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 18 
Himalayan glaciers are projected to shrink by over 50% this century due to rising air 19 
temperatures. However, the impact of future precipitation change on glacier evolution 20 
remains uncertain. Here we explore these precipitation effects by simulating the future 21 
evolution of Khumbu Glacier in the monsoon-influenced Himalaya until 2300 CE. 22 
Khumbu Glacier is committed by historical warming to volume loss of 23% by 2100 CE. 23 
Future warming would increase volume loss up to 70%. We show that moderate warming 24 
(RCP4.5) will drive an increase in precipitation that offsets 34% of the potential volume 25 
lost due to rising air temperatures. However, extreme warming (RCP8.5) will not be 26 
compensated, but will instead drive substantial ablation above 6,000 m, causing the 27 
highest glacier on Earth to vanish between 2160 CE and 2260 CE. 28 
 29 
Projecting glacier volume change is critical for determining the impact of anthropogenic 30 
warming on regional water supplies1. However, projections remain challenging because 31 
accumulation and ablation in mountain environments is driven by orographic feedbacks 32 
between high-relief topography and atmospheric circulation systems such as the South Asian 33 
Summer Monsoon2. High Mountain Asia is projected to lose 34 ± 19% of glacier ice by 2100 34 
CE if warming is limited to 1.5℃ to meet the ambitious Paris Agreement target, equivalent to 35 
the most conservative of the IPCC’s climate model ensembles (RCP2.6); more realistic future 36 
glacier loss is 53 ± 23% under the moderate warming scenario RCP4.5 and 69 ± 20% under 37 
the extreme warming scenario RCP8.51,3,4. The assumption underlying global projections that 38 
glacier loss is linearly related to increasing air temperature needs consideration in regions with 39 
high snowfall. Recent warming resulted in greater precipitation and winter snowfall in the 40 
Karakoram and Pamir where glacier mass budgets are balanced or slightly positive5,6. A similar 41 
effect is suggested, but as yet unexplored, for the monsoon-influenced Himalaya, where 42 
changes in the extent and intensity of the Indian Summer Monsoon affected glacier expansion 43 
during the Last Glacial Maximum through changes in snowfall7,8. Global Climate Models 44 
(GCMs) project increasing Indian Summer Monsoon precipitation and variability under global 45 
warming9. However, as current glacier change projections are forced solely by changes in air 46 
temperature, the effects of future changes in the Indian Summer Monsoon and the Westerlies 47 
on Himalayan glaciers in terms of precipitation amount, timing and state (i.e., snow/rain) 48 
remain poorly understood10,11. 49 
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 50 
The challenge of reducing uncertainties in future glacier change projections is complicated by 51 
rock debris, which covers 4–7% of glacier surfaces globally1,12 and 30% of glacier ablation 52 
areas in the Himalaya3. Satellite observations of glacier mass change across the Himalaya 53 
highlighted rates of glacier loss that have accelerated over the last 40 years for both clean-ice 54 
glaciers and debris-covered glaciers13. However, observations and modelling of individual 55 
glaciers show that supraglacial debris significantly affects glacier change over decadal to 56 
centennial time scales14,15. Ice-dynamical modelling studies assuming clean-ice glaciers in the 57 
Everest region projected mass loss greater than 50%16–18 while similar studies that included the 58 
melt-dampening effect of supraglacial debris projected less than 10% mass loss19 under the 59 
same climatic forcing. Debris-covered glaciers are challenging candidates for surface mass 60 
balance calculations because ablation is modified by the distribution of supraglacial debris and 61 
feedbacks with ice flow20,21 that promote a longer dynamic response to climatic forcing 62 
compared to climatically equivalent clean-ice glaciers19. When a glacier is subject to an 63 
increasingly negative mass balance, the terminus of the active glacier steps upward in line with 64 
the equilibrium line and the lower part of the ablation area is detached and rapidly decays. The 65 
process of detachment and decay of the former ablation area is extended in time by the 66 
insulation of the ice surface for debris-covered glaciers, where the active terminus initially 67 
remains in contact with the stagnant ice mass rather than receding upvalley15,22,23.  68 
 69 
We use novel climate-glacier modelling to simulate the evolution of Khumbu Glacier, Nepal 70 
(Fig. 1) from the late Holocene (0 CE) through the present day (2015–2020 CE) until 2300 CE 71 
(see Online Methods). To address the significant uncertainties associated with projections of 72 
climate change and in particular precipitation change in the monsoon-influenced Himalaya, we 73 
use an ensemble approach forced by three Regional Climate Models (RCMs) using multiple 74 
time slices that were downscaled using quantile mapping. The RCMs represent a range of 75 
possible future climates for the monsoon-influenced Himalaya; the NOAA RCM is 76 
characterised by the highest annual precipitation, the IPSL RCM is characterised by the lowest 77 
annual precipitation, and the CCCma RCM represents a moderate degree of change. The three 78 
downscaled RCMs under two future climate scenarios (RCP4.5 and RCP8.5)24 are used as 79 
inputs to the surface energy and mass balance model COSIPY25, which includes sublimation 80 
in the range of processes that contribute to glacier mass balance, which is an important, but 81 
overlooked, contributor to glacier mass loss in the Himalaya26. Three present-day and six future 82 
clean-ice glacier surface mass balances calculated using COSIPY forced six experiments using 83 
the ice-dynamical glacier-evolution model iSOSIA19,27. iSOSIA represents the transport of 84 
supraglacial debris and feedbacks with mass balance and ice flow, and the accumulation of 85 
snow by avalanching that is estimated to provide 75% of glacier mass in this region15,19. Local 86 
mean annual air temperatures (MAAT) in the Khumbu Valley increase by 1.4 ± 0.4 ℃ under 87 
RCP4.5 and by 3.8 ± 0.2 ℃ under RCP8.5 by 2100 CE relative to the present day. Greater 88 
warming occurs in winter than in summer under both RCPs, as is seen in regional projections28, 89 
resulting in an increase in annual precipitation amount of ~15% with a greater increase in 90 
winter compared to summer. As there are no regional temperature projections beyond 2100 CE 91 
we used global values; for transient simulations between 2100–2200 CE, a step change in 92 
warming relative to 2100 CE was applied to the mass balance for each of the 3 RCMs of 0.5℃ 93 
for RCP4.5 and 2.8℃ for RCP8.5. Transient simulations between 2200–2300 CE used 94 
warming of 0.7℃ for RCP4.5 and 4.1℃ for RCP 8.5 relative to 2100 CE. There are no global 95 
projections of precipitation change or of the other climate parameters used beyond 2100 CE so 96 
no precipitation change was applied after 2100 CE (See Supplementary material).  97 
 98 
Results 99 
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Present-day glacier mass balance and dynamics 100 
Between the three RCMs the mass balance calculated in the NOAA experiment gives the best 101 
fit to observations in terms of annual total precipitation, inter-annual precipitation and air 102 
temperature. The simulation forced using the NOAA RCM gave the best fit to observations of 103 
current glacier extent, dynamics and recent mass change and is therefore used as the starting 104 
point for the simulations of future glacier evolution using each of the three RCM forcings under 105 
two RCPs (Fig. 2). In considering the present state of Khumbu Glacier, we simulate the active 106 
glacier and assign the former debris-covered tongue to the model domain as a topographic 107 
feature15,29–31. The glacier extent and mass balance are underestimated if supraglacial debris 108 
and avalanching are not simulated. Across the three present-day simulations, mass balance 109 
calculated using the NOAA RCM is more positive than that resulting from the ISPL and 110 
CCCma RCMs and gives the best fit to observations of air temperature and precipitation in 111 
terms of the annual total, seasonality and variability. Simulated glacier area is 7.8 km2, similar 112 
to structural mapping observations of the active glacier30. Simulated ice thickness at the 113 
terminus is 130 m, similar to a geophysical survey32. Simulated ice-surface elevation change 114 
in the lower ablation area is –30 m over 20 years, similar to satellite observations for 1984–115 
2015 CE14. Simulated velocities reach a maximum of 220 m a–1 and match closely with remote 116 
sensing observations33 (Fig. 3).  117 
 118 
Climate change and glacier evolution from present day until 2100 CE 119 
Khumbu Glacier is responding to historical climatic forcing and will shrink even if warming 120 
ceases today. Indeed, according to our equilibrium simulation from the NOAA experiment, the 121 
active terminus will recede by 2.1 km and the maximum ice thickness will decrease from 246 122 
m to 206 m (40 m) by 2100 CE without additional warming (Fig. 3). Supraglacial debris up to 123 
1.3 m thick extending 1 km up-glacier from the terminus sustains ~10% more ice volume than 124 
would be the case for a clean-ice surface. The rate of ice volume loss is highest from the present 125 
day until 2070 CE when, in the absence of any further climate warming, the glacier approaches 126 
equilibrium with the historical forcing such that the committed ice volume loss is 23% by 2100 127 
CE (Fig. 4).  128 
 129 
In the NOAA RCP4.5 experiment, glacier volume decreases by 36% between the present day 130 
and 2100 CE (Fig. 4). While significant, this end-of-century mass loss is partially offset by an 131 
increase in precipitation compared to the CCCma RCP4.5 experiment with volume loss of 57% 132 
owing to a much smaller increase in precipitation. An equivalent simulation forced only by 133 
warming of 1.4℃ resulted in 70% volume loss, demonstrating that up to 34% of potential 134 
future glacier loss is compensated by the changes in precipitation that result from warming air 135 
temperatures. Specifically, in the NOAA RCP4.5 experiment, MAAT warms by 1.4℃ by 2100 136 
CE to reach –0.75℃, and is similar in summer and winter, resulting in an increase in 137 
precipitation amount of 15% (from 581 mm to 665 mm) with the largest change occurring in 138 
winter. As a result, the spatially averaged cumulative mass balance is –0.14 m water equivalent 139 
(w.e.) a–1 in 2100 CE and slightly lower from the present-day value of –0.21 m w.e. a–1. 140 
Therefore, keeping warming within the limits of RCP4.5 would cause limited further decay of 141 
Khumbu Glacier from that already committed to by historical warming. For the NOAA RCP8.5 142 
climate forcing, MAAT warms by 3.8℃ by 2100 CE and the increase in annual precipitation 143 
of 15% is not sufficient to offset glacier loss resulting from this extreme warming (Fig. 4). 144 
 145 
The mean glacier volume loss by 2100 CE across the RCM ensemble under RCP4.5 is 0.399 146 
× 109 km3 (46% of present-day volume) and 0.506 × 109 km3 (57%) under RCP8.5. The 147 
CCCma experiment has a 1% difference in volume loss between RCP4.5 and RCP8.5 despite 148 
a 1.9℃ difference in MAAT. This surprising result, given the significant temperature 149 
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difference, can be accounted for by a higher number of high-magnitude precipitation events 150 
under RCP8.5 in combination with a small difference in winter temperatures between the two 151 
RCPs; maximum winter temperature is 1.7℃ higher for CCCma than for the other RCMs under 152 
RCP4.5, thus allowing the occurrence of some ablation and rainfall during the winter. Under 153 
RCP8.5 all ensemble simulations gave similar results for mass balance and ice volume, with 154 
only a 10% difference in final glacier volume between RCMs. 155 
 156 
Climate change and glacier evolution from 2100 CE until 2300 CE 157 
Until now we simulated Khumbu Glacier in equilibrium with the projected end-of-century 158 
climate to investigate a scenario where climate change mitigation measures would prevent 159 
further warming beyond 2100 CE. Indeed, if climate conditions in 2100 CE and beyond are 160 
limited to the RCP4.5 scenario, then Khumbu Glacier will recede to the base of the icefall with 161 
insignificant change in ice volume after 2100 CE (Fig. 4). Projections of climate change beyond 162 
2100 CE are more uncertain than those for this century but do give rise to a clear prognosis for 163 
the future of Khumbu Glacier. In every experiment under RCP4.5 (increase in MAAT of 0.7℃ 164 
between 2100 CE and 2300 CE) there is little change in glacier volume between 2200 CE and 165 
2300 CE regardless of the RCM forcing used. In the NOAA RCP4.5 experiment, the icefall is 166 
maintained such that ice continues to flow below 6,000 m and the glacier can remain in contact 167 
with the dynamically detached stagnant tongue. These results demonstrate that Khumbu glacier 168 
can reach a new dynamic equilibrium under RCP4.5 that maintains a sufficient ice thickness 169 
to protect against catastrophic mass loss for at least two centuries.  170 
 171 
Every experiment under RCP8.5 (increase in MAAT of 4.1℃ between 2100 CE and 2300 CE) 172 
results in substantial glacier loss after 2100 CE, and the demise of Khumbu Glacier before 173 
2300 CE regardless of the RCM used (Fig. 4b). Physical detachment of the debris-covered 174 
tongue from the active glacier, whereby ice no longer occupies the area at the base of the icefall, 175 
occurs around 2070 CE in the CCCma and IPSL experiments and around 2140 CE in the NOAA 176 
experiment (Fig. 3). Khumbu Glacier is no longer considered a viable glacier system when 177 
only a small ice volume with negligible flow (<10 m a–1) remains within the former glacier 178 
extent. In the NOAA RCP8.5 experiment, the glacier area is only 1.2 km2 and the mean surface 179 
velocity reduces to 10 m a–1 in 2260 CE, such that the glacier is no longer considered viable 180 
after this time. Glacier breakdown occurs earlier for the CCCma and IPSL RCMs where mass 181 
loss is not compensated for by an increase in precipitation of the same magnitude as that 182 
projected by the NOAA RCM. 183 
 184 
Discussion 185 
Projections of glacier change and sustainability require consideration of the meteorological and 186 
glaciological processes that interact to drive the surface change and redistribution of glacier 187 
mass. The majority of glaciers in the Himalaya are located above 5,000 m, but despite their 188 
high elevations these glaciers are undergoing rapid loss of ice in response to anthropogenic 189 
climate change13. Our projections of volume change for Khumbu Glacier show high variability 190 
between RCMs resulting from differences in projected precipitation change and variability. 191 
Our results show that the mass balance of Khumbu Glacier is close to zero under RCP4.5, 192 
particularly after 2200 CE, suggesting that the future of monsoon-influenced Himalayan 193 
glaciers can be secured by reducing the magnitude of projected anthropogenic climate change. 194 
Contrary to previous studies that only considered the impact of air temperature on glacier 195 
change1,16,18, our results take into account the committed glacier volume loss in the monsoon-196 
influenced Himalaya of 23% by 2100 CE, and show that the projected increase in annual 197 
precipitation amount under RCP4.5 is sufficient to offset half of glacier loss that would result 198 
from 1.4℃ of warming, thus limiting the total glacier volume lost to 36%. Therefore, if global 199 
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efforts are sufficient to mitigate further warming after 2100 CE in line with RCP4.5, then high-200 
elevation Himalayan glaciers can persist until 2300 CE and potentially further into the future.  201 
 202 
To address the uncertainties associated with projections of precipitation change in the 203 
monsoon-influenced Himalaya, we used an ensemble approach with three RCMs and two 204 
RCPs to explore possible future variability in precipitation in this region. The experimental 205 
design used here represents an advance compared with previous glacier modelling efforts in 206 
this region through the robust representation of distributed mass balance including snow 207 
avalanching and sublimation processes and the feedbacks between supraglacial debris 208 
transport, mass balance and ice flow. Particularly, the distributed mass balance forcing and the 209 
evolution of the supraglacial debris feedback are important for driving recent and future glacier 210 
evolution. In addition, previous studies have not accounted for the committed glacier response 211 
to historical warming when estimating glacier mass balance changes1,16 or considered that the 212 
most recent expansion of glaciers during the Little Ice Age around 500 years ago was not a 213 
dynamically stable or spatially consistent event34. Our simulations represent a robust approach 214 
to quantify the present-day imbalance for Himalayan glaciers as they start from the late 215 
Holocene and consider the long-term dynamic response of glaciers to climate change. Such an 216 
approach may not be needed to project glacier change into future centuries. Our results show 217 
that the relationship between response time and mass balance is insignificant after 2100 CE 218 
when Khumbu Glacier is so small that dynamic behaviour had little impact on mass change 219 
(see Supplementary material).  220 
 221 
While we have considered the effects on glacier surface mass balance of mesoscale-scale 222 
meteorological variables, smaller scale processes operating close to the ice surface also affect 223 
mass balance. Observations from an automatic weather station on Khumbu Glacier (6,464 m) 224 
indicate that surface energy fluxes may be sufficient to cause non-negligible melting of glacier 225 
surfaces despite freezing air temperatures35. In addition, katabatic winds are suggested to 226 
explain a local 15-year decrease in maximum air temperature and precipitation over glaciers in 227 
the Himalaya while minimum air temperatures continue to rise36. However, the impact of 228 
micro-scale near-surface cooling on the duration and extent of mesoscale-scale precipitation 229 
and therefore glacier mass balance is likely to be minimal. Results from an ice core from South 230 
Col Glacier combined with COSIPY suggested that ablation may take place even at the highest 231 
elevations (>8,000 m) in the Himalaya37. However, a similar study of South Col Glacier 232 
demonstrated the large uncertainties associated with simulating surface mass balance at such 233 
high elevations where sub-daily air temperature gradients and the duration of snow cover are 234 
important controls on ablation and accumulation38. Our results show that glacier surface mass 235 
balance calculations also require consideration of meteorological patterns and trends tot 236 
account for the large uncertainties associated with projections of changes in monsoon 237 
precipitation10,11,38,39. 238 
 239 
Current global greenhouse emissions are following the trajectory of the moderate warming 240 
scenario RCP4.5, and the extreme warming scenario RCP8.5 should be described as ‘low-241 
possibility, high-impact’40. Mountain regions are warming more rapidly than global mean41 242 
such that a global temperature rise of 1.5℃ will lead to 2.1 ± 0.1℃ of warming in High 243 
Mountain Asia3,41, although the occurrence of elevation-dependent warming above 5,000 m is 244 
debated42. Therefore, it is possible that future glacier change in the monsoon-influenced 245 
Himalaya may follow a trajectory that is closer to RCP8.5 than RCP4.5. Under RCP4.5, 246 
Khumbu Glacier has a similar extent in 2100 CE to the active section of the present-day glacier, 247 
rather than the extent mapped in global inventories that include the dynamically detached 248 
debris-covered tongue15. However, a similar stabilisation in glacier volume will not occur 249 
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under RCP8.5 as warming of 3.8℃ by 2100 CE will significantly increase ablation, even at the 250 
highest elevations, regardless of any accompanying increase in precipitation. We found no 251 
evidence of future increases in precipitation offsetting RCP8.5 warming over the next 80 years; 252 
net glacier mass balance was strongly negative in all experiments. High-magnitude 253 
precipitation events from winter Westerly disturbances increased by up to a factor of seven 254 
between the present day and 2100 CE under RCP8.5 and could make the net annual mass 255 
balance less negative than would be the case when solely forced by change in MAAT. Under 256 
RCP8.5, glacier mass balance in the monsoon-influenced Himalaya may therefore shift from 257 
being driven by accumulation during the monsoon season to predominantly winter 258 
accumulation, with monsoon precipitation resulting in mass gain at only the very highest 259 
elevations. This outcome can be avoided by limiting anthropogenic warming to within the 260 
RCP4.5 scenario, which, due to the associated increase in precipitation will protect 60% of the 261 
current glacier volume until at least 2100 CE. 262 
 263 
 264 
 265 
 266 
  267 
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Online Methods 268 
Regional climate model (RCM) downscaling 269 
Daily data from the Coordinated Regional Downscaling Experiment (CORDEX) South Asia 270 
domain were downloaded from the Indian Institute of Tropical Meteorology website 271 
(http://cccr-dx.tropmet.res.in:8000/cccrindia/) for the grid box nearest to Khumbu Glacier 272 
(27.9065°N, 86.4353°E). Incoming shortwave and longwave radiation components were 273 
downloaded from the ESGF portal (https://esgf-index1.ceda.ac.uk/search/cordex-ceda/). Three 274 
RCMs were chosen to span the range of possible precipitation future scenarios and subject to 275 
quantile mapping in order to force separate glacier mass balance calculations. Observational 276 
data from automatic weather stations collected between January 2006 and November 2019 by 277 
Ev-K2-CNR and GlacioClim (https://glacioclim.osug.fr/) were used to aid RCM downscaling 278 
with gaps filled with interpolated data from neighbouring stations where possible. The 279 
automatic weather station data were used to disaggregate daily downscaled present-day and 280 
end-of-century climate data to an hourly resolution43 using seasonal means to reproduce the 281 
‘nocturnal peak’ seen during the monsoon. The MELODIST Python tool was used for all other 282 
meteorological variables44. The climate time-slice for the period 2095–2100 CE was used to 283 
force the future mass balance simulations and drive the ice-flow model from the present-day 284 
simulation. Time-slices representing five-year periods were chosen to reduce the computational 285 
expense of the glacier modelling, though the preceding decade was also used for comparison 286 
with the time-slice climate data. The climate forcing for the downscaled NOAA RCM under 287 
RCP 4.5 was 1.4℃ higher than present day (MAAT of –0.75℃ in 2095–2100 CE compared 288 
with –2.15℃ in 2015–2020 CE). Annual precipitation increased by 14.8% from 581.4 mm in 289 
the present day to 664.8 mm a–1 in 2100 CE under RCP4.5, of which summer (JJAS) 290 
precipitation increased by 5.4% and winter (DJF) precipitation increased by 14.1%. The 291 
climate forcing for the downscaled NOAA RCM under RCP 8.5 was 3.8℃ higher than present 292 
day (MAAT of 1.65℃ in 2095–2100 CE). Annual precipitation increased by 14.9% in 2100 293 
CE under RCP8.5, of which summer precipitation increased by 9.8% and winter precipitation 294 
increased by 19.4%.  295 
 296 
Surface energy and mass balance modelling using COSIPY 297 
The Coupled Snowpack and Ice-surface Energy and Mass Balance model in Python (COSIPY) 298 
is an open-source distributed surface energy balance model25. The model is developed and 299 
modularised in Python and has been applied to a range of mountain glaciers including those in 300 
High Mountain Asia38,45. COSIPY integrates a surface energy balance model with a multi-layer 301 
snow and ice model and thereby resolves all energy fluxes at the ice surface that contribute to 302 
surface melt. COSIPY includes a calculation of sublimation, which is an important ablation 303 
process for high-elevation glaciers in the Himalaya20. A 30-m digital elevation model was 304 
acquired from the Shuttle Radar Topography Mission46 and resampled to 100-m grid spacing. 305 
The topographic rather than subglacial surface was used to calculate surface mass balance. 306 
Each experiment was forced using a 100 m grid of annual clean-ice glacier mass balance. 307 
COSIPY calculates clean-ice mass balance and does not parameterise snow avalanching 308 
meaning the impact of supraglacial debris on ablation rates and avalanching on accumulation 309 
rates was handled subsequently by the glacier model iSOSIA.  310 
 311 
Glacier evolution modelling using iSOSIA 312 
The integrated second-order shallow ice approximation model (iSOSIA) is a 3-D depth-313 
integrated, higher-order ice-dynamical glacier-evolution model that solves for the flow of ice, 314 
including the influence of longitudinal and transverse stress gradients that are imposed on ice 315 
flow through high-relief topography27. The model was originally used to study glacial 316 
landscape evolution and has been developed for simulation of debris-covered glaciers by 317 
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incorporating the feedbacks between debris transport, mass balance and ice flow19. Estimates 318 
of distributed ice thickness47 were subtracted from the 30-m digital elevation model to yield an 319 
estimate of the subglacial topography that was used as the glacier model domain. The ice-free 320 
model domain incorporates the full hydrological catchment and includes the steep hillslopes of 321 
the Western Cwm that provide snow to the glacier’s accumulation area. The domain comprises 322 
19,164 glacier points in a square grid and provided the basis for both the mass balance and ice 323 
flow simulations.  324 
 325 
The glacier model parameterisation and experimental design followed that used in our previous 326 
work15. For glaciers in the Himalaya, 75% of accumulation is estimated to occur by snow 327 
avalanching rather than direct snowfall48. In the model, snow avalanching was represented by 328 
removing snow and ice from hillslopes with a slope greater than 28° and distributing using a 329 
non-linear hillslope flux model49 across the ice surface. This avalanching routine was 330 
previously applied to Khumbu Glacier and found to be sufficient to prevent snow and ice 331 
accumulation on slopes that are observed to be bare whilst allowing accumulation on steep 332 
sections of the glacier. Debris is delivered to the glacier surface from headwalls using a similar 333 
non-linear hillslope flux model as the avalanching routine and debris concentrations from 334 
hillslopes without ice assumed a mean erosion rate of 1 mm a–1. The reduction in ablation from 335 
clean-ice values beneath continuous supraglacial debris is represented as a reciprocal function 336 
that scales clean-ice ablation (bclean) to give sub-debris melt rates (bdebris) as a function of debris 337 
thickness (h): 338 
 339 
𝑏!"#$%& = 𝑏'(")* 	× 	

+!
+,	+!

   Eq(1) 340 
 341 
where h0 is a constant representing the characteristic debris thickness at which the reduction in 342 
ablation due to insulation by supraglacial debris is 50% of the value for an equivalent clean-343 
ice surface. The value for h0 of 0.8 m represents a positively skewed supraglacial debris 344 
thickness distribution that includes ablation ‘hotspots’ such as supraglacial ponds and ice cliffs 345 
that is representative of the current state of Khumbu Glacier15. Observations and modelling of 346 
the dynamics and structure of Khumbu Glacier show that the lower 5 km (25% of the total 347 
length, 20% of total ice volume) is stagnant and dynamically detached from the active glacier 348 
in the last 100 years15,23. Basal ice at the glacier surface indicates that the active terminus 349 
overrides the stagnant tongue29 and surface displacement measurements indicate that ice no 350 
longer flows longitudinally through the detached debris-covered tongue and is instead 351 
collapsing laterally at 3 m a–1,31. The simulated active glacier matches observed changes in the 352 
spatial distribution of surface debris30 and feature-tracking and remote-sensing observations of 353 
surface elevation change14. We therefore simulate the active glacier and assign the former 354 
debris-covered tongue to the model domain as a static topographic feature.  355 
 356 

357 
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Figures and captions 358 
 359 
 360 

 361 
 362 
 363 
Figure 1: Khumbu Glacier location, climate data and downscaled regional climate model 364 
results. (a) Satellite image of glaciers in the Khumbu Valley showing the extent of supraglacial 365 
debris, locations of the icefall and the extent of active ice flow inferred from observations of 366 
glacier velocity (black lines). (b) regional location of (a). (c) Daily mean temperature and daily 367 
total precipitation from the NOAA regional climate model (RCM) for the present day (2015–368 
2020 CE) following downscaling using quantile mapping with air temperature categorised into 369 
above freezing (red) and below freezing (blue). (d) Proportion of air temperatures above and 370 
below freezing for the present day for each RCM and RCP for the downscaled daily data 371 
compared with observations. (e) Annual precipitation totals for non-monsoon and monsoon 372 
with standard deviation between selected years shown by black bars for the downscaled daily 373 
data compared with observations. (f) Future (2095–2100 CE) time-slice annual precipitation 374 
totals for non-monsoon and monsoon months with standard deviation between selected years 375 
shown by black bars. In (e) and (f) the percentage of the total annual precipitation occurring 376 
during the monsoon is indicated by the value in bold text. 377 
 378 
 379 
 380 
 381 
 382 
 383 
 384 
 385 
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 386 
 387 
 388 
Figure 2. Glacier model sensitivity to the surface energy and mass balance forcing and sub-389 
debris melt parameterisation for the simulations of the active section of Khumbu Glacier. (a) 390 
Little Ice Age glacier mass balance, ice thickness and debris thickness. Surface mass balance 391 
calculated using COSIPY forced by the downscaled Regional Climate Model outputs, glacier 392 
mass balance calculated using the same climate forcing following integration with iSOSIA to 393 
represent the impact of differential ablation beneath supraglacial debris (h0 of 0.8 m) simulated 394 
ice thickness and debris thickness resulting from each forcing. (b) glacier mass balance 395 
calculated using the NOAA climate forcing and the resulting simulated ice thickness for 396 
alternative h0 values of 0.4 m and 1.1 m. (c) Estimated mass balance gradient for debris-covered 397 
glaciers in the Everest region48 compared with the glacier mass balance gradient simulated 398 
using the NOAA climate forcing and a value for h0 of 0.8 m, with the equilibrium line altitude 399 
(ELA) at different points in the historical and future (NOAA RCP4.5) experiments. 400 
 401 
  402 
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 403 
 404 
 405 
Figure 3. Simulated ice flow for Khumbu Glacier. Velocity-vector maps showing simulated ice 406 
flow magnitude and direction from the present day (2015–2020 CE) until 2300 CE under 407 
RCP4.5 (moderate warming) and RCP8.5 (extreme warming) using the downscaled NOAA 408 
climate forcing and a value for h0 of 0.8 m. Simulated ice flow speed is shown as colour shading 409 
with blue contours, and the bed topography is shown by coloured contours. For the present day, 410 
the simulated ice flow is shown in detail for the Khumbu icefall and compared with 411 
measurements of glacier surface speed33. Note that rapid flow across the Western Cwm 412 
indicated by one arrow shows the effects of avalanching rather than sustained glacier flow. 413 
 414 
 415 
 416 
 417 
 418 
 419 
 420 
 421 
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 422 
 423 
 424 
Figure 4. Future glacier volume change projections. (a) Equilibrium ice thickness accounting 425 
for the committed response to recent climate change using the downscaled NOAA climate 426 
forcing where the glacier is in dynamic equilibrium with the present-day climate, with and 427 
without the effect of sub-debris melt. (b) Simulated glacier volume change from the present 428 
day (2015–2020 CE) until 2300 CE under RCP4.5 (moderate warming) and RCP8.5 (extreme 429 
warming) for the three downscaled RCM forcings. The black crosses mark when ice flow has 430 
declined sufficiently that the glacier is considered almost absent or no longer viable. The green 431 
shading shows the range of the committed loss, accounting for the effect of supraglacial debris 432 
on glacier change, (c) Simulated ice thickness for 2100 CE, 2200 CE and 2300 CE using the 433 
downscaled NOAA climate forcing and a value for h0 of 0.8 m. 434 
 435 
  436 
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Supplementary material to: Increasing precipitation will offset the impact of 565 
warming air temperatures on glacier volume loss in the monsoon-influenced 566 
Himalaya until 2100 CE 567 
 568 
 569 
1. Regional Climate Model forcing of glacier mass balance 570 
This study used three Regional Climate Models (RCMs) from the CORDEX project that have 571 
been dynamically downscaled from CMIP5 coarse GCM data by the Indian Institute of 572 
Tropical Meteorology to a 50 km spatial resolution (Lutz et al., 2016). CORDEX daily climate 573 
data were downloaded from this website for the grid box nearest to Khumbu Glacier 574 
(27.9065056°N, 86.4352951°E), representing the Dudh Koshi at ~2,100 m a.s.l. These data 575 
include the climate variables used to force the COSIPY mass balance model (temperature, 576 
precipitation, the radiation components, wind speed, relative humidity and atmospheric 577 
pressure). A single RCM was not considered sufficient for representing both present-day 578 
climate and potential future climatic extremes. A multi-model mean approach, which is widely 579 
used elsewhere, was also not considered sufficient to represent present-day and future climate 580 
conditions in the Khumbu Valley, as this approach gives equal weighting to models with poor 581 
and good performance in their ability to reproduce climate (Pierce et al., 2009). RCMs were 582 
assessed on their fidelity to present-day climate, also known as hindcasting (Biemans et al., 583 
2013), with emphasis on temperature seasonality and seasonal precipitation dynamics, given 584 
the importance of these variables for glacier mass balance. Three RCMs representing discrete 585 
precipitation scenarios were selected (Table S1); referred to here as NOAA, CCCma, and IPSL, 586 
to represent either wet, moderate and dry climates in 2080–2100 CE for at least one of the two 587 
relative concentration pathways (RCPs) future emission scenarios. Further information on the 588 
driving global climate models (GCMs) as part of the CMIP5 can be found here: 589 
https:///verc.enes.org/data/enes-model-data/cmip5/resolution. 590 
 591 
The future climate scenarios of the three CORDEX RCMs were analysed, taking into account 592 
the higher uncertainty on future precipitation trends in comparison to temperature trends and 593 
the interplay of changing precipitation with atmospheric warming for glacier evolution. The 594 
future climate scenarios RCP4.5 and RCP8.5  represent moderate and extreme warming by 595 
2100 CE relative to the present day. These RCPs are often used in downscaling and climate 596 
impact studies, enabling comparison with results that used other climate or glacier model 597 
projections.Quantile mapping, also known as “distribution mapping”, was used to statistically 598 
downscale the daily climate data using 14 years of observations from Pyramid and Changri 599 
Nup automatic weather stations at 5,050 and 5,600 m a.s.l  (Ev-K2-CNR and GlacioClim - 600 
https://glacioclim.osug.fr/). Parametric quantile mapping (Piani et al., 2010) in particular was 601 
chosen, where a statistical relationship between the raw climate data and the observations is 602 
formed by substituting the climate model data with observations at a cumulative density 603 
function of the prescribed distribution (e.g. gaussian distribution for temperature (Luo et al., 604 
2018); gamma for precipitation (Piani et al., 2010). This correction was then applied to the raw 605 
data to produce a third downscaled dataset which should better match the observations, though 606 
will not be identical (Maraun, et al., 2016). This approach has been found to be effective 607 
particularly for the challenging downscaling of precipitation, with errors in standard deviation, 608 
coefficient of variation and skewness of distributed values reduced relative to other methods 609 
(Lafon et al., 2012 and Reiter et al., 2018).  610 
 611 
 The observations were used to disaggregate the daily downscaled climate data to the hourly 612 
resolution required to force COSIPY, using seasonal means to reproduce the ‘nocturnal peak’ 613 
seen during the monsoon. The MELODIST Python tool was used for all other meteorological 614 
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variables. Each of the downscaled variables from the three RCMs for the five year present day 615 
time slice was evaluated with the 14 years of observations to assess the representation of means, 616 
seasonality, diurnal cycles and day-on-day and interannual variability. In particular the 617 
representation of the monsoon was greatly improved following downscaling. The same 618 
statistical downscaling approach and disaggregation was applied to the raw CORDEX RCM 619 
daily data for the future time-slices under RCP4.5 and RCP8.5. Downscaled future climates 620 
were compared with those found in other studies using CORDEX data, finding similar annual 621 
and seasonal temperature trends for the region that are strongly linked to the RCP, and positive 622 
precipitation trends, with poor agreement between RCMs (Kaini et al., 2019 and Sanjay et al., 623 
2017).  The relationship between precipitation and RCP was less clear, showing some variation 624 
between the RCMs which may reflect the study location, with the Central Himalaya showing 625 
particularly poor RCM consensus and uncertainty in future precipitation trends with warming 626 
relative to other regions of the Hindu Kush Himalaya (Sanjay et al., 2017).  627 
 628 
Given the absence of regional temperature projections beyond 2100 CE, global temperature 629 
change projections were applied to the end-of-century mass balances for RCP4.5 and 8.5 (Table 630 
S2). No precipitation change was applied to the post-2100 CE climate given absence of this 631 
output from the CORDEX RCMs. The glacier model was forced to 2300 CE using the 632 
downscaled RCMs mass balances calculated using the future warming scenarios RCP4.5 or 633 
RCP8.5. Minor differences in mass balance occur between the experiments used to simulate 634 
the present-day glacier; the NOAA RCM gives the best fit to observations of mass balance, and 635 
the end-of-century simulations of mass balance were less negative in the experiment using the 636 
NOAA RCM (under both RCPs) compared to the experiments using the IPSL and CCCma 637 
RCMs (Fig. S1).  638 
 639 
 640 

Table S1. Regional Climate Models (RCMs) chosen for use in this study, and details of the Global 641 
Climate Models (GCMs) from which these are derived. The NOAA RCM that was considered most 642 

representative of conditions in the Everest region is highlighted in bold. 643 
 644 

CORDEX 
South Asia 
regional 
climate 
model 

Driving 
CMIPS 
global 
climate 
model 

CMIPS modelling 
centre 

RCM 
name 
used in 
this 
study 

Future 
precipitation 
scenario 

2100 CE mean 
temperature change 
from present day 
(℃) 
RCP.4.5 RCP8.5 

ITTM-
RegCM4 

NOAA-
GFDL-
GFDL-
ESM2M 

National Oceanic and 
Atmospheric 
Administration 
(NOAA), USA 

NOAA Wet 1.4 3.8 

IITM-
RegCM4 

CCCma-
CanESM2 

Canadian Centre for 
Climate Modelling 
and Analysis 
(CCCma), Canada 

CCCma Moderate 2.2 4.1 

IITM-
RegCM4 

IPSL-
CMSA-
LR 

Institue Pierre-Simon 
Laplace (IPSL), 
France 

IPSL Dry 1.6 3.8 

 645 
 646 

 647 



 18 

Table S2. Projected temperature change values for each of the RCPs in 2200 CE and 2300 CE 648 
(Collins et al., 2013) 649 

 650 
 Temperature change from 2100 CE (℃) 
RCP 2200 CE 2300 CE 
4.5 0.5 0.7 
8.5 2.8 4.1 

 651 
 652 
 653 
 654 

 655 
Figure S1: Spatially averaged cumulative clean-ice mass balance with clear seasonality for (a) the 656 
present day time-slice including the mass balance forced by the observations used for downscaling, and 657 
the end-of-century time-slice under (b) RCP4.5 and (c) RCP8.5. The low annual glacier-wide mass 658 
balance values shown here are the result of the extent of the model domain used to force iSOSIA that 659 
includes the larger catchment beyond the glacier margins and therefore contains a higher proportion of 660 
lower elevations than those of the glacier itself. 661 
 662 
 663 
2. Glacier model experimental design 664 
Khumbu Glacier is surrounded by ice-marginal moraines denoting the late Holocene (1.3 ± 0.1 665 
ka) extent and ice thickness (Hambrey et al., 2008; Hornsey et al., 2022), which are used to 666 
constrain the historical simulations following the approach of (Rowan et al., 2015). The late 667 
Holocene glacier was reconstructed using a 5000-year equilibrium (steady state) simulation 668 
starting from an ice-free domain. The glacier at the Little Ice Age maximum was simulated by 669 
forcing the late Holocene glacier with a step change in mean annual air temperature of 1.5℃. 670 
The glacier model was then forced to the present day using each of the three distributed mass 671 

a 

b c 
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balances calculated using COSIPY and the downscaled RCMs. The distribution and rates of 672 
accumulation were improved following integration of the RCM-forced mass balances with 673 
iSOSIA, because the redistribution of snowfall by avalanching from hillslopes onto the glacier 674 
improves agreement between simulated accumulation rates and the available observations for 675 
Himalayan glaciers (Benn and Lehmkuhl, 2000). Future work to resolve the impact of low 676 
frequency–high magnitude avalanche events on accumulation rates would further refine this 677 
calculation, but the contribution of avalanches to glacier accumulation is challenging to 678 
measure. 679 
 680 
Rock avalanching is responsible for much of the debris accumulation on the glacier surface, 681 
but there is little information about the magnitude and frequency of these events, and so debris 682 
delivery to the glacier accumulation area is assumed to be spatially and temporally uniform at 683 
a rate of 1 mm a–1 (Rowan et al., 2021). Debris that is incorporated into glacier ice is transported 684 
passively with ice flow following a concave path with submergence in the accumulation zone 685 
and emergence in the ablation area. If the rate of debris export from the ablation area to ice-686 
marginal moraines is insufficient to remove debris from the glacier surface, for example during 687 
phases of net negative glacier mass balance when, then a supraglacial debris layer forms. The 688 
observed heterogeneity of ablation on the surface of Khumbu Glacier requires a 689 
parameterisation of sub-debris melt that represents the effects of differential ablation within 690 
the debris-covered area as has been previously tested for Khumbu Glacier (Rowan et al., 2021).  691 
 692 
3. Simulated mass balance response time 693 
The dynamic response time to a change in climatic forcing of Khumbu Glacier is expressed via 694 
an e-folding scale, which is defined as the time taken to complete 1–e−1 (or 63%) of the total 695 
volume change; this is preferable to calculating the time taken for glacier volume change to 696 
stabilise completely as minor volume changes often continue indefinitely. Prior to our study, 697 
the relationship between mass balance and response time had only been explored in a single 698 
study where hypothetical mass balance perturbations (–2.0 to +1.25 m water equivalent (w.e.)  699 
a–1 in intervals of 0.25 m w.e. a–1) were applied for an equilibrium condition to Morteratsch 700 
Glacier in the Swiss Alps (Zekollari and Huybrechts, 2015). The response time of Morteratsch 701 
Glacier was 22–43 years and increased with a more positive mass balance forcing, as was also 702 
the case for Khumbu Glacier which showed a strong correlation between glacier response time 703 
and mass balance controlled by the clean-ice distributed mass balance forcing and the sub-704 
debris ablation parameterisation (Fig. S2). This relationship between mass balance and 705 
response time occurs because strongly negative mass balance resulting from extreme warming 706 
scenarios result in acceleration in glacier volume loss, causing response times to decrease into 707 
the future as glaciers recede to higher elevations and their surfaces become steeper. A negative 708 
mass balance can increase meltwater at the glacier bed and enhance basal sliding, which would 709 
further decrease the dynamic response time. There is some evidence of this process amongst 710 
the historical Khumbu Glacier experiments, however the interplay with the impact of differing 711 
accumulation rates from the varied RCM precipitation scenarios, which also act to influence 712 
ice flux and velocities, complicate the identification of this potential coupling from our results. 713 
 714 
4. Uncertainties associated with the glacier-climate model experimental design 715 
The use of several RCMs to force present day and future mass balance allows the implications 716 
of climate uncertainty on glacier evolution to be simulated. The differences that stem from the 717 
RCM forcing are at times greater than those from the future RCPs due to varied predictions of 718 
future precipitation and the impact of this on glacier volume change and response time. As the 719 
CORDEX project produces only dynamically downscaled RCMs of RCP4.5 and RCP8.5 the 720 
implications of other RCPs for glacier evolution cannot be assessed. The use of a time slice 721 
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mass-balance forcing approach meant that it was important to ensure that the time slices were 722 
representative of conditions for that time period and did not reflect an extreme phase of natural 723 
climate oscillation. The quantile mapping approach meant that the time-slices were the product 724 
of the 14-year calibration period. Analysis of both the temperature and precipitation trends 725 
between the present day and future time slices and the 1 km mass balance simulations of the 726 
12 years preceding both time slices were conducted to confirm that this approach was suitable. 727 
Information on signal and variability between the present day (2015–2020 CE) and the future 728 
(2095–2100 CE) is not included in the modelling approach. An experiment was conducted 729 
using mid-century mass balance forcings to investigate the effect on glacier-climate imbalance. 730 
However this experiment produced identical results to the experiments with no mid-century 731 
forcing in 2100 CE and so was not considered necessary. The present day and end-of-century 732 
mass balances therefore put bounds on glacier evolution and so future work could address this 733 
through continuous mass balance modelling in conjunction with ice-flow modelling.  734 
 735 
The uncertainties associated with global climate model projections increase with time after 736 
2100 CE, particularly under RCP8.5. For example, forecasts of warming for 2281–2300 CE 737 
relative to 1986–2005 CE under RCP8.5 range from 3℃ to 12.6℃ (Collins et al., 2013). In the 738 
absence of results projecting changes in precipitation after 2100 CE, the precipitation was 739 
maintained at the same level for the simulations that extended beyond 2100 CE. The end-of-740 
century precipitation amount is unlikely to be reflective of more distant future climate 741 
conditions and therefore more realistic precipitation projections are required to discover if the 742 
active glacier can be sustained further into the future or will lose mass more quickly than 743 
expected from our results. We do not expect that there will be a sufficient increase in 744 
precipitation beyond 2100 CE  that could compensate for the projected warming under RCP8.5. 745 
The projected temperature changes used for the simulations of glacier evolution after 2100 CE 746 
are global averages and do not include the effects of elevation-dependent warming. Warming 747 
is likely to be higher than the global mean for the Khumbu region given that warming over 748 
land is generally at least 0.2℃ higher than the global mean value applied here (Collins et al., 749 
2013). Furthermore, higher elevations have historically warmed at faster rates than lowland 750 
regions, with warming rates up to twice that of the global mean value (Pepin et al., 2022).  751 
 752 
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