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Himalayan glaciers are projected to shrink by 53% to 70% during this century due to 20 
global climate change. However, the impact of future precipitation change on glacier 21 
change remains uncertain because mesoscale meteorology is not represented in current 22 
glacier models. We explore the effects of future changes in air temperature and 23 
precipitation by simulating the evolution of a benchmark glacier in the monsoon-24 
influenced Nepal Himalaya using mesoscale climate-glacier modelling. Historical 25 
warming commits Khumbu Glacier to volume loss of 10–23% by 2100 CE. We show that 26 
while moderate future warming (RCP4.5) will lead to glacier volume loss of 70% by 2100 27 
CE, the projected concurrent increase in precipitation will offset 34% of this change. 28 
However, extreme future warming (RCP8.5) will not be compensated by precipitation but 29 
will instead result in substantial ablation above 6,000 m and cause the highest glacier on 30 
Earth to vanish by 2160–2260 CE. 31 
 32 
Projecting glacier change is critical for determining the impact of anthropogenic warming on 33 
regional water availability1. However, projections remain challenging because accumulation 34 
and ablation in mountain environments are driven by orographic feedbacks between high-relief 35 
topography and atmospheric circulation systems such as the South Asian Summer Monsoon2. 36 
High Mountain Asia is projected to lose 34 ± 19% of glacier ice by 2100 CE if warming is 37 
limited to 1.5℃ to meet the ambitious Paris Agreement target3. More realistic glacier loss 38 
projections are 53 ± 23% under the moderate warming scenario RCP4.5 and 69 ± 20% under 39 
the extreme warming scenario RCP8.53–5. In the monsoon-influenced Himalaya, changes in the 40 
extent and intensity of the Indian Summer Monsoon affected glacier expansion during the Last 41 
Glacial Maximum through changes in snowfall6,7. Global Climate Models project increasing 42 
Indian Summer Monsoon precipitation and variability with current global warming8. However, 43 
the effects of future changes in the Indian Summer Monsoon on glaciers in the Central and 44 
Eastern Himalaya in terms of precipitation amount, timing, and state (snow/rain) remain poorly 45 
understood9–13. 46 
 47 
We use a novel climate-glacier modelling approach to simulate the evolution of Khumbu 48 
Glacier (Fig. 1) from the present day (2015 CE) until 2300 CE. Khumbu Glacier is a benchmark 49 
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glacier in the monsoon-influenced Himalaya and the highest glacier on Earth, flowing from 50 
7981 m to 4879 m, which is representative of the majority of glaciers in the Central and Eastern 51 
Himalaya (Fig. 1b). We used downscaled Regional Climate Model (RCM) outputs with a 52 
surface energy balance model to force a glacier evolution model (Fig. 2a). To address the 53 
significant uncertainties associated with projections of climate change in the monsoon-54 
influenced Himalaya, in particular, precipitation change, we made an ensemble experiment 55 
forced by three RCMs using two time slices (2015–2020 CE and 2095–2100 CE) downscaled 56 
using quantile mapping. The RCMs represent a range of possible future climates—the NOAA 57 
RCM is characterised by the highest annual precipitation, the IPSL RCM is characterised by 58 
the lowest annual precipitation, and the CCCma RCM is characterised by an intermediate 59 
value. Three downscaled RCMs under two future climate scenarios (RCP4.5 and RCP8.5)14 60 
were used as inputs to the surface energy balance model COSIPY15 that includes sublimation 61 
of snow and ice, which are important, but overlooked, contributions to glacier mass balance in 62 
the Himalaya16. We used these six future mass balances to force the glacier model iSOSIA17,18 63 
from the present day to 2100 CE. iSOSIA is a higher-order ice flow model that includes two 64 
processes important for many Himalayan glaciers—the redistribution of snow by avalanching 65 
that is estimated to provide 75% of glacier accumulation, and the formation of supraglacial 66 
debris layers that insulate the ice surface and significantly modify ablation17,19 (Fig. 1d).  67 
 68 
Glacier change projections are complicated by supraglacial debris, which covers 4–7% of 69 
glacier surfaces globally5,20 and 30% of glacier ablation areas in the Himalaya3 (Fig. 1b). While 70 
satellite observations across the Himalaya show that rates of loss have accelerated over the last 71 
40 years for both clean-ice glaciers and debris-covered glaciers21, observations and models 72 
show that thick supraglacial debris slows glacier loss5,22,23. Projections of glacier evolution in 73 
the Himalaya are complicated by the need to account for the feedbacks between debris 74 
transport, mass balance, and ice flow24 that promote a longer dynamic response to forcing 75 
compared to climatically equivalent clean-ice glaciers17. Many large Himalayan glaciers that 76 
are debris-covered are in greater imbalance with climate than clean-ice glaciers, sustaining 77 
more extensive ice volumes than would be possible without supraglacial debris. However, 78 
when a glacier is subject to an increasingly negative mass balance, the ice volume shrinks and 79 
ice flow declines towards the margins, and the lower part of the ablation area detaches from 80 
the active glacier25. This process of detachment and decay of the former ablation area is 81 
extended in time for debris-covered glaciers by the insulation of the ice surface, such that the 82 
new terminus of the active glacier initially remains in contact with the detached ice tongue 83 
rather than receding upvalley23,26,27. The proportion of debris-covered glacier area in the 84 
Himalaya means that these processes significantly affect projections of glacier change in this 85 
region, and yet few glacier modelling studies consider their impact5. 86 
 87 
Our transient climate-glacier model experiments (Fig. 2a) start with spin-up simulations of 88 
Khumbu Glacier that run from the late Holocene (0 CE) to the present day (2015 CE) under 89 
each of the three RCMs. This approach captures the present-day mass balance and dynamic 90 
state of the glacier and the distribution of englacial and supraglacial debris (Fig. 3). In 91 
considering the present state of Khumbu Glacier, we simulate the active glacier and assign the 92 
detached tongue to the model domain as a topographic feature23,28–30. The simulated glacier is 93 
evaluated against a range of observations, and the simulation forced using the NOAA RCM is 94 
identified as the starting point for future simulations. In the future simulations, local mean 95 
annual air temperatures (MAAT) in the Khumbu Valley increase by 1.4 ± 0.4℃ under RCP4.5 96 
and 3.8 ± 0.2℃ under RCP8.5 by 2100 CE relative to the present day31. Greater warming 97 
occurs in winter than in summer under both RCPs31 and results in an increase in annual 98 
precipitation amount of ~15%, with a greater increase in winter than in summer. There are no 99 
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regional temperature projections beyond 2100 CE and therefore we use global values: between 100 
2100 CE  and 2200 CE a step change in warming for each of the 3 RCMs of 0.5℃ for RCP4.5 101 
and 2.8℃ for RCP8.5 relative to 2100 CE is applied to simulate mass balance for 2200 CE, 102 
which is consistent with our time slice approach for the 21st Century simulations. Between 103 
2200 CE and 2300 CE warming of 0.7℃ for RCP4.5 and 4.1℃ for RCP 8.5 relative to 2100 104 
CE is applied to simulate mass balance for 2300 CE. There are no global projections of 105 
precipitation beyond 2100 CE and therefore no change in precipitation was applied beyond 106 
2100 CE (see Supplementary Information for detailed experimental design and model 107 
evaluations). 108 
 109 
Results 110 
Climate change and glacier evolution from the present day until 2100 CE 111 
Khumbu Glacier is responding to historical climate change and would continue to shrink even 112 
if warming ceased today. Indeed, if we allow the spin-up experiment to reach equilibrium with 113 
the present-day NOAA RCM mass balance, the glacier terminus will recede by 2.1 km and the 114 
maximum ice thickness will decrease from 246 m to 206 m by 2100 CE without any additional 115 
warming (Fig. 4a). Supraglacial debris up to 1.3 m thick extends 1 km up-glacier from the 116 
terminus and dampens this committed loss by sustaining 13% more ice volume than would be 117 
the possible for a clean-ice surface. The committed loss due to historical warming is 10–23% 118 
of the present-day glacier volume (Fig. 4b).  119 
 120 
The mean glacier volume loss by 2100 CE across the RCM ensemble is 0.399 × 106 m3 (46%) 121 
under RCP4.5 and 0.506 × 106 m3 (57%) under RCP8.5. In the NOAA RCP4.5 experiment, 122 
glacier volume decreases by 36% between the present day and 2100 CE (Figs. 4 and 5). While 123 
significant, this end-of-century glacier loss is partially offset by the concurrent increase in 124 
precipitation. In comparison, an equivalent simulation forced only by warming of 1.4℃ 125 
without any change in precipitation results in a more linear trajectory and 70% loss by 2100 126 
CE (Fig. 5b), demonstrating that 34% of potential glacier loss resulting from warming air 127 
temperatures will be compensated by increasing precipitation. The CCCma RCP4.5 experiment 128 
projects loss of 57% by 2100 CE owing to a smaller increase in precipitation. In the NOAA 129 
RCP4.5 experiment, MAAT warms by 1.4℃ by 2100 CE to reach –0.75℃, compared to 130 
warming of 1.6℃ for the IPSL experiment and 2.2℃ for the CCCma experiment. The NOAA 131 
experiment shows an increase in precipitation amount of 15% (from 581 mm to 665 mm) with 132 
the largest change occurring in winter. The resulting spatially averaged cumulative mass 133 
balance is –0.14 m water equivalent (w.e.) a–1 in 2100 CE; slightly more positive that the 134 
present-day value of –0.21 m w.e. a–1. Therefore, keeping future warming within the limit of 135 
RCP4.5 will cause limit further shrinking of Khumbu Glacier to only 26% beyond that already 136 
committed to by historical climate change.  137 
 138 
Under RCP8.5, all experiments give similar results for mass balance by 2100 CE with only a 139 
10% difference in glacier volume between RCMs (Fig. 4b). For the NOAA RCP8.5 experiment, 140 
MAAT warms by 3.8℃ by 2100 CE compared to 3.9℃ for the IPSL experiment and 4.1℃ for 141 
the CCCma experiment, and the 15% increase in annual precipitation is not sufficient to offset 142 
glacier loss (Fig. 4). The CCCma experiment has only a 1% difference in volume loss between 143 
RCP4.5 and RCP8.5 by 2100 CE despite a 1.9℃ difference in MAAT. This is a surprising 144 
result given the significant temperature difference but it can be attributed to the greater number 145 
of high-magnitude precipitation events that occur under RCP8.5 in combination with the small 146 
difference in winter temperatures between the two RCPs. Indeed, in the CCCma experiment 147 
under RCP4.5, maximum winter temperature is 1.7℃ higher than for the other RCMs, resulting 148 
in ablation and rainfall during the winter.  149 
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 150 
Climate change and glacier evolution from 2100 CE until 2300 CE 151 
Projections of climate change beyond 2100 CE are more uncertain than those for this century, 152 
but do give rise to a clear prognosis for Khumbu Glacier. In all RCP4.5 experiments (an 153 
increase in MAAT of 0.7℃ between 2100 CE and 2300 CE) there is little change in glacier 154 
volume between 2200 CE and 2300 CE compared to the 2100 CE value regardless of the RCM 155 
forcing used (Fig. 4b). In the NOAA RCP4.5 experiment, the Khumbu icefall is maintained 156 
until 2300 CE such that ice continues to flow from the Western Cwm to below 6,000 m and the 157 
glacier remains in contact with the dynamically detached tongue. Therefore, under RCP4.5 158 
Khumbu Glacier could reach a new dynamic equilibrium that maintains a sufficient ice 159 
thickness to protect against catastrophic mass loss for at least two centuries. However, in all 160 
RCP8.5 experiments (an increase in MAAT of 4.1℃ between 2100 CE and 2300 CE) 161 
substantial glacier loss occurs after 2100 CE and Khumbu Glacier completely decays before 162 
2300 CE. Physical detachment of the debris-covered tongue from the active glacier occurs 163 
around 2070 CE in the CCCma and IPSL experiments and around 2140 CE in the NOAA 164 
experiment (Fig. 6). We define the glacier to be stagnant at flow at rates less than 10 m a–1, 165 
which is a conservative estimate of the uncertainty associated with observations of glacier 166 
velocities32. Accordingly, we consider Khumbu Glacier to no longer be a viable system at this 167 
point, since there is minimal throughput of mass. In the NOAA RCP8.5 experiment, the glacier 168 
area is 1.2 km2 and the mean velocity reduces to 10 m a–1 in 2260 CE such that the glacier is 169 
no longer viable. Glacier breakdown occurs earlier for the CCCma and IPSL RCMs because 170 
loss due to warming is not compensated to the same magnitude by an increase in precipitation 171 
as that projected under RCP8.5 using the NOAA RCM. 172 
 173 
Discussion 174 
In the monsoon-influenced Himalaya, 85% of glacier area is located above 5,000 m and 21% 175 
is above 6000 m (Fig. 1b). Despite these high elevations, Himalayan glaciers are currently 176 
rapidly losing ice in response to climate change21. The active terminus of Khumbu Glacier is 177 
located at 5100 m and the equilibrium line altitude is at 5850 m meaning that Khumbu Glacier 178 
is representative of many Himalayan glaciers (Fig. 1). Our simulations show that development 179 
of supraglacial debris at the terminus reduces net loss (Fig. 4a) but otherwise the glacier surface 180 
is clean (Fig. 3). Therefore, while supraglacial debris sustains about 13% of additional glacier 181 
volume, the local mass balance gradient is a more important control on glacier change for both 182 
clean-ice glaciers and debris-covered Himalayan glaciers. Our results show that the mass 183 
balance of Khumbu Glacier is close to zero by 2100 CE under RCP4.5, although with 184 
somewhat different ice volumes remaining depending on the RCM used (Fig. 4b). Therefore, 185 
if climate change is limited to RCP4.5, Khumbu Glacier will lose about a third of its volume 186 
and recede to the base of the icefall with insignificant further change. In this scenario, Khumbu 187 
Glacier has a similar extent in 2100 CE to the active section of the present-day glacier (Fig. 6) 188 
and is at least one example of how monsoon-influenced Himalayan glaciers could persist into 189 
the future if global efforts are sufficient to mitigate anthropogenic climate change.  190 
 191 
While we have considered the effects on mass balance of mesoscale meteorology, smaller scale 192 
processes operating close to the ice surface could also be important. Katabatic winds are 193 
suggested to explain a local 15-year decrease in maximum air temperature and precipitation 194 
over glaciers while minimum air temperatures continue to rise33. However, the impact of micro-195 
scale near-surface cooling on the duration and extent of mesoscale precipitation and 196 
accumulation is likely to be minimal, and unlikely to significantly affect mass balance34,35. 197 
Observations from an automatic weather station at Khumbu Glacier (6464 m) indicate that 198 
surface energy fluxes may be sufficient to cause non-negligible melting of glacier surfaces 199 
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despite freezing air temperatures36. Results from an ice core from South Col Glacier (>8,000 200 
m) combined with COSIPY experiments suggest that ablation may also take place at even at 201 
the highest elevations37. However, a subsequent study of the same glacier found no evidence 202 
of change and identified large uncertainties associated with simulating mass balance at these 203 
extreme elevations where sub-daily air temperature gradients and the duration of snow cover 204 
strongly affect ablation and accumulation38. Our results show that avalanching and sublimation 205 
are important controls on recent and future glacier evolution. Our study addresses these finer-206 
scale temporal (hourly) and spatial (100 m) processes that affect glacier mass balance across 207 
the elevation range of Khumbu Glacier, but further observations of meteorological and 208 
glaciological conditions at the highest elevations would be beneficial10,12,38,39. 209 
 210 
The dynamic response of large glaciers to climate change is of the order of centuries, and 211 
significant changes in glacier volume continue after an imposed forcing ceases. For this reason, 212 
we start our simulations from 1.3 ka—when Khumbu Glacier was last considered dynamically 213 
stable17,40. The relationship between response time and mass balance becomes less important 214 
after 2100 CE when the glacier is so small that any dynamic behaviour has little impact on 215 
volume change. Previous glacier modelling studies start in the current century (e.g., 2000–2007 216 
CE4 or 20155) and do not account for the committed dynamic response. A further complication 217 
arises from the use of global glacier inventories as a starting point for glacier modelling studies, 218 
as such inventories cannot capture the current dynamic state of glaciers that are imbalanced, 219 
and so include all ice-covered areas rather than identifying actively flowing ice. However, 220 
satellite-derived velocity products do identify where ice flow within glacier outlines declines 221 
to negligible rates32. The RGI 7.0 inventory for Khumbu Glacier is based on imagery from 222 
1999 CE41 where the detached debris-covered tongue represents 20% of the glacier volume 223 
contained within this outline (Fig. 1c). Comparison of present-day simulations with 224 
observations of recent changes in ice thickness and velocity through the ablation area below 225 
the icefall confirm that ice does not now flow into the stagnant tongue from the icefall23 (see 226 
Supplementary Information for these results).  227 
 228 
Comparing our results to those for the same glacier from a global modelling study forced by 229 
an ensemble of 10 Global Climate Models5 shows that our experiments project less severe rates 230 
of ice volume decline resulting in a smaller amount of loss by 2100 CE (Fig. 5). In our 231 
experiments, there is 39% less loss under RCP4.5 and 32% less under RCP8.5 than in the global 232 
study. One difference between these results is that rather than using the global glacier inventory 233 
outline to define the glacier margins we consider only the actively flowing glacier and so 234 
exclude 20% of the starting glacier volume in the detached tongue. We would expect the two 235 
sections of the glacier to evolve along different paths: while the active glacier responds to 236 
climate change as projected in our experiments, thick supraglacial debris mantling the detached 237 
tongue could allow this ice mass to survive and slowly decay in situ for many decades beyond 238 
the present day. The decay of the detached tongue may however increase due to erosion of the 239 
surface by ice cliffs and supraglacial water bodies that are expanding across the former glacier 240 
surface.  241 
 242 
Current global greenhouse gas emissions are following the trajectory of the moderate warming 243 
scenario RCP4.5, and the extreme warming scenario RCP8.5 could be described as ‘low-244 
possibility but high-impact’42. However, mountain regions are warming more rapidly than the 245 
global mean43 such that a global temperature rise of 1.5℃ will lead to 2.1 ± 0.1℃ of warming 246 
in High Mountain Asia3,43 (although the occurrence of elevation-dependent warming above 247 
5,000 m is debated44). High-magnitude precipitation events from winter Westerly disturbances 248 
increased by up to a factor of seven between the present day and 2100 CE under RCP8.5, and 249 
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could make the net annual mass balance less negative than would be the case when solely 250 
forced by change in MAAT. We found no evidence of future increases in precipitation offsetting 251 
RCP8.5 warming—net glacier mass balance was strongly negative in all RCP8.5 experiments 252 
and  insufficient to maintain actively flowing glaciers. Under RCP8.5, glacier mass balance in 253 
the monsoon-influenced Himalaya may therefore shift from being driven by accumulation 254 
during the monsoon to predominantly during winter, with monsoon precipitation only resulting 255 
in snow accumulation at the very highest elevations being insufficient to maintain flowing 256 
glaciers. This outcome is avoidable by limiting anthropogenic warming to within the RCP4.5 257 
scenario, which, due to the associated increase in precipitation, could sustain nearly two thirds 258 
of the current glacier volume until 2100 CE and potentially a two centuries further into the 259 
future.  260 
 261 
 262 
 263 
  264 
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Online Methods 265 
Regional climate model (RCM) downscaling 266 
Downscaled RCMs were used to calculate the present day and future mass balances used as 267 
inputs to the glacier model. Daily data from the Coordinated Regional Downscaling 268 
Experiment (CORDEX) South Asia domain were downloaded from the Indian Institute of 269 
Tropical Meteorology website (http://cccr.tropmet.res.in/home/cordexsa_about.jsp) for the 270 
grid box nearest to Khumbu Glacier (27.9065°N, 86.4353°E). Incoming shortwave and 271 
longwave radiation components were downloaded from the ESGF portal (https://esgf-272 
ui.ceda.ac.uk/cog/projects/cordex-ceda/). Three RCMs were chosen to span the range of 273 
possible precipitation future scenarios and subject to quantile mapping to force separate glacier 274 
mass balance calculations. Observational data from automatic weather stations (Fig. 1c) 275 
collected between January 2006 and November 2019 by Ev-K2-CNR and GlacioClim 276 
(https://glacioclim.osug.fr/) were used to aid RCM downscaling with gaps filled with 277 
interpolated data from neighbouring stations where possible (Fig. 2). The automatic weather 278 
station data were used to disaggregate daily downscaled present-day and end-of-century 279 
climate data to an hourly resolution45 using seasonal means to reproduce the ‘nocturnal peak’ 280 
seen during the monsoon. The MELODIST Python tool was used for all other meteorological 281 
variables46.  282 
 283 
The climate time slice for the period 2095–2100 CE was used to force the future mass balance 284 
simulations and drive the ice-flow model from the present-day simulation. Time slices 285 
representing five-year periods were chosen to reduce the computational expense of the climate-286 
glacier modelling (~24 hours per simulation) and the preceding decade was used for 287 
comparison with the climate time slices. The climate forcing for the downscaled NOAA RCM 288 
under RCP 4.5 was 1.4℃ higher than present day (MAAT of –0.75℃ in 2095–2100 CE 289 
compared with –2.15℃ in 2015–2020 CE). Annual precipitation increased by 14.8% from 290 
581.4 mm in the present day to 664.8 mm a–1 in 2100 CE under RCP4.5, of which summer 291 
(JJAS) precipitation increased by 5.4% and winter (DJF) precipitation increased by 14.1%. The 292 
climate forcing for the downscaled NOAA RCM under RCP 8.5 was 3.8℃ higher than present 293 
day (MAAT of 1.65℃ in 2095–2100 CE). Annual precipitation increased by 14.9% in 2100 294 
CE under RCP8.5, of which summer precipitation increased by 9.8% and winter precipitation 295 
increased by 19.4%.  296 
 297 
Surface energy and mass balance modelling using COSIPY 298 
The Coupled Snowpack and Ice-surface Energy and Mass Balance model in Python (COSIPY) 299 
was used to calculate surface energy balance15. This model has been applied to a range of 300 
mountain glaciers including those in High Mountain Asia38,47. COSIPY is developed and 301 
modularised in Python and integrates a surface energy balance model with a multi-layer snow 302 
and ice model and thereby resolves all energy fluxes at the ice surface that contribute to surface 303 
melt. COSIPY includes a calculation of sublimation, which is an important ablation process 304 
for high-elevation glaciers in the Himalaya48.  305 
 306 
The model domain was a 30-m digital elevation model acquired from the Shuttle Radar 307 
Topography Mission49 resampled to 100-m grid spacing. We used the topographic rather than 308 
subglacial surface to calculate annual clean-ice glacier surface mass balance to enable 309 
integration with the glacier model by making the domain for the mass balance calculations 310 
larger than the glacier area. COSIPY was forced by hourly meteorology with nine parameters 311 
to calculate the energy balance and mass balance components at an hourly time step from the 312 
sum of accumulation by solid precipitation, deposition, and refreezing of melt water 313 
percolation, and ablation by melt and sublimation. The impact of supraglacial debris on 314 
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ablation rates and avalanching on accumulation rates was handled subsequently in the glacier 315 
model.  316 
 317 
Glacier evolution modelling using iSOSIA 318 
The integrated second-order shallow ice approximation model (iSOSIA) is a 3-D depth-319 
integrated, higher-order ice-dynamical glacier evolution model that solves for the flow of ice 320 
including longitudinal and transverse stress gradients that are imposed on ice flow through 321 
high-relief topography18. iSOSIA has a variable time step that can adjust to allow greater 322 
computational efficiency to a maximum of 0.1 years. The glacier model was developed to 323 
simulate the evolution of debris-covered glaciers by incorporating the feedbacks between 324 
debris transport, mass balance, and ice flow17.  325 
 326 
The glacier model parameterisation and experimental design followed our previous work23. 327 
Estimated ice thickness50 was subtracted from the 30-m digital elevation model to yield a 328 
subglacial topography for the model domain. The ice-free model domain incorporates the full 329 
hydrological catchment and includes the steep hillslopes of the Western Cwm that provide 330 
snow by avalanching to the glacier surface. The total amount of snow accumulation across that 331 
catchment was calibrated such that the snow delivered to the glacier surface was equivalent to 332 
the estimated rate of glacier accumulation of about 2 m water equivalent per year51. 333 
Avalanching was simulated by removing snow and ice from hillslopes greater than 28° and 334 
redistributing this mass across less steep surfaces using a non-linear hillslope flux model52. The 335 
avalanching routine was previously applied to Khumbu Glacier and found to be sufficient to 336 
prevent snow and ice accumulation on slopes that are observed to be free of glacier ice such as 337 
the southwest face of Sagarmatha (Mt. Everest) whilst allowing accumulation on steep sections 338 
of the glacier17.  339 
 340 
Debris was delivered to the glacier surface from headwall erosion using a similar non-linear 341 
hillslope flux model to the avalanching routine. Debris was produced by erosion from hillslopes 342 
without ice at a constant rate of 1 mm a–1. The reduction in ablation beneath supraglacial debris 343 
from clean-ice values was represented as a reciprocal function that scales clean-ice ablation 344 
(bclean) to give sub-debris melt (bdebris) as a function of debris thickness (h): 345 
 346 
𝑏!"#$%& = 𝑏'(")* 	× 	

+!
+,	+!

   Eq(1) 347 
 348 
where h0 is a constant representing the characteristic debris thickness at which the reduction in 349 
ablation due to insulation by supraglacial debris is 50% of the value for an equivalent clean-350 
ice surface. The value for h0 of 0.8 m represents a positively skewed supraglacial debris 351 
thickness distribution that includes ablation ‘hotspots’ such as supraglacial ponds and ice cliffs 352 
and is representative of the current state of Khumbu Glacier23. Observations and modelling of 353 
the dynamics and structure of Khumbu Glacier show that the lower 5 km (25% of the total 354 
length, 20% of total ice volume) is stagnant and dynamically detached from the active glacier 355 
in the last 100 years23,27. Basal ice at the glacier surface indicates that the active terminus 356 
overrides the stagnant tongue28 and surface displacement measurements indicate that ice no 357 
longer flows longitudinally through the detached debris-covered tongue and is instead 358 
collapsing laterally at 3 m a–1,30. The simulated active glacier matches observed changes in the 359 
spatial distribution of surface debris29 and feature-tracking and remote-sensing observations of 360 
surface elevation change22. We therefore simulated the active glacier and assign the former 361 
debris-covered tongue to the model domain as a static topographic feature.  362 
 363 

364 
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Figures and captions 365 
 366 

 367 
 368 
 369 
Figure 1: Khumbu Glacier location and context. (a) Location map of High Mountain Asia 370 
showing the location of the monsoon-influenced Central and Eastern Himalaya and Khumbu 371 
Glacier. (b) hypsometry of glaciers and debris-covered glacier ice in the Central and Eastern 372 
Himalaya compared with the elevations of Khumbu Glacier. (c) Satellite image of Khumbu 373 
Glacier showing the extent of supraglacial debris, location of the icefall, the extent of active 374 
ice flow inferred from observations of glacier velocity (black lines) and location of the 375 
automatic weather stations used for RCM downscaling (blue stars). (d) Estimated mass balance 376 
gradient for debris-covered glaciers in the Everest region51 compared with the glacier mass 377 
balance gradient simulated using the NOAA RCM and showing change in the equilibrium line 378 
altitude (ELA) of Khumbu Glacier in the historical and future simulations for the NOAA 379 
RCP4.5 experiment. 380 
 381 
 382 
 383 
 384 
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 386 
 387 
Figure 2: Model experimental design and evaluation of RCM downscaling. (a) Schematic 388 
diagram of the climate-glacier modelling approach showing the methods used for  downscaling 389 
through quantile mapping and disaggregation of climate data. Note that this process does not 390 
apply to the post-2100 CE climate forcings which are subject to delta change. Surface energy 391 
balance modelling using COSIPY includes the pre-processing stage of meteorological 392 
distribution across the Khumbu domain, which is repeated for each RCM in the 2015–2020 CE 393 
climates and for the three RCMs and two RCPs for the 2095–2100 CE climates, then used as 394 
input to the glacier model iSOSIA. (b) Daily mean temperature and daily total precipitation 395 
from the NOAA RCM for the present day (2015–2020 CE) following downscaling using 396 
quantile mapping with air temperature categorised into above freezing (red) and below freezing 397 
(blue). (c) Proportion of air temperatures above and below freezing for the present day for each 398 
RCM and RCP for the downscaled daily data compared with observations. (d) Annual 399 
precipitation totals for non-monsoon and monsoon with standard deviation between selected 400 
years shown by black bars for the downscaled daily data compared with observations. (e) 401 
Future (2095–2100 CE) time-slice annual precipitation totals for non-monsoon and monsoon 402 
months with standard deviation between selected years shown by black bars. In (d) and (e) the 403 
percentage of the total annual precipitation occurring during the monsoon is indicated by the 404 
value in bold text. (Obs = meteorological observations from AWS). 405 
 406 
 407 
 408 
 409 
 410 
 411 
 412 
 413 



 11 

 414 
 415 
 416 
 417 
Figure 3. Glacier model sensitivity to surface energy and mass balance forcing, showing Little 418 
Ice Age (~1800 CE) glacier mass balance, ice thickness and debris thickness. Present-day 419 
results for surface mass balance calculated using each RCM with COSIPY showing glacier 420 
mass balance calculated using the same climate forcing following integration with iSOSIA, 421 
simulated ice thickness, and simulated debris thickness. 422 
 423 

424 
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 425 
 426 
 427 
Figure 4. Future glacier volume change projections. (a) Equilibrium ice thickness accounting 428 
for the committed response to recent climate change using the downscaled NOAA climate 429 
forcing with and without the effect of sub-debris melt. (b) Simulated glacier volume change 430 
from the present day (2015–2020 CE) until 2300 CE under RCP4.5 and RCP8.5 for the three 431 
downscaled RCMs. The black crosses mark when ice flow has declined sufficiently that the 432 
glacier is considered almost absent or no longer viable. The green shading shows the range of 433 
the committed volume loss due to historical warming. (c) Simulated ice thickness under 434 
RCP4.5 and RCP8.5 for 2100 CE, 2200 CE and 2300 CE using the downscaled NOAA climate 435 
forcing. 436 
 437 
 438 
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 439 
 440 
 441 
Figure 5. Comparison of projected shrinkage of Khumbu Glacier by 2100 CE from this study 442 
with those from Rounce et al. (2023) showing (a) results from each of the six experiments in 443 
this study with results from RCP4.5 and RCP8.5 from Rounce et al. (2023), and (b) comparison 444 
of results from this study where the bold line shows the NOAA RCP4.5 and RCP8.5 445 
experiments and the black dashed line shows the equivalent result for a simulation where 446 
precipitation does not change from the present-day value compared with results from Rounce 447 
et al. (2023) for RCP2.6, RCP4.5 and RCP8.5.  448 
 449 
 450 
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 451 
 452 
 453 
Figure 6. Simulated ice flow for Khumbu Glacier. Velocity-vector maps showing simulated ice 454 
flow magnitude and direction from the present day (2015–2020 CE) until 2300 CE under 455 
RCP4.5 and RCP8.5 using the downscaled NOAA climate forcing and a value for h0 of 0.8 m. 456 
Simulated ice flow speed is shown as colour shading with blue contours, and the bed 457 
topography is shown by grey contours. The outermost contour in each plot represents the 458 
slowest ice flow close to the glacier margins with depth-integrated velocities of 5–10 m a–1. 459 
Note that rapid flow across the Western Cwm indicated by one arrow shows the effects of 460 
avalanching rather than sustained glacier flow. 461 
 462 
 463 
 464 
 465 
 466 
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