified (Figure 1b‒d): shrinkage, stability, and expansion.  565 

 566 

Figure 2. Spatial distribution and dam type of all recently glacier-detached lakes. The shade of the 567 

circle (from red to blue) represents the area of the lakes; the size of the blue circle represents the number of 568 

the lakes. Pie charts show the proportion of moraine-dammed (blue) and bedrock-dammed (red) lakes; N 569 

represents the number of the lakes. Red stars represent the locations of the lakes shown in Figure 1a, 1b and 570 
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1c.  ES: Eastern Tien Shan, WS: Western Tien Shan, PM: Pamir, HA: Hissar Alay, HK: Hindu Kush, WL: Western 571 

Kun Lun, EL: Eastern Kun Lun, QS: Qilian Shan, ST: Southern and Eastern Tibet, HS: Hengduan Shan, EH: 572 

Eastern Himalaya, CH: Central Himalaya, WH: Western Himalaya. 573 

 574 

3.2. The detachment rate of glacier-contact lakes has accelerated significantly since 1990 575 

Detachment dynamics were assessed by tracking changes in glacier-lake connectivity using a multi-temporal 576 

inventory of glacier-contact lakes derived from Landsat imagery (1990–2023). Detachment was defined as the 577 

loss of direct contact between a glacier-contact lake and its parent glacier. From 1990 to 2023, the number of 578 

glacial lakes detached from their parent glaciers showed an accelerated growth, increasing from 121 in 1990–579 

2000 (accounting for 7.2% of glacier-contact lakes in 1990, departure at a rate of +12.1 lakes/yr) to 587 in 580 

2010–2023 (accounting for 25.6% of glacier-contact lakes in 2010, +45.2 lakes/yr) (Figure 3a).  581 

There are differences in the spatial distribution of this increase. The Western Tianshan, Eastern Tianshan, 582 

Inner Tibet and Eastern Himalaya regions show the largest net increases between the two periods, with 583 

increases of 110, 68, 65 and 40 additional recently detached lakes respectively. The total area of recently 584 

detached lakes also exhibited a similar trend (Figure 3b), increasing from ~8.2 km² in 1990–2000 to ~24.7 km² 585 

in 2010‒2023, indicating that the cumulative area of newly detached glacial lakes has doubled. Moraine-586 

dammed lakes dominate the recently detached lake population, while the number of bedrock-dammed lakes 587 

has also increased over time (Figure 3). As glaciers further retreat up-valley, detached glacier-contact lakes 588 

may further develop to become devoid of any glacier influence if they are located in marginal basins that 589 

become disconnected from the main valley and thus the glacial stream. From 1990 to 2023, a total of 513 590 

(~21.8 km2, 3% of all detached glacier lakes) recently detached lakes transformed into non-glacier fed lakes, 591 

and this transformation is also accelerating from ~5/yr (0.2 km2/yr) in 1990–2000 to ~19/yr (0.7 km2/yr) in 592 

2010–2023 (Figure S5). 593 
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 595 

Figure 3. Number and area of glacier-contact lakes experiencing detachment from their parent glaciers 596 

in different periods. a) The number of the lakes experiencing detachment across different periods. The x-597 

axis represents time (year), and the y-axis represents the number of the lakes. Blue bars indicate moraine-598 

dammed lakes, while red bars indicate bedrock-dammed lakes. Points of different colors represent the spatial 599 

distribution of the lakes across different periods: blue points correspond to lakes detached during 1990–2000, 600 

green points to 2000–2010, and red points to 2010–2023. The number change (N2023–N1990) is illustrated by 601 

bars of varying lengths. The number change acceleration ((N2023–N010)–(N2000–N1990)) is represented by varying 602 

shades of the gray background. b) The area of the lakes during different periods. Each ring represents a time 603 

period, with colored segments showing the proportion of the lake area (km²) contributed by each dam type. 604 

Segment lengths reflect the ratio to the total area across all periods. The area change (A2023–A1990) is 605 

represented by varying shades of the gray background, while the area change acceleration ((A2023–A2010)–606 
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(A2000–A1990)) is depicted by gray circles of different sizes. 607 

 608 

3.3. Recently detached lakes shrink despite concurrent increases in glacier runoff 609 

To evaluate post-detachment lake dynamics, we quantified area and estimated volume changes for 882 610 

recently detached lakes before and after detachment. Lake extents were extracted from multi-temporal 611 

Landsat imagery, and volume changes were derived using an empirical volume–area scaling relationship. 612 

Lakes were further categorized by dam type (moraine or bedrock) to assess differences in shrinkage 613 

behavior. Glacier runoff volume were analyzed based on simulations from the Global glacier evolution 614 

model (Huss and Hock, 2015; Zekollari et al., 2024). 615 

Overall, the total area of the 882 recently detached lakes decreased from 45.1±0.02 to 42.6±0.02 km², 616 

resulting in a volume loss of ~0.04 gigatonnes (Gt). The most significant shrinkage occurred in the regions of 617 

W Tien Shan (about 1.2 km², 20.6%), E Tien Shan (0.4 km², 8.6%), and S and E Tibet (0.3 km², 10.1%) (Figure 4a 618 

and Figure S6). However, four sub-regions showed further expansion after detachment, including W Himalaya 619 

(about 0.2 km²), Hissar Alay (0.1 km²), Hengduan Shan (0.1 km²), and Hindu Kush (0.1 km²). Moraine-dammed 620 

lakes (~3.9 km²) experienced greater absolute area loss than bedrock-dammed lakes (~0.9 km²) following 621 

detachment, whereas bedrock-dammed lakes (–40.2%) exhibited greater relative shrinkage than moraine-622 

dammed lakes (–23.3%) (Figure 4b). Area shrinkage was observed in 156 detached glacial lakes, with shrinkage 623 

rates ranging from 2.1% to 100% (complete disappearance). 41 recently detached lakes exhibited shrinkage 624 

exceeding 50%; of these, 34 were dammed by moraines, with the largest shrinking moraine-dammed lake 625 

located in the eastern Tien Shan (0.1 km2, 62%). Complete disappearance was documented in eight lakes, 63% 626 

of which were moraine-dammed, and 50% of which were in the Tien Shan region (Table S4 and Figure  S7). 627 

From 1990 to 2023, annual glacier runoff volume increased significantly under all three scenarios, with an 628 

average annual increase of ~0.02 Gt/yr (SSP1-2.6, R² = 0.18, p < 0.05; SSP2-4.5, R² = 0.31, p < 0.001; SSP5-8.5, 629 

R² = 0.27, p < 0.01). The corresponding total increases over the same period were approximately 0.5, 0.4, and 630 

0.2 Gt, respectively (Figure 4c). These runoff simulations indicate an increase in potential glacier-derived 631 

meltwater supply during these periods (Huss and Hock, 2018; Rounce et al., 2023).However, modeled runoff 632 

should not be interpreted as a direct measure of lake inflow or lake water balance, because the fraction of 633 

runoff reaching detached lakes may be modified by hydrological routing changes following detachment, 634 

infiltration through moraines or proglacial sediments, evaporation, temporary storage, and diversion of flow 635 

away from the lake. 636 
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 638 

Figure 4. Area changes of recently glacier-detached lakes following detachment and trends in modelled 639 

annual glacier runoff volume from 1990 to 2023. a) Bar charts illustrate the area changes of recently 640 

glacier-detached lakes after detachment. Orange indicates shrinkage in area, while green represents 641 

expanding. b) Regional area change ratios of recently glacier-detached lakes by dam type. The horizontal axis 642 

shows the relative area change, and the vertical axis represents the kernel density. The left panel shows 643 

moraine lakes, while the right panel shows bedrock lakes. The kernel density curve illustrates the probability 644 

of distribution of lake area changes ratios before and after detachment, with the curve height reflecting the 645 

relative frequency of lakes falling within a given range of shrinkage. c) Modelled annual glacier runoff volume 646 

Trends from 1990 to 2023, the red curve is the fitting, and the shadow is the 95% confidence interval.  647 

 648 
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3.4. Higher proglacial erosion potential is associated with lake shrinkage despite increasing modeled 649 

runoff 650 

Statistical comparisons were conducted between shrinking and non-shrinking recently detached lakes based 651 

on six glaciological and environmental variables, using the Mann–Whitney U test. Variables included 652 

temperature and precipitation change, glacier mass balance, proglacial erosion, headwall erosion, and 653 

glacier abrasion, with glacier abrasion here used only as a rough proxy for the potential production of 654 

subglacial sediments. Erosion indices were estimated from glacier slope, ice thickness, and local topographic 655 

conditions, while climate and glacier mass balance variables were extracted from regional datasets (see 656 

Methods).  657 

The results revealed a significant difference in proglacial erosion potential between shrinking and non-658 

shrinking lakes (p < 0.05; Figure 5a-b). The distributions of proglacial erosion potential and proglacial area 659 

were generally larger for shrinking lakes. The median proglacial erosion potential for shrinking lakes was 1.7 660 

times greater, and the median proglacial area was 1.5 times greater than for non-shrinking lakes. Visual 661 

analysis of Cawuquden Co and Poiqu No. 2 shows expansion of exposed proglacial areas and sediment 662 

deposits along the lake margins, consistent with sediment delivery into the lakes and lake-area reduction 663 

(Figure 5c-f). Although the mean difference in the subglacial abrasion index was not significant, shrinking 664 

lakes tended to occur in areas with higher abrasion potential (Figure S8a). In contrast, temperature change 665 

(p = 0.90), precipitation change (p = 0.87), glacier mass balance (p = 0.23), and headwall erosion (p = 0.078) 666 

did not differ significantly between shrinking and non-shrinking lakes in the single-factor Mann–Whitney U 667 

tests (Figures S8–S10). However, this lack of statistical significance should not be interpreted as evidence 668 

that these factors have no influence on lake shrinkage. It only indicates that direct distributional differences 669 

in these factors between the two lake groups could not be detected in our current regional-scale, single-670 

factor analysis. 671 
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 672 

Figure 5. Comparison of shrinking and non-shrinking recently glacier-detached lakes based on proglacial 673 

erosion proxies and representative lake examples. a) Dimensionless normalized proglacial erosion index 674 

for shrinking and non-shrinking lakes. b) Proglacial area for shrinking and non-shrinking lakes. c) Typical 675 

recently glacier-detached lake shrinkage at Cawuquden Co; dashed lines indicate lake and sediment 676 

boundaries interpreted from imagery. d) Poiqu No. 2 recently glacier-detached lake; yellow arrow indicates 677 
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visible sediment/depositional area. e–f) Original Landsat scenes used in the analysis for Cawuquden Co and 678 

Poiqu No. 2, respectively. 679 

 680 

3.5. Future expansion of proglacial zones signals a regime shift in lake evolution 681 

Glacier runoff volume and proglacial area were analyzed based on simulations from the Global glacier 682 

evolution model (Huss and Hock, 2015; Zekollari et al., 2024). The model dynamically simulates glacier mass 683 

balance, retreat, and associated runoff for individual glaciers under CMIP6-based climate scenarios. It was 684 

calibrated using observed glacier volume changes (Hugonnet et al., 2021), and applied to 808 glaciers 685 

supplying 882 recently detached lakes. Proglacial areas were derived from the simulated retreat of glacier 686 

extents over time. Further methodological details are provided in the Methods section. As the glaciers 687 

continue to retreat, modelled annual glacier runoff volume generally shows a shift from increase to decrease 688 

in 1990–2100 (Figure 6a).  689 

In the future, glacier runoff volume is projected to peak in 2035 (SSP1-2.6), 2057 (SSP2-4.5), and 2060 690 

(SSP5-8.5), followed by a decline. The average annual decrease after the peak is approximately -0.01 Gt, with 691 

R² values of 0.53, 0.29, and 0.32 respectively (all p < 0.001; Figure 6a), indicating a gradual weakening in the 692 

ability of glaciers to replenish lakes. Thus, while reductions in glacial water supply are not the primary 693 

explanation for observed lake shrinkage, changes in glacier runoff remain an important background factor 694 

that interacts with geomorphic processes such as proglacial erosion and sedimentation. 695 

At the same time, the proglacial area exposed by retreating glaciers continues to expand, which may 696 

play an increasingly important role in shaping future changes in glacial lake area(Bosson et al., 2023)  . The 697 

proglacial area generally shows a trend of continuous expansion and gradual acceleration (Figure 6b). During 698 

1990‒2023, the average annual increase of exposed proglacial area under the three scenarios was about 3.4 699 

km²/yr (SSP1-2.6, R²= 0.8, p < 0.001), 3.1 km²/yr (SSP2-4.5, R²= 0.7, p < 0.001) and 3.0 km²/yr (SSP5-8.5, R²= 700 

0.8, p < 0.001), respectively (Figure 6b). In the future (2024–2100), proglacial area expansion intensifies further, 701 

with average annual increases of 10.8, 14.5 and 19.2 km²/yr, respectively (R² > 0.98, p < 0.001) (Figure 6b). The 702 

rate of proglacial area expansion increases significantly under the SSP 5-8.5 scenario, implying that the much-703 

intensified drastic glacier retreat under the high emissions pathway will expose more proglacial area. While 704 

glacier runoff will continue to provide an important water supply for glacial lakes, the continuous and 705 

accelerating expansion of proglacial areas suggests that geomorphic processes such as erosion and 706 

sedimentation will play an increasingly important role in shaping lake evolution in the future. 707 
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 708 

Figure 6. Trends in modelled annual glacier runoff volume and new proglacial area under different 709 

emission scenarios from 1990 to 2100. All time series refer to results inferred with GloGEM (Huss and Hock, 710 

2018) for 808 glaciers that feed 882 recently glacier-detached lakes (see Methods for details). a) Interannual 711 

trend of annual glacier runoff volume under three emission scenarios. SSP1-2.6, SSP2-4.5, SSP5-8.5; the red 712 

curve is the fit, and the shadow is the 95% confidence interval. b) Interannual trend of annual new proglacial 713 

area under different emission scenarios from 1990 to 2100. The light orange band is the estimated 714 

uncertainty interval. The grey background is the historical modelled period (1990-2023). Lower panels show 715 

enlargements of the historical period, including the linear regression trend and corresponding statistics. 716 

 717 

4. Discussion 718 

4.1. Primary and supplementary mechanisms controlling the shrinkage of recently glacier-detached 719 

lakes 720 

As glaciers retreat, proglacial zones emerge and expand(Bosson et al., 2023) . These newly exposed areas 721 

are typically composed of unconsolidated glacial sediments, making them highly dynamic environments 722 

prone to intense erosion and deposition (Delaney et al., 2018). Proglacial erosion is primarily driven by 723 

meltwater flow and the mechanical transport of sediments (Boulton and Hindmarsh, 1987; Savi et al., 2023; 724 
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Zhang et al., 2022), and can influence recently detached lake evolution through multiple mechanisms. Erosion 725 

accelerates the delivery of sediment into lakes, leading to infilling that gradually reduces in lake area and 726 

volume (Carrivick and Heckmann, 2017; Emmer, 2024a; Hardmeier et al., 2024). As glaciers continue to retreat, 727 

fine- and coarse-grained sediments become increasingly exposed, making them highly susceptible to riverine 728 

erosion. During periods of high meltwater discharge, glacier-contact lakes receive high-energy inflows that 729 

are typically sediment-laden and highly turbid. Coarse bedload materials predominantly settle near the inflow, 730 

building deltas, while finer suspended sediments may deposit more diffusely across the lake floor in thin, 731 

stratified layers. These sediments can further interacts with thermal and chemical processes, potentially 732 

disrupting lake stratification (Carrivick and Tweed, 2013) and compromising the stability of glacier-contact 733 

lake margins. Recently detached lakes also experience suspension settling, which gently drapes the lake 734 

bathymetry. These sedimentations have important implications for changes in lake volume, the long-term 735 

storage capacity of lakes, like hydropower potential and the accumulation of glacier-derived minerals, 736 

nutrients, and pollutants. Consequently, a self-reinforcing mechanism emerges between proglacial erosion 737 

and sedimentation within a lake basin. Increased sediment input reduces the lake volume, with coarse material 738 

accumulating faster in smaller basins, though fine sediments may be more easily flushed out due to shorter 739 

residence times. 740 

This study focuses on the shrinkage of detached glacial lakes driven by erosion in proglacial areas and 741 

subsequent sedimentation within lake basins. This process is pronounced in proglacial areas exposed after 742 

glacier retreat, where continuous sediment accumulation gradually reduces lake basin capacity and ultimately 743 

leads to a decrease in lake area. However, this interpretation does not imply that climatic and glaciological 744 

factors are unimportant. Rather, our results indicate that sediment-related geomorphic processes show the 745 

clearest direct contrast between shrinking and non-shrinking lakes at the regional scale. Beyond these 746 

dominant factors, there are additional mechanisms that may operate under specific circumstances. In 747 

moraine-dammed lakes, a gradual decline in lake water level may also be a potential mechanism contributing 748 

to area shrinkage. Although the overall supply of glacial meltwater has increased due to accelerated glacier 749 

mass loss (Huss and Hock, 2018), natural outflow channels in moraine dams, such as shallow subsurface 750 

pathways within the moraine, may evolve over time (Müller et al., 2022; Müller et al., 2024). These channels 751 

can become progressively incised or open new drainage routes (Clague and Evans, 2000; Emmer and 752 

Cochachin, 2013), which can cause a sustained lowering of lake levels. This may lead to lake area shrinkage 753 

even in the absence of significant sediment infill. This process may explain why moraine-dammed lakes 754 
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exhibited greater absolute area loss (~3.9 km²) following detachment, compared to bedrock-dammed lakes 755 

(~0.9 km²). Subglacial processes may also exert some influence on lake shrinkage. Although the mean 756 

difference in the subglacial abrasion index between shrinking and non-shrinking lakes is not significant, the 757 

distributional characteristics indicate that shrinking lakes tend to occur in areas with higher abrasion potential 758 

(Figure S8a). This suggests that spatial variations in subglacial sediment production may, to some extent, 759 

contribute to the sedimentation processes affecting lake evolution. 760 

Climate effects may still influence post-detachment lake evolution through indirect, lagged, nonlinear, or 761 

interacting pathways. Rising temperature can accelerate glacier retreat and enlarge newly exposed proglacial 762 

areas, thereby increasing the availability of unconsolidated sediment and the potential for erosion. Changes 763 

in precipitation may alter runoff generation, sediment transport capacity, and the frequency of high-flow 764 

events that deliver sediment into lake basins. Similarly, glacier mass balance influences both meltwater supply 765 

and the timing of proglacial terrain exposure. Therefore, the non-significant differences in temperature 766 

change, precipitation change, and glacier mass balance between shrinking and non-shrinking lakes should 767 

not be interpreted as evidence of no climatic influence. Instead, they suggest that these variables do not show 768 

detectable direct group-wise differences in our current regional-scale single-factor analysis. 769 

In the TPR region, there is currently a lack of sufficient long-term and spatially extensive data to 770 

systematically quantify the effects of lake-level decline, subsurface drainage, seepage, and changes in inflow 771 

routing. Although short-term remote sensing studies have reported persistent lake level lowering for some 772 

lakes based on ICESat-2 data from 2019 to 2023 (Wang et al., 2025), the limited temporal coverage and lack 773 

of statistical significance make it difficult to assess the long-term impact of this process. Based on longer-774 

term observations, most lakes exhibit relatively stable levels from 2000 to 2021 (Zhang et al., 2023a). We 775 

therefore interpret the observed statistical pattern as most consistent with an important role for proglacial 776 

erosion and sediment deposition within lake basins, while recognizing that lake-level decline, subsurface 777 

drainage, seepage, and routing changes may contribute locally. Future research should incorporate longer 778 

time series data, such as combining ICESat and ICESat-2 observations or including CryoSat-2, and should be 779 

complemented by in-situ lake-level monitoring, structural assessments of moraine dams, and more detailed 780 

observations of subglacial sedimentary processes. 781 

 782 

4.2. Drivers of regional differences 783 

Recently detached lakes exhibit distinct patterns of post-detachment area change across different regions. 784 
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The most significant shrinkage occurred in the Western Tien Shan (about 1.2 km², 20.6%), Eastern Tien Shan 785 

(0.4 km², 8.6%), and South and East Tibet (0.3 km², 10.1%) (Figure 4a, Figure S6). In contrast, several regions—786 

including the Western Himalaya (about 0.2 km²), Hissar Alay (0.1 km²), Hengduan Shan (0.1 km²), and Hindu 787 

Kush (0.1 km²) showed further expansion after detachment. These regional contrasts should be interpreted as 788 

net regional area changes, rather than as evidence that all recently detached lakes within a given region 789 

followed the same trajectory. In regions with fewer recently detached lakes or smaller total lake area, the net 790 

regional signal may be influenced by a limited number of lakes with relatively large area changes. These 791 

differences may be explained by the combined effects of lake size and dam type. The proportion of small 792 

recently detached lakes is higher in the Western Tien Shan, Eastern Tien Shan, and South and East Tibet (Figure 793 

2). Such small lakes are more susceptible to rapid area reduction under continuous sediment input. And these 794 

regions also have a relatively high proportion of bedrock-dammed lakes. Although sediment supply to 795 

bedrock-dammed lakes is generally limited, their smaller storage capacity makes them more likely to 796 

experience higher relative shrinkage (Figure 4). The combined effect of these two factors contributes to the 797 

pronounced shrinkage observed in these regions. By contrast, regions such as the Western Himalaya, Hissar 798 

Alay, Hengduan Shan, and Hindu Kush contain a larger proportion of large lakes. Their greater storage 799 

capacity makes them less vulnerable to rapid infilling and area loss in the short term. Some lakes in these 800 

regions may continue to expand after detachment because they still receive substantial glacier meltwater 801 

input, have available topographic accommodation space, or experience limited sediment infilling and efficient 802 

sediment export. In summary, the regional differences not only reflect the geographic and environmental 803 

settings of the lakes but also highlight the critical role of lake size and dam type in shaping post-detachment 804 

evolutionary trajectories. 805 

 806 

4.3. Shrinkage of recently glacier-detached lakes as key evidence for paraglacial adjustment 807 

This study demonstrates that glacier-contact lakes across the TPR have experienced areal shrinkage after 808 

detaching from their parent glaciers. This shrinkage is statistically linked to intense proglacial erosion. 809 

Shrinking lakes are associated with higher proglacial erosion indices and larger proglacial areas than non-810 

shrinking ones, suggesting that as glacier retreat exposes more unstable land surfaces, lake evolution may 811 

gradually shift from being dominated by hydrological recharge to being governed by sediment infilling. These 812 

findings are consistent with the concept of the proglacial-to-paraglacial transition, whereby following glacier 813 

retreat, landscapes enter a transitional phase characterized by sediment redistribution, with sustained and 814 
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intense sedimentation and morphological adjustments (Church and Ryder, 1972; Ryder, 1971a; Ryder, 1971b). 815 

Paraglacial landscapes are essentially governed by a disturbance–recovery regime (Slaymaker, 2009; 816 

Slaymaker, 2011). The rapid shrinkage and infilling of recently detached lakes observed here can therefore be 817 

viewed as a specific manifestation of this disturbance–recovery regime in alpine lacustrine systems. Once 818 

detached, lakes enter a phase of enhanced sediment input and accelerated basin filling until they stabilize or 819 

eventually disappear. 820 

It should be noted that the methodology applied in this study is simplified. We characterized the erosional 821 

potential of proglacial zones using slope and deglacierized area but did not directly quantify the amount of 822 

sediment storage. Previous studies have demonstrated that the presence, thickness, and distribution of glacial 823 

sediment stores exert a crucial influence on sedimentation rates and lake evolution(Otto, 2018; Piret and 824 

Bertrand, 2022). Our results thus provide a regional-scale context to supplement these insights, suggesting 825 

that glacial lake shrinkage should be understood within the broader framework of paraglacial responses. 826 

Because these indices are normalized across the study population, their physical meaning is relative. They 827 

should not be used to estimate absolute sediment yield, and sensitivity to buffer geometry, DEM resolution, 828 

and normalization choices remains a limitation.   829 

This study enriches current knowledge on alpine lake systems, extending discussions that have 830 

traditionally focused on alluvial fans, slopes, and valleys to include alpine lake systems. Existing Quaternary 831 

studies of lake sedimentation rates and sediment budgets offer valuable references for explaining inter-lake 832 

differences and anticipating future evolutionary trajectories (Schiefer, 2006; Slaymaker et al., 2016). Future 833 

research that integrates field data on sediment thickness, sediment cores, and high-resolution process-based 834 

modeling will be essential for developing a more comprehensive understanding of glacial lake evolution 835 

during the paraglacial phase. 836 

 837 

4.4. Future trends in glacial lake Evolution and implications for GLOF hazard/risk assessment and water 838 

resources 839 

        Although the trends in glacial lake areas have garnered significant attention, there remains a lack of 840 

systematic assessment about impacts of erosion and sedimentation processes on future glacial lake changes 841 

following glacier retreat. While some studies have begun to consider the influence of erosion and 842 

sedimentation on future glacial lake evolution (Steffen et al., 2022), most studies have traditionally focused 843 

on the direct impacts of climate change on glacier melt rates, often neglecting the highly dynamic erosional 844 
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processes within the proglacial environment and their crucial role in regulating sediment flux into glacial lakes. 845 

Proglacial erosion accelerates the transport of sediments by meltwater flow, thereby increasing sedimentation 846 

rates and reducing the area and volume of glacial lakes (Engel et al., 2024). Furthermore, proglacial erosion 847 

can undermine the stability of terminal moraine dams or other geomorphological barriers, potentially 848 

triggering lake drainage (Zheng et al., 2021). This erosion-sedimentation interplay is particularly significant, 849 

where rapid glacier retreat and permafrost degradation amplifies the influence of erosion and deposition 850 

processes on the morphology and stability of glacial lakes.  851 

The response of glacial lakes to erosion and sedimentation exhibits considerable spatial and temporal 852 

heterogeneity. For instance, glacial lakes situated beneath steep terrains often experience rapid area shrinkage 853 

due to intensified hillslope and proglacial erosion, whereas delta formation and lacustrine deposition 854 

processes may play a dominant role in shaping long-term lake area changes in relatively flat deglaciation 855 

zones(Corte et al., 2024). At the same time, there is likely to be competition between sediment influx from 856 

glacier-fed runoffs (which may decline as runoff decreases after the mid-21st century) and sediment reworking 857 

from increasingly exposed proglacial areas. How this balance will play out in the future remains uncertain. 858 

These variations underscore the importance of capturing the dynamics of proglacial erosion rates and 859 

sediment transport when predicting future changes in glacial lake areas, particularly in the context of 860 

atmospheric warming. Higher-resolution investigations targeting pilot catchments will be required to clarify 861 

these competing influences. 862 

While our large-scale approach highlights the importance of erosion and sedimentation as potential 863 

drivers of lake shrinkage, it provides only first-order insights into individual future trajectories. Incorporating 864 

erosion and sedimentation processes into frameworks for predicting glacial lake area changes is essential for 865 

a comprehensive understanding of the evolution pathways of glacial lake systems. Future studies should 866 

combine regional-scale assessments with high-resolution remote sensing (e.g., ICESat-2, UAV surveys, InSAR), 867 

advanced erosion–sedimentation models, and long-term field monitoring in representative catchments to 868 

better quantify the sustained impacts of these processes on glacial lake dynamics(Hardmeier et al., 2024). 869 

Such efforts will significantly enhance the accuracy and applicability of predictive models and help improve 870 

risk assessment and environmental management. 871 

        As detached glacial lakes shrink, their reduced volume may lessen the potential magnitude of GLOFs 872 

(Emmer et al., 2015). With less water in the lake, even if a GLOF occurs, the size and energy of the resulting 873 

flood is expected to be smaller, thereby potentially reducing the impact on downstream areas. However, it is 874 
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important to note that outbursts from even small lakes can still evolve into devastating cascading flood events 875 

(Sattar et al., 2022). As glaciers continue to retreat, the decoupling of glacial lakes from glacier dynamics may 876 

diminish the significance of the primary GLOF-triggering mechanisms, such as ice avalanches and calving (Veh 877 

et al., 2025). This does not imply that the hazard/risk of GLOFs has completely disappeared. While the direct 878 

threat of ice avalanches will diminish over time, glacial debuttressing and permafrost degradation will in many 879 

cases likely lead to an increase in rock fall or avalanches (Shugar et al., 2021); hence change in GLOF probability 880 

will typically depend on local geomorphic catchment dynamics (Carrivick et al., 2018a; Carrivick et al., 2018b; 881 

Carrivick and Rushmer, 2018; Mancini et al., 2025) . Therefore, future disaster and risk assessments should not 882 

only focus on glacier retreat, but also comprehensively incorporate the impact of geomorphic processes such 883 

as erosion and sedimentation. This needs to be combined with high-resolution DEM data and numerical 884 

modeling to dynamically simulate the interaction between potential GLOFs and landforms. Recently detached 885 

lakes should not be assumed to continue expanding with glacier retreat in the same way as glacier-contact 886 

lakes, and shrinking detached lakes should not automatically be regarded as low-risk. For lakes that have 887 

already detached and exhibit shrinking trends, hazard assessments based solely on lake area or volume may 888 

be insufficient. Practical assessments should also consider residual water storage, the evolution of proglacial 889 

erosion and sedimentation processes, and changes in exposure to potential rock- or ice-avalanche impacts. 890 

These factors can provide valuable supplementary information for regional-scale GLOF hazard and risk 891 

assessment. 892 

Hydropower infrastructure in alpine regions often relies on the storage capacity of glacial lakes to provide 893 

a stable water supply (Farinotti et al., 2019; Schaefli et al., 2019; Yang et al., 2025). However, recently detached 894 

lakes tend to experience sedimentation infilling due to the loss of direct glacial recharge and the expansion 895 

of exposed proglacial terrain, resulting in a progressive decline in water volume that may substantially 896 

compromise their reservoir function and regulation capacity, particularly in larger glacial lakes (Farinotti et al., 897 

2016; Farinotti et al., 2019). Moreover, sedimentation processes themselves carry important geochemical and 898 

environmental consequences. Glacier retreat releases minerals, organic carbon, and pollutants, which are 899 

transported into distal or recently detached lakes and ultimately settle in low-energy lakebed environments 900 

(Zhu et al., 2024). These sediments may serve as significant repositories of minerals and carbon, while also 901 

potentially accumulating environmental contaminants that may affect water quality further downstream (Zhu 902 

et al., 2020). Future research should therefore focus on monitoring and modeling sediment composition, 903 

accumulation rates, and impacts on lake water quality, to clarify the multifaceted role of glacial lakes in alpine 904 
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ecosystems and resource management. Assessments of future water availability in high mountain regions 905 

should account for the progressive loss of lake storage caused by sediment infilling in recently detached lakes. 906 

As sediment progressively fills lake basins, lake volume and water-storage capacity decline, potentially 907 

reducing the role of detached lakes as natural water reservoirs. Therefore, water-resource assessments, 908 

hydropower planning, and projections of lake regulation capacity should consider sediment infilling and the 909 

associated loss of storage volume to avoid overestimating future water storage and natural regulation 910 

capacity. 911 

 912 

4.5. Uncertainties in volume estimation and complexity of multi-factor coupling 913 

The lake volumes presented in this study should be regarded as first-order approximations. They are 914 

based on a TPR-wide empirical area–volume scaling relationship fitted from 140 published bathymetric 915 

measurements of glacial lakes across TPR. The relationship is 𝑉 = 42.57𝐴1.414, with bootstrap-derived 95% 916 

confidence intervals of 39.31–45.51 for the coefficient and 1.273–1.517 for the exponent. While such scaling 917 

provides reasonable estimates of lake volume at a given point in time, its application to infer volume change 918 

from mapped area change carries greater uncertainty. By propagating the uncertainty of the area–volume 919 

relationship through 5000 bootstrap realizations, we estimated a net water-volume loss of 0.042 Gt for 920 

recently glacier-detached lakes, with a 95% confidence interval of 0.034–0.059 Gt. In particular, lake volume 921 

may decrease through the settlement of fine-grained sediments on the lake floor without producing 922 

appreciable changes in surface area, while delta progradation may substantially alter lake area but only 923 

modestly affect volume. This means that the area–volume relationship of a given lake may evolve as infilling 924 

progresses, and scaling-based estimates may not fully capture these dynamics. In addition, although the 925 

calibration dataset was expanded the TPR dataset, it remains strongly dominated by moraine-dammed lakes, 926 

with only one bedrock-dammed lake. We therefore pooled all available bathymetric measurements to fit a 927 

TPR-wide relationship rather than fitting dam-type-specific relationships. This may introduce systematic 928 

uncertainty if moraine-dammed and bedrock-dammed lakes differ in their depth structure and scaling 929 

behavior(Muñoz et al., 2020). The volume change estimates reported here therefore indicate overall trends 930 

rather than precise values. The reported confidence interval reflects uncertainty in the empirical area–volume 931 

relationship, but does not fully account for potential lake-specific effects of sediment infilling, lake-bottom 932 

morphology, dam type, or unobserved bathymetric change. Future work combining bathymetric surveys, in 933 

situ monitoring, and process-based modeling will be essential to refine estimates of volume dynamics and 934 
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sedimentation in detached glacial lakes. 935 

This study employed the nonparametric Mann–Whitney U test to analyze potential driving factors. While 936 

this approach is well suited for comparing distributions across large and heterogeneous samples, it is 937 

inherently univariate and can only evaluate the distributional differences of individual factors between 938 

shrinking and non-shrinking lakes. It cannot capture potential interactions among multiple predictors. In 939 

reality, complex couplings often exist between climate variables (temperature, precipitation), glacial changes 940 

(mass balance), and geomorphic processes (erosion, sedimentation). For example, rising temperatures may 941 

indirectly enhance erosion by altering glacier mass balance, while changes in precipitation may interact with 942 

proglacial sediment availability to influence lake infilling. Thus, the conclusion that other factors were not 943 

significant only reflects the results of single-factor tests and does not preclude their influence within more 944 

complex interaction chains. Future research that integrates multivariate statistical approaches (e.g., multiple 945 

regression, generalized linear models, machine learning) and higher-resolution climate and glacial datasets 946 

will be essential to systematically assess the relative contributions of different drivers and their interactions, 947 

thereby providing a more comprehensive understanding of post-detachment lake evolution. 948 

 949 

5. Conclusion 950 

This study systematically investigates the transition of glacier-contact lakes to detached lakes across the TPR 951 

from 1990 to 2023, leveraging remote sensing imagery and deep learning techniques to analyze detachment 952 

dynamics and the drivers of subsequent lake shrinkage. The results reveal an accelerating trend in glacier-953 

contact lake detachment, with the detachment rate increasing from about 12.1 lakes/yr in 1990–2000 to 45.2 954 

lakes/yr in 2010–2023. Following detachment, although most lakes remained relatively stable, the total area 955 

decreased from 45.1 to 42.6 km², primarily driven by 156 lakes that experienced substantial shrinkage. Among 956 

these, shrinkage rates ranged from 2.1% to complete disappearance (100%), with 41 lakes shrinking by more 957 

than 50%. Dam type influenced sensitivity, with moraine-dammed lakes showing greater absolute loss (~3.9 958 

km²), whereas bedrock-dammed lakes exhibited larger relative shrinkage (40.2%), reflecting divergent post-959 

detachment trajectories. The spatial distribution of these changes also exhibited regional variability, with the 960 

most substantial shrinkage observed in Western Tianshan, Inner Tibet, and Eastern Tianshan. The analysis 961 

suggests that intensified proglacial erosion shows a statistically significant relationship with lake shrinkage, 962 

while subglacial abrasion is reflected in distributional patterns, with shrinking lakes preferentially occurring in 963 

areas of higher abrasion potential. Temperature change, precipitation change, glacier mass balance, and 964 
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headwall erosion did not show statistically significant differences between shrinking and non-shrinking lakes 965 

in the single-factor regional-scale tests. However, this does not exclude their indirect, lagged, nonlinear, or 966 

interacting influences on lake evolution. These factors may still affect detached lakes by regulating glacier 967 

retreat, meltwater supply, sediment availability, sediment transport capacity, and the timing of proglacial 968 

terrain exposure. 969 

These findings suggest that proglacial erosion potential and associated sediment dynamics are important 970 

factors associated with the shrinkage of recently detached lakes across the TPR. The observed patterns are 971 

consistent with an ongoing shift from glacier-contact lake expansion toward post-detachment geomorphic 972 

adjustment, supporting the concept of a proglacial-to-paraglacial transition. However, the observed shrinkage 973 

is likely influenced by multiple interacting processes, including sediment infilling, changes in hydrological 974 

connectivity after detachment, seepage and subsurface drainage, and inflow-routing adjustments. Our results 975 

should therefore be interpreted as evidence of regional-scale associations, while the underlying mechanisms 976 

require further investigation. This study provides a first regional assessment of recently detached lake 977 

evolution across the TPR and offers new insights for future glacial-lake evolution studies, GLOF hazard 978 

assessments, and water-resource evaluations. Future work should combine long-term field observations, 979 

bathymetric surveys, hydrological measurements, and high-resolution topographic data to better constrain 980 

the mechanisms controlling post-detachment lake evolution. 981 

 982 
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