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Abstract 25 

Glacial lake outburst floods (GLOFs) are among the most destructive hazards in high-26 

mountain regions and are expected to become increasingly important under ongoing 27 

glacier retreat and climate warming. However, quantifying the magnitude of individual 28 

GLOFs remains challenging because satellite observations typically capture changes in 29 

lake area but lack direct measurements of water-level drawdown, leading to large 30 

uncertainties in released-water estimates. Here, we develop a satellite-based framework 31 

that integrates Sentinel-2 imagery and Surface Water and Ocean Topography (SWOT) 32 

observations to reconstruct the three-dimensional evolution of an ice-dammed lake 33 

outburst flood. Using the July 2025 drainage of Merzbacher Lake in the central Tian 34 

Shan as a case study, we combine optical observations of lake-area collapse with 35 

SWOT-derived water-surface elevation changes to quantify event-scale water loss. 36 

Sentinel-2 observations show that the lake area decreased from 1.560 to 0.008 km², 37 

while SWOT measurements reveal a concurrent water-level decline from 3270.38 to 38 

3257.83 m, corresponding to a drawdown of 12.55 m. Integrating these horizontal and 39 

vertical constraints yields an estimated drained-water volume of (9.84 ± 2.4) × 10⁶ m³. 40 

Residual water bodies concentrated near the glacier-contact outlet indicate an inferred 41 

outlet-control sector governing drainage. Our results demonstrate that SWOT enables 42 

GLOF assessment to move beyond two-dimensional lake-change detection toward 43 

quantitative stage–area–volume reconstruction. This approach provides a practical 44 

framework for estimating flood magnitude in remote glacierized regions where field 45 

observations are unavailable and offers new opportunities for satellite-based assessment 46 

of cryosphere-related hazards under a warming climate. 47 

 48 
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1. Introduction 49 

Glacial lake outburst floods (GLOFs) are rapid releases of water stored behind ice, 50 

moraine, or debris dams. Although individual events may last only hours to days, they 51 

can generate flood waves that propagate far downstream and threaten infrastructure, 52 

settlements, hydropower facilities, and irrigation systems in confined mountain valleys 53 

(Carrivick & Tweed, 2016; Lützow et al., 2023; Richardson & Reynolds, 2000; Taylor 54 

et al., 2023; Veh et al., 2022). As glaciers thin and retreat, glacial lakes are expanding 55 

in many high mountain regions, increasing water storage in steep headwater basins 56 

(Hugonnet et al., 2021; Shugar et al., 2020; G. Zhang et al., 2024; Zheng et al., 2021). 57 

However, the hazard posed by a specific lake is not determined by lake area alone. It 58 

also depends on lake stage, outlet-control elevation, dam stability, drainage-pathway 59 

evolution, and the volume of water released during an event (Cook & Quincey, 2015; 60 

Huggel et al., 2002; Worni et al., 2014). 61 

 62 

This makes GLOF assessment a three-dimensional measurement problem. Optical 63 

satellite imagery can map lake extent before and after drainage and has supported most 64 

glacial-lake inventories and post-event reconstructions. Yet optical imagery cannot 65 

directly measure water-surface elevation (Drusch et al., 2012; Pekel et al., 2016; Shugar 66 

et al., 2020). Similar plan-view area losses may correspond to very different released 67 

volumes if lake-level drawdown differs. Conversely, steep basins may undergo 68 

substantial lowering with limited shoreline retreat. Without a direct elevation constraint, 69 

event-scale volume estimates commonly rely on empirical area – volume scaling, 70 

assumed basin geometry, or hydrodynamic back-calculation. These approaches remain 71 

sensitive to uncertain bathymetry, shoreline interpretation, and poorly constrained post-72 

event water levels (Cook & Quincey, 2015; Crétaux et al., 2016; Huggel et al., 2002). 73 

This gap is especially important for ice-dammed lakes. Unlike moraine-dammed lakes 74 

with relatively persistent outlet geometry, ice-dammed lakes can drain through transient 75 

englacial or subglacial conduits. Drainage may be triggered or enhanced by ice-dam 76 

flotation, hydraulic connection to the glacier bed, conduit enlargement, roof collapse, 77 
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and subsequent conduit closure (Björnsson, 2003; Flowers et al., 2004; Roberts, 2005; 78 

Tweed & Russell, 1999; Walder & Costa, 1996). In such systems, the effective outlet-79 

control threshold can change rapidly during drainage. Residual pools may remain in 80 

low-lying sectors after the main basin drains, providing a surface expression of the 81 

drainage state and likely outlet control. Key diagnostics therefore include not only lake-82 

area collapse, but also lake-level drawdown, residual-water distribution, and source-83 

lake storage loss. 84 

 85 

Merzbacher Lake provides a compelling test case for this framework. Located in the 86 

central Tian Shan, it is a recurrent ice-dammed lake that repeatedly fills and drains in 87 

contact with the surrounding glacier system. Its drainage affects the Kumalak–Aksu–88 

Tarim river system, making it both a benchmark cryospheric process site and a 89 

downstream water-hazard source (Bolch, 2007; Narama et al., 2010; Zheng et al., 2021). 90 

Historical monitoring and recent official reports have documented repeated filling, 91 

sudden drainage, and downstream flood response. However, most existing assessments 92 

remain largely two-dimensional. They identify when the lake fills or empties, but they 93 

do not directly quantify vertical drawdown or event-scale storage loss (Cook & Quincey, 94 

2015; Crétaux et al., 2016; Huggel et al., 2002). 95 

 96 

The Surface Water and Ocean Topography (SWOT) mission provides a new 97 

opportunity to close this observational gap. SWOT measures spatially distributed 98 

water-surface elevation over inland waters, adding the vertical dimension missing from 99 

optical-only mapping (Biancamaria et al., n.d.; Fu et al., 2024; Yao et al., 2024). Its 100 

wide-swath interferometric observations can capture lake-level patterns where valid 101 

returns are available, distinguishing SWOT from both image-based lake delineation and 102 

point-based stage measurements. When combined with Sentinel-2 lake outlines, SWOT 103 

enables event-scale stage–area–volume mapping: Sentinel-2 constrains horizontal lake-104 

surface collapse, while SWOT constrains vertical drawdown during drainage (Crétaux 105 

et al., 2016; Drusch et al., 2012; Frasson et al., 2019; Fu et al., 2024). 106 
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Here we apply Sentinel-2 and SWOT observations to the July 2025 drainage of 107 

Merzbacher Lake. We map lake-surface collapse from pre- and post-event Sentinel-2 108 

imagery, retrieve SWOT-derived water-surface elevation change, and quantify lake-109 

level drawdown. We then combine these horizontal and vertical constraints to estimate 110 

bulk drained-water volume and examine the residual-pool footprint near the inferred 111 

outlet-control sector. This reconstruction does not resolve detailed bathymetry or a 112 

measured ice-dam profile. Instead, it provides an observation-constrained estimate of 113 

source-lake storage loss and demonstrates how SWOT-based 3D mapping can quantify 114 

rapid drainage from remote ice-dammed basins. 115 

 116 

2. Study area and Data 117 

2.1 Study Area 118 

Merzbacher Lake is a recurrent ice-dammed lake in the central Tian Shan and a 119 

benchmark site for observing rapid glacier-controlled drainage (Bolch, 2007; Narama 120 

et al., 2010). The lake occupies a glacier-contact basin where steep topography, ice 121 

impoundment, and repeated filling–drainage cycles create favorable conditions for 122 

glacier lake outburst floods (Figure 1a). Its drainage is regulated by an ice-controlled 123 

outlet sector rather than a stable bedrock or moraine spillway, making lake release 124 

sensitive to ice-dam stability, outlet-control elevation, and englacial or subglacial 125 

hydraulic connectivity. Once a drainage pathway develops through or beneath the ice 126 

dam, stored water can be rapidly transferred to the downstream Kumalak–Aksu–Tarim 127 

river system (Roberts, 2005; Walder & Costa, 1996). 128 

 129 

The July 2025 event represents a sharp transition from an impounded lake to a largely 130 

drained basin (Figure 1b). Post-event imagery indicates widespread exposure of the 131 

former lake bed, with residual pools confined near the outlet-side sector. This residual-132 

water footprint suggests drainage focused near the glacier-contact control zone, 133 

although satellite observations cannot resolve the dam geometry or subglacial conduit 134 

structure. 135 
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This setting requires an observation framework that links plan-view lake collapse to 136 

vertical water-level change. Sentinel-2 lake outlines constrain the horizontal drainage 137 

signal, while SWOT water-surface elevation provides the vertical drawdown needed 138 

for volume estimation (Figure 1c). Although the Sentinel-2 and SWOT acquisitions are 139 

not simultaneous, they bracket the same pre- and post-drainage states around the 140 

inferred 5–7 July 2025 GLOF window (Figure 1d), providing the basis for the event-141 

scale drained-volume reconstruction. 142 

 143 

 144 

Figure 1. Observation framework and event constraints for the July 2025 145 

Merzbacher Lake glacier lake outburst flood (GLOF). a. Geographic setting of 146 

Merzbacher Lake in the central Tian Shan, showing the glacier-contact lake basin and 147 

the location of the July 2025 drainage event. b. Conceptual model of the lake-drainage 148 

process, illustrating the transition from a pre-event impounded lake to a post-event 149 

drained basin with residual outlet-side pools. c. Satellite-constrained framework for 150 

estimating drained-water volume, combining mapped lake-area change and SWOT-151 

derived water-surface elevation lowering to reconstruct bulk water loss. d. Timeline of 152 

Sentinel-2 and SWOT observations relative to the inferred GLOF window. The two 153 

data sets are not strictly simultaneous but bracket the same pre- and post-drainage states: 154 

pre-event acquisitions captured the filled-lake condition, whereas post-event 155 
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observations documented the drained basin. 156 

 157 

2.2 Satellite Data and Event Constraints 158 

We used Sentinel-2 MSI imagery and SWOT observations to characterize the July 2025 159 

drainage of Merzbacher Lake (Table 1). The acquisitions were not strictly simultaneous, 160 

but they bracketed the same event: pre-event observations sampled the filled or near-161 

filled lake state, whereas post-event observations captured the drained basin after the 162 

inferred 5–7 July 2025 GLOF window. 163 

 164 

Sentinel-2 imagery provided 10 m optical coverage for mapping lake extent before 165 

drainage and residual pools after the event (Drusch et al., 2012). Water boundaries were 166 

delineated using spectral contrast, NDWI-assisted interpretation, and visual refinement 167 

in glacier-contact, shadowed, snow-covered, and debris-covered areas. The final 168 

polygons were projected to a metric coordinate system before area calculation. This 169 

mapping quantified the lake-area collapse from 1.560 km² to 0.008 km², corresponding 170 

to a 1.552 km² loss. 171 

 172 

SWOT L2_HR_Raster observations provided the water-surface elevation constraint 173 

(Biancamaria et al., n.d.; Fu et al., 2024; Hamoudzadeh et al., 2024). The 250 m raster 174 

product was used as the primary source for lake-level retrieval, with acquisitions on 2, 175 

10, and 12 July 2025 used to define pre- and post-drainage WSE. Quality-screened 176 

pixels were extracted within the mapped lake domain or, for the drained state, within a 177 

local lake-centered window around residual water. The representative lake level 178 

decreased from 3270.38 to 3257.83 m, giving a 12.55 m drawdown. The 100 m raster 179 

product was used only to check spatial consistency and was not used in the final volume 180 

estimate. 181 

 182 

SWOT L2_HR_PIXC provided an independent radar-based view of drainage-related 183 

spatial change. The raw 10–70 m pixel-cloud observations were quality screened and 184 
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gridded to the 30 m SRTM DEM grid using the median σ⁰ value of valid points within 185 

each cell. This step created a common raster format for comparison with Sentinel-2 lake 186 

masks and reduced effects from irregular sampling density. After drainage, valid PIXC 187 

cells over the former open-water surface became fragmented and concentrated near 188 

residual pools and low-lying sectors, supporting the interpretation of rapid drainage 189 

rather than gradual shoreline fluctuation. 190 

 191 

Table 1. Satellite data products and ancillary information used in this study. 192 

Data product 
Spatial 

resolution 
Source Time Purpose 

Sentinel-2  

imagery 
10 m 

Copernicus/ES

A 

Pre- and post-event 

scenes bracketing 

5–7 July 2025 

Mapping pre- and 

post-event lake 

extent and residual 

pools 

SWOT 

L2_HR_Raster 
250 m 

NASA/CNES 

SWOT 

mission 

2, 10, and 12 July 

2025 

Quantifying pre- 

and post-event lake 

water-surface 

elevation change 

SWOT 

L2_HR_Raster 
100 m 

NASA/CNES 

SWOT 

mission 

Pre- and post-event 

acquisitions 

Supporting 

analysis of spatial 

WSE patterns 

before and after 

drainage 

SWOT 

L2_HR_PIXC 

Raw 10–70 m 

pixel cloud; 

gridded to 30 

m 

NASA/CNES 

SWOT 

mission 

Pre- and post-event 

acquisitions 

Assessing PIXC 

spatial changes 

before and after 

drainage 

Regional 

monitoring 

report 

Document 

record 

Xinjiang 

Water and 

Drought 

Disaster 

Prevention 

Center 

5–7 July 2025; 27 

March 2026 

Independent 

constraint on event 

timing and post-

drainage state 
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3. Methods 193 

3.1 Optical Lake-Extent Mapping 194 

Pre- and post-event lake extents were mapped from Sentinel-2 imagery using a 195 

combination of spectral water detection and visual refinement. The normalized 196 

difference water index was used as an initial guide (McFEETERS, 1996; Xu, 2006): 197 

NDWI=
ρgreen-ρNIR

ρgreen+ρNIR
(1) 198 

where ρgreen  and ρNIR  are the Sentinel-2 green and near-infrared reflectance values, 199 

respectively. The resulting water mask was visually checked and refined to reduce 200 

misclassification in shadowed terrain and glacier-contact areas (Drusch et al., 2012; 201 

Pekel et al., 2016). 202 

 203 

The mapped water area for each stage was calculated from the corresponding water 204 

polygons: 205 

At=∑ aj,t

nt

j=1

(2) 206 

 aj,t is the area of the j-th mapped water polygon and nt is the number of water 207 ݁ݎℎ݁ݓ

polygons at time t. The pre-event lake polygon represents the filled lake surface, 208 

whereas the post-event polygons represent residual water bodies remaining after 209 

drainage. 210 

 211 

3.2 SWOT Water-Surface Elevation Retrieval 212 

SWOT L2_HR_Raster observations were used to retrieve lake water-surface elevation 213 

(WSE) before and after drainage (Bergeron et al., 2020; Biancamaria et al., n.d.; Fu et 214 

al., 2024; Hamoudzadeh et al., 2024). The 250 m raster product was used as the primary 215 

WSE source,while the 100 m raster product was used as a consistency check of spatial 216 

WSE patterns.Raster observations were filtered using the WSE quality band, retaining 217 

pixels with quality flags of 0 and 1,corresponding to good and suspect-quality 218 

observations.For each acquisition, valid pixels were extracted within the mapped lake 219 

domain or within a local lake-centered window. 220 
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The representative lake level for each acquisition was calculated as the median of valid 221 

WSE pixels: 222 

Ht=mediani∈Ωt(WSEi,t) (3) 223 

Where ܪ௧ is the representative lake water-surface elevation at time t,ܹܵܧ௜,௧ is the 224 

WSE of pixel i, and ߗ௧ is the set of quality-screened valid SWOT pixels. The median 225 

was used because it is less sensitive than the mean to isolated noisy pixels, mixed land-226 

water returns, and local topographic effects in this small alpine basin (Bergeron et al., 227 

2020; Hamoudzadeh et al., 2024). The water-level drop was calculated as ܪ߂ ௣௥௘ܪ 228= −  ௣௢௦௧ are the representative pre- and post-event lake 229ܪ ௣௥௘ andܪ ௣௢௦௧, whereܪ

levels. 230 

 231 

3.3 Bulk Drained-Volume Estimate 232 

The drained volume was estimated by combining the mapped lake-area change with the 233 

SWOT-derived water-level drop. Because detailed lake bathymetry is not available, we 234 

used a first-order average-end-area approximation rather than a full basin-volume 235 

reconstruction (Cook & Quincey, 2015; Crétaux et al., 2016; Huggel et al., 2002): 236 

ΔV≈
Apre+Apost

2
×ΔH (4) 237 

where Apre is the mapped pre-event lake area,Apost is the mapped post-event residual 238 

water area, and ΔH  is the SWOT-derived water-level drop. This formulation is 239 

consistent with the revised conceptual framework in Figure 1c. It should be interpreted 240 

as a satellite-constrained bulk estimate of water loss, not as a detailed bathymetric 241 

reconstruction of the lake basin. 242 

 243 

Uncertainty in the bulk volume estimate was propagated from the mapped lake-area 244 

uncertainty and the SWOT-derived water-level uncertainty (Bergeron et al., 2020; Cook 245 

& Quincey, 2015; Hamoudzadeh et al., 2024): 246 

σΔV
2 =(ΔH

2 σApre)2

+(ΔH
2 σApost)2

+(Apre+Apost
2 σΔH)2 (5) 247 

Here,σApreand σApost denote uncertainties in the mapped water areas, and σΔH denotes 248 
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uncertainty in the SWOT-derived water-level change. Area uncertainty was estimated 249 

by perturbing the Sentinel-2 shoreline by ±10 m, yielding σApre 00.081 km2 and 250 

σApost00.0086 km2. The pre-event WSE was well constrained within the former lake 251 

domain. The post-event residual pools were smaller than the 250 m SWOT raster po 252 

sting; therefore, post-event WSE was estimated from a local window around the 253 

mapped residual pools after robust removal of terrain-contaminated pixels. We used a 254 

conservative σΔH 33.0 m to account for sparse valid pixels and mixed land-water 255 

returns. The resulting volume estimate and uncertainty are reported in the Results. 256 

 257 

4. Results 258 

4.1 Multi-Source Evidence for Rapid Lake Drainage 259 

The Sentinel-2 optical sequence constrains the horizontal drainage signal. Lake area 260 

decreased from 1.560 km² before the event to 0.008 km² after drainage, equivalent to a 261 

1.552 km² loss and more than 99% reduction of the mapped water surface (Figures 2a1–262 

a3). Post-event water was limited to small residual pools near the outlet-side sector, 263 

while most of the former lake bed was exposed. This near-complete area collapse 264 

indicates basin-scale drainage rather than ordinary shoreline fluctuation. 265 

SWOT PIXC σ⁰ observations capture the radar expression of drainage. The native 10–266 

70 m PIXC observations were quality screened and gridded to 30 m before spatial 267 

comparison. Before the event, 859 valid 30 m gridded PIXC cells were distributed 268 

across the main lake basin (Figure 2b1).  269 

 270 

After drainage, 772 valid cells remained within the analysis domain, but their spatial 271 

pattern changed markedly: cells over the former open-water surface became fragmented 272 

and concentrated near residual pools and low-lying sectors (Figure 2b2). The PIXC 273 

result is therefore interpreted as drainage-related spatial reorganization, not as a 274 

normalized estimate of water-covered area. The change panel, compiled from 2,343 275 

PIXC cells, highlights the transition from a spatially continuous pre-event lake surface 276 

to a largely drained basin with isolated residual water bodies (Figure 2b3). 277 
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SWOT WSE observations constrain the vertical drainage signal. The representative 278 

lake level decreased from 3270.38 m before drainage to 3257.83 m after the event, 279 

giving a 12.55 m drawdown. These values were derived from 2,229 valid pre-event 280 

WSE pixels and 2,094 valid post-event pixels, respectively (Figures 2c1–c2). To avoid 281 

mixing unmatched observations, the ΔWSE map was calculated only from strict-282 

overlap cells with valid WSE retrievals in both acquisitions, yielding 1,991 paired cells 283 

(Figure 2c3). Negative ΔWSE values dominate the common observation domain, 284 

confirming post-event lowering. 285 

 286 

Together, the >99% area loss, PIXC spatial reorganization, and 12.55 m SWOT-derived 287 

drawdown document rapid drainage during 5–7 July 2025 (Roberts, 2005; Walder & 288 

Costa, 1996). Official reporting independently supports this timing, stating that the 289 

Merzbacher ice-dammed lake began draining on 5 July, was nearly emptied by 7 July, 290 

and produced a downstream flood response by 9 July (Tarim River Basin 291 

Administration, 2025). These observations provide the horizontal and vertical 292 

constraints for the stage–area–volume reconstruction in Figure 3. 293 
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 294 

Figure 2. Multi-source satellite observations of the July 2025 Merzbacher Lake 295 

drainage event. a.Sentinel-2 optical mapping of lake-area collapse. a1–a3. The 296 

Sentinel-2 optical sequence constrains the horizontal drainage signal. Lake area 297 

decreased from 1.560 to 0.008 km2, equivalent to a 1.552 km2 loss and near-complete 298 

drainage of the mapped lake surface, b. SWOT PIXC observations before and after 299 

drainage. b1–b3. SWOT PIXC σ⁰ observations capture the radar expression of drainage. 300 

Native 10–70 m PIXC observations were quality screened and gridded to 30 m; after 301 

drainage, valid cells over the former open-water surface became fragmented and 302 

concentrated near residual pools and low-lying sectors. Reported n values denote valid 303 

30 m gridded PIXC cells, not normalized estimates of water-covered area c. SWOT 304 

water-surface elevation (WSE) observations of lake-level drawdown. c1–c3. SWOT 305 
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WSE constrains the vertical drainage signal: lake level fell from 3270.38 to 3257.83 m, 306 

giving a 12.55 m drawdown. The ΔWSE map uses strict-overlap valid cells only; 307 

negative values indicate post-event lowering. Together, the >99% area loss, PIXC 308 

spatial reorganization, and 12.55 m drawdown document rapid drainage during 5–7 July 309 

2025. 310 

 311 

4.2 Stage–Area–Volume Reconstruction of Drained Water 312 

We next convert the observed area collapse and SWOT-derived drawdown into a stage–313 

area–volume estimate of source-lake storage loss. The pre-event lake outline defines 314 

the initial water-surface footprint, the post-event residual pools define the remaining 315 

water footprint, and the SWOT-derived drawdown provides the vertical separation 316 

between the two states. This framework does not resolve lake-bed bathymetry, but it 317 

provides an observation-constrained basis for estimating bulk water loss during the 318 

outburst. 319 

 320 

Before drainage, Merzbacher Lake covered 1.560 km²,after the event, residual water 321 

covered only 0.008 km², corresponding to a 1.552 km² areal loss and a >99% reduction 322 

of the mapped water surface (Figure 3a). SWOT measured a representative water-323 

surface elevation decrease from 3270.38 to 3257.83 m, equivalent to a 12.55 m 324 

drawdown. Using an average-end-area approximation, these horizontal and vertical 325 

constraints yield a bulk drained-water volume of (9.84 ± 2.4)×10⁶ m³ (Figures 3b–3c). 326 

This value represents a first-order, satellite-constrained estimate of lake-storage loss, 327 

not a complete downstream flood-volume reconstruction. 328 

 329 

The main uncertainty arises from the post-event WSE retrieval. After drainage, residual 330 

pools were much smaller than the 250 m SWOT raster posting, so post-event elevation 331 

had to be extracted from a local residual-pool window and screened for mixed or 332 

terrain-contaminated pixels. This limitation affects the precision of the volume estimate, 333 

but not the interpretation that the event involved substantial lake-level lowering and 334 
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basin-scale water loss. 335 

 336 

The residual-pool footprint provides an additional constraint on drainage geometry. 337 

Post-event pools were concentrated near the outlet-side sector, where the mapped lake 338 

margin retreated most strongly. We interpret this area as an inferred outlet-control sector 339 

associated with the glacier-contact or ice-dam control zone. This inference is based on 340 

residual-water distribution and lake-margin collapse, not on a measured dam-crest 341 

profile or resolved subglacial conduit geometry. Together, the 1.552 km² area loss, 342 

12.55 m drawdown, and (9.84 ± 2.4)×10⁶ m³ storage loss show that the July 2025 event 343 

was a measurable three-dimensional drainage of an ice-dammed lake. 344 

 345 

 346 

Figure 3. Observation-constrained reconstruction of the July 2025 Merzbacher 347 

Lake drainage. a. Observational constraints on lake-area collapse and water-level 348 

lowering, which show that Sentinel-2-derived lake area decreased from 1.560 to 0.008 349 

km2 while SWOT-measured water-surface elevation dropped from 3270.38 to 3257.83 350 

m, with residual pools concentrated near the inferred outlet-control sector marked by 351 

the dashed red ellipse. b. Three-dimensional volume-loss visualization, in which the 352 

pre-event lake surface, post-event residual pools, and translucent water-loss prism 353 

define the first-order storage loss associated with the 12.55 m drawdown. c. 354 
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Quantitative synthesis of mapped water-area change, residual-pool distribution, and 355 

SWOT-derived elevation lowering. The average-end-area estimate gives a bulk 356 

drained-water volume of (9.84±2.4)×106 m3,with drainage inferred to have focused 357 

near the outlet-side-control sector. 358 

 359 

5. Discussion and Conclusions 360 

Glacial lake outburst flood (GLOF) volume remains difficult to quantify from space 361 

because optical satellite observations usually resolve lake-area change but not the 362 

accompanying water-level drop. This gap is critical for ice-dammed lakes, where 363 

drainage can be controlled by transient outlet conditions, englacial or subglacial 364 

pathways, and rapid changes in the effective outlet-control level (Cook & Quincey, 365 

2015; Roberts, 2005; Walder & Costa, 1996). Here we address this limitation with a 366 

SWOT-based three-dimensional mapping framework for the July 2025 drainage of 367 

Merzbacher Lake. By combining Sentinel-2 lake outlines with SWOT water-surface 368 

elevation (WSE), the framework links lake-area collapse, lake-level drawdown, 369 

residual-water distribution, and source-lake storage loss within a single event-scale 370 

reconstruction (Biancamaria et al., n.d.; Fu et al., 2024). 371 

 372 

The Sentinel-2 record captures the horizontal expression of drainage. Merzbacher Lake 373 

decreased from 1.560 to 0.008 km², corresponding to a 1.552 km² loss and a reduction 374 

of more than 99% of the mapped water surface. This magnitude of area loss indicates 375 

basin-scale drainage rather than minor shoreline fluctuation. Post-event water was 376 

confined to small residual pools near the outlet-side sector, suggesting that drainage 377 

was focused near a glacier-contact or ice-dam control zone. This sector remains inferred 378 

from residual-water distribution and lake-margin retreat, because the satellite 379 

observations do not resolve the dam-crest geometry or subglacial conduit structure. 380 

 381 

The SWOT record provides the vertical constraint that is missing from optical-only 382 

assessments. Representative lake level decreased from 3270.38 to 3257.83 m, giving a 383 
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12.55 m drawdown across the event. This observed WSE change allows the mapped 384 

lake-area collapse to be interpreted as a three-dimensional water-loss signal rather than 385 

only a plan-view contraction. The post-event reorganization of SWOT PIXC 386 

observations toward residual pools and low-lying sectors further supports rapid 387 

drainage from the former open-water basin. 388 

 389 

The stage–area–volume reconstruction converts these observations into a quantitative 390 

storage-loss estimate. Combining the 1.552 km² area loss with the 12.55 m SWOT-391 

derived drawdown yields a drained-water volume of (9.84 ± 2.4) × 10⁶ m³. This value 392 

represents a first-order, satellite-constrained estimate of source-lake storage loss, not a 393 

complete downstream flood-volume reconstruction. The dominant uncertainty comes 394 

from the post-event WSE retrieval, because the residual pools were smaller than the 395 

250 m SWOT raster posting and required local-window extraction and screening of 396 

mixed or terrain-contaminated pixels (Bergeron et al., 2020; Hamoudzadeh et al., 2024). 397 

The official downstream flood-volume estimate provides complementary evidence 398 

rather than a direct validation target (Tarim River Basin Administration, 2025). The 399 

report stated that Merzbacher Lake began draining on 5 July 2025, was nearly emptied 400 

by 7 July, and produced a downstream flood response by 9 July, with an estimated 401 

downstream flood volume of approximately 6.0×10⁷ m³. This value represents an 402 

integrated river-flow response downstream of the source lake, whereas our estimate of 403 

(9.84 ± 2.4)×10⁶ m³ quantifies the directly observed storage loss within the mapped 404 

lake basin from Sentinel-2 area change and SWOT-derived water-level lowering. The 405 

two quantities are therefore not expected to be identical, because they differ in control 406 

volume, observation footprint, flood routing, background glacier meltwater input, and 407 

possible sediment or debris entrainment during downstream propagation. We therefore 408 

use the official report to support the timing and hydrological significance of the July 409 

2025 drainage, while the satellite analysis isolates lake-level drawdown and source-410 

lake storage loss. 411 

 412 
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Overall, the July 2025 Merzbacher Lake event shows that SWOT-based 3D mapping 413 

can move GLOF analysis beyond plan-view change detection toward event-scale stage–414 

area–volume reconstruction. For remote ice-dammed lakes without gauges, 415 

bathymetric surveys, or field observations, this approach provides a practical 416 

observational basis for quantifying drainage magnitude and improving satellite-based 417 

assessment of high-mountain water hazards (Carrivick & Tweed, 2016; Fu et al., 2024; 418 

Taylor et al., 2023). 419 
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