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GLACIERS

Glacier preservation doubled by 
limiting warming to 1.5°C 
versus 2.7°C
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Glaciers adapt slowly to changing climatic conditions, with 
long-term implications for sea-level rise and water supply. Using 
eight glacier models, we simulated global glacier evolution over 
multicentennial timescales, allowing glaciers to equilibrate with 
climate under various constant global temperature scenarios. 
We estimate that glaciers globally will lose 39 (range, 15 to 55)% 
of their mass relative to 2020, corresponding to a global mean 
sea-level rise of 113 (range, 43 to 204) mm even if temperatures 
stabilized at present-day conditions. Under the +1.5°C Paris 
Agreement goal, more than twice as much global glacier mass 
remains at equilibration (53% versus 24%) compared with the 
warming level resulting from current policies (+2.7°C by 2100 
above preindustrial). Our findings stress the need for stringent 
mitigation policies to ensure the long-term preservation of 
glaciers.

Global-scale glacier mass loss profoundly affects our society and the 
natural environment, contributing to sea-level rise (1–3), influencing 
downstream water resources (4), affecting biodiversity and ecosystems 
(5), exacerbating natural hazards (6), and having a negative effect on 
the tourism industry (7). Recent projections of all glaciers outside of 
the Antarctic and Greenland ice sheets, based on a range of transient 
climate scenarios, estimate mass losses of ~20 to 50% between 2015 
and 2100 depending on emissions scenarios (8–11). However, even if 
the current climate were to stabilize, then glaciers would be expected 
to continue losing mass over extended time periods (12–14). Glaciers 
may vanish entirely or, if the new climatic conditions permit, retreat 
until they reach a steady state in which glacier mass and glacier ge-
ometry remain approximately stable (15). This continued loss after 
climate stabilization is due to the slow adjustment of a glacier’s geom-
etry, driven by the gradual flow of ice from high to low elevations 
(16, 17). Additionally, the lag between the climatic forcing and glacier 
response is influenced by feedback mechanisms involving elevation 
and mass balance (18), as well as albedo and mass balance (19).

Observational and modeling studies suggest that the time needed 
for glaciers to reach a new steady state after a climate perturbation 
can range from decades to multiple centuries (20–22). However, the 
mass losses that are committed but not yet realized in response to 

long-term climate stabilization remain largely unquantified, with insights 
primarily derived from only two exploratory studies. Mernild et al. 
(23) used observed ratios of accumulation to total glacier area to esti-
mate present-day committed global mass losses, and Marzeion et al. (13) 
used a glacier evolution model based on volume-area scaling to proj-
ect committed losses across various global mean temperature sce-
narios. Both studies agree on the estimate that ~35 to 40% of glacier 
mass will be lost under early 21st-century climatic conditions. How
ever, Marzeion et al. (13) did not account for glaciers in the Greenland 
Periphery and the Subantarctic & Antarctic Islands. Moreover, both 
studies relied on limited observations to constrain and evaluate their 
methods, possibly affecting the precision and reliability of their meth-
ods and conclusions.

Here, we used eight state-of-the-art glacier evolution models to 
simulate long-term glacier mass loss of all glaciers outside of the ice 
sheets for 80 constant-climate scenarios. These constant-climate sce-
narios were derived by repeating eight different 20-year periods be-
tween 1850 and 2100 from various climate models forced by Shared 
Socioeconomic Pathways (fig. S1 and materials and methods). Our 
diverse scenarios form an ensemble of global and regional climates, each 
of which is associated with a change in global mean temperature com-
pared with preindustrial. The glacier models are run for several thou-
sand years to ensure that the glaciers have sufficient time to equilibrate 
with the new climate. These long-term simulations thus enable the 
quantification of the committed glacier mass loss at regional and 
global scales under diverse policy-relevant global warming levels.

Committed glacier mass changes under present-day climate
Our model simulations project that if current (2014 to 2023) climatic 
conditions [global mean temperature change (ΔT) = 1.2°C above pre-
industrial (24)] were to persist, glaciers would eventually lose 39% 
(range, 15 to 55%) of their global glacier mass relative to 2020 [the 17th 
to 83rd percentiles are the International Panel on Climate Change’s 
(25) “likely range”; Fig. 1 and table S1]. This already committed, but 
not yet fully realized, glacier mass loss is projected to contribute 113 mm 
(range, 43 to 204 mm) to global mean sea-level rise, irrespective of any 
future warming. This substantial present-day committed mass loss 
highlights that today’s glaciers are strongly out of balance with current 
climatic conditions due to their long response times. The strong imbal-
ance between glacier geometry and climate is exacerbated by atmo-
spheric warming being particularly pronounced at high elevations (26) 
and high latitudes (27) where glaciers are predominantly located. In 
our ensemble of climate models, the median air temperature increase 
over glacier areas is 80% higher than the global average, a relationship 
that is consistent regardless of the future global temperature increase 
(fig. S2 and materials and methods).

The imbalance between current climate and glacier geometry varies 
greatly among regions, resulting in sharply contrasting regional 
present-day committed losses (Figs. 2 and 3 and table S1). Relative 
losses of some regions are small, such as South Asia West [5% (range, 
0 to 30%) under ΔT = 1.2°C], Central Asia [12% (range, 3 to 32%)], and 
New Zealand [15% (range, 2 to 39%)], whereas other regions are pro-
jected to experience substantial losses regardless of further future 
warming, such as Arctic Canada South [85% (range, 83 to 94%)], 
Western Canada & US [74% (range, 43 to 93%)], Scandinavia [66% 
(range, 24 to 85%)], and Russian Arctic [65% (range, 46 to 80%)].
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These regional differences in relative present-day committed losses 
are correlated with regional glacier elevation range (the highest correla-
tion among the variables considered, r = –0.55; fig. S3 and Fig. 4A). 
Regions where glaciers span a wide elevation range, typically located at 
lower latitudes with rugged mountain topography, have a higher poten-
tial to adapt to changing climatic conditions, because glaciers can 
(partly) survive by retreating to higher elevations. Conversely, regions 
with smaller glacier elevation ranges tend to have higher present-day 
committed losses. In these regions, glaciers have less potential to retreat 
to higher elevations, an effect that is particularly pronounced in Arctic 
Canada South (Fig. 4A). Combined with strong regional warming (2.2 
times the global warming; Fig. 2 and fig. S4), Canada South’s glaciers are 
projected to largely disappear in the coming centuries under present-
day climatic conditions. Many of this region’s large glaciers are relics of 
past glaciations [e.g., the 6000 km2 Barnes ice cap, a remnant of the 
Laurentide ice sheet (28, 29)] and cannot survive.

Committed glacier mass changes under 
policy-relevant scenarios
If global temperatures stabilize at the limits targeted in the Paris 
Agreement, then glaciers are projected to eventually lose 47% (range, 20 
to 64%) of their global mass relative to 2020 for a +1.5°C scenario and 
63% (range, 43 to 76%) for a +2.0°C scenario, contributing 138 mm 
(range, 59 to 237 mm) and 190 mm (range, 128 to 279 mm) to global mean 
sea-level rise, respectively (all values at steady state). Under current cli-
mate policy pledges, global temperatures are projected to reach 2.7°C 
above preindustrial levels by 2100 (30), which would result in eventually 
losing 76% (range, 54 to 82%) of glacier mass globally, corresponding to 
230 mm (range, 159 to 302 mm) of sea-level rise. Thus, more than twice 
as much global glacier mass is projected to remain long term under the 
Paris Agreement +1.5°C goal compared with current climate policies.

Every additional 0.1°C increase between the +1.5°C and +3.0°C sce-
nario eventually results in an additional 2.0% (range, 1.6 to 2.4%) global 
glacier mass loss, corresponding to 6.5 mm (range, 4.6 to 8.9 mm) 
of sea-level rise from glaciers alone (Fig. 1B and table S1). Considering 
the same domain (i.e., without the Subantarctic & Antarctic Islands 
and the Greenland Periphery), our sensitivity derived from eight gla-
cier models is consistent with that by Marzeion et al. (13), which was 

based on a single model (fig. S7). For context, recent glacier projections 
performed with PyGEM-OGGM (10) estimated that a +3.0°C scenario 
would result in ~8% more global glacier mass loss by 2100 relative to 
2015 (34-mm sea-level rise) than the +1.5°C scenario. In their simula-
tions, every 0.1°C increase leads to an additional ~0.6% mass loss and 
2.3-mm sea-level rise over the period 2015 to 2100. The glacier mass 
loss sensitivity to temperature increase revealed by our experiments 
based on long-term equilibrated glacier masses is three times larger 
(2.0% per 0.1°C) when considering all models, or about two times 
larger (1.4% per 0.1°C) when considering PyGEM-OGGM alone (fig. 
S5), indicating that substantial mass losses resulting from current 
climate policies will manifest after 2100.

The committed mass loss sensitivity to climate policies varies consider-
ably across regions. Regions currently closest to balance with their cli-
matic conditions, i.e., those with the smallest committed loss under 
present-day conditions, are the most sensitive to future warming (Fig. 
4B and table S1). These regions include South Asia West [3.4% (range, 
2.0 to 3.6%) per +0.1°C for ΔT = 1.5 to 3.0°C], Central Asia [3.0% (range, 
2.2 to 3.2%) per +0.1°C], the Low Latitudes [3.0% (range, 2.1 to 3.7%) per 
+0.1°C], and New Zealand [2.9% (range, 2.7 to 2.9%) per +0.1°C]. There
fore, although these regions are projected to experience less relative mass 
loss under present-day climatic conditions than others, they will be the 
most affected by future warming levels from current climate policies.

At higher warming levels, the relation between committed global 
glacier losses and warming levels becomes nonlinear. At +3.0°C, gla-
ciers are projected to lose 77% (range, 60 to 85%) of their global mass, 
with all 19 regions losing more than two-thirds of their present-day 
mass and nine of those regions losing more than 90% (table S1). 
Consequently, in many regions, additional warming above +3.0°C 
leads to less additional glacier mass loss, because there is little mass 
left to lose, thereby reducing the sensitivity of global glacier mass loss 
to temperature change (Fig. 1B). In a 4°C warmer world, glaciers are 
projected to lose 86% (range, 74 to 93%) of their present-day mass 
globally, with most midlatitude regions deglaciating (<5% of mass 
remaining). In an extreme 5°C warmer world corresponding to the 
upper range of warming projected by 2100 under SSP5-8.5, 91% (range, 
82 to 96%) of global glacier mass is lost in the long term, contributing 
about 282 mm (range, 242 to 352 mm) to sea-level rise.

A B

Fig. 1. Projected global glacier mass under constant-climate scenarios. (A) Evolution of global glacier mass relative to present day (year 2020; 3-year running mean).  
Solid lines show the results for all 80 constant-climate scenarios derived from the sum of the regional medians of the glacier model ensemble. Colors indicate corresponding 
global mean warming levels above preindustrial (ΔT, range from –0.1° to 6.9°C). Dashed lines refer to the mean of the solid lines for select warming levels. Shading marks  
the multimodel ensemble likely range (shown for ΔT = 0.0 ± 0.2°C and ΔT = 4.0 ± 0.2°C). (B) Steady-state glacier mass as a function of warming level. Colored dots refer  
to results for the globally applied glacier models (color coding per glacier model is in Fig. 2). Black dots are obtained by globally summing regional multimodel medians through 
which a LOWESS fit is added.
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Conversely, preserving the present-day global glacier mass would require 
a return to preindustrial temperatures (1850 to 1900; ΔT = +0.0°C; Fig. 
1A). Glaciers were substantially larger than today in the second half of 
the 19th century due to colder and/or wetter climatic conditions in the 
18th and early 19th centuries (22, 31–33). The retreat of glaciers in the early 
20th century was a response to this imbalance, which has more recently 
been amplified and overtaken by human-induced warming (34, 35). With
out anthropogenic warming, present-day temperatures would be close to 

preindustrial levels (25), and glaciers would be larger than they are now. 
In this hypothetical case, global glacier mass would today still be declining 
toward the present-day observed glacier mass, a multicentennial process.

Climate policies and multicentennial glacier evolution: a tale of 
contrasting timescales
Approximately a millennium is needed for the global glacier mass to 
fully respond and equilibrate with the most optimistic warming level 

Fig. 2. Regional steady-state glacier masses relative to present day (year 2020) as a function of global warming levels above preindustrial (ΔT). Dots represent 
individual simulations forced by 80 constant-climate scenarios per glacier model (four to six glacier models per region, color coded). Regions are sorted by descending 
present-day (2020) glacier mass. For each region, the percentage of global glacier mass in 2020, the warming over the glacierized area relative to the global mean warming 
(versus 1986 to 2005, median value over 80 climate scenarios; see the materials and methods), and the number of glacier models used are given. For fits with respect to 
warming levels over each region’s glacierized area, see fig. S4; for individual glacier models, see fig. S5; and for regional masses after 100 years, see fig. S6.
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outlined in the Paris Agreement (ΔT = +1.5°C; Fig. 1A and fig. S8). 
This long response time is largely due to high-latitude regions, which 
contain by far most of the global glacier mass and require multicentury 
timescales to respond to changing climatic conditions. Most notably, 
the Subantarctic & Antarctic Islands require more than 800 years for 
80% of committed mass loss to occur for a +1.5°C scenario (Fig. 4, C 

and D). Other regions, such as the Arctic Canada North, Russian Arctic, 
Greenland Periphery, Iceland, Svalbard, and Arctic Canada South, also 
respond on long timescales, with 80% changes taking more than 200 years 
(table S1). These slow-responding regions are characterized by gently 
sloping glaciers (Fig. 4C and fig. S3), contrasting with regions with 
steeper glaciers, where most changes occur within a few decades, such 

Fig. 3. Committed glacier mass loss at different global warming levels above preindustrial (ΔT). In every circle, the colored lines indicate the LOWESS fitted ensemble 
median estimates of committed mass loss at steady state at different warming levels in the range ΔT = +1.2°C to +5.0°C (increasing in clockwise directions in 0.1°C steps 
beyond 1.2°C; full circle correspond to 100% committed mass loss). The present-day committed mass loss at steady state (ΔT = +1.2°C) is in light blue, with the loss after 100 
simulation years (fig. S6) shown as the dotted line. Numbers in the circle centers are the ΔT at which 50% of the present (year 2020) regional glacier mass is lost.

A B

C D

Fig. 4. Present-day committed glacier mass 
loss and response timescales globally and for 
19 glacier regions. (A and B) Present-day 
committed mass losses (ΔT = +1.2°C) as a 
function of regional mean glacier elevation 
range, weighted by glacier area (A), and 
sensitivity of committed glacier mass loss to 
global mean air temperature change in the range 
ΔT = +1.5°C to +3.0°C (B) (see the materials 
and methods). (C and D) Response timescale, 
i.e., the year when 80% of the committed mass 
loss at ΔT =1.5°C ± 0.2°C has occurred, as a 
function of glacier-area weighted regional mean 
surface slope (C) and observed glacier mass 
change between 2000 and 2019 relative to 2000 
(D) (1, 37) (see the materials and methods). r is 
the Spearman’s rank correlation coefficient for 
the 19 regions (P < 0.02 in every panel). The 
coloring of the dots refers to the warming over 
the glacierized area relative to the global mean 
warming (versus 1986 to 2005, median value 
over 80 climate scenarios; Fig. 2). The size of the 
dots scales with the respective 2020 glacier 
mass. Slope (C) and observed mass loss (D) data 
are available in table S3.
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as the Low Latitudes [23 years (range, 14 to 30 years) for 80% change], 
Caucasus & Middle East [30 years (range, 26 to 56 years)], and New 
Zealand [36 years (range, 28 to 45 years)]. Under higher warming 
levels (above +1.5°C), all regions equilibrate faster because they tend 
to evolve toward a mostly deglaciated state more rapidly (fig. S9B).

The long response timescales result in substantial differences be-
tween the glacier states after 100 years and at full equilibration, espe-
cially for the slow-responding regions (Fig. 3 and Fig. 2 versus fig. S6). 
The long-term equilibration experiments thus provide a different and 
complementary perspective on the vulnerability of glaciated regions 
compared with previous studies that have focused on transient 21st-
century glacier evolution (10, 11). Some regions projected to experience 
limited mass loss throughout the 21st century, such as the Subantarctic & 
Antarctic Islands [14% mass loss over 2020 to 2100 for a +2.0°C scenario 
from an ensemble of three CMIP6-forced glacier evolution models (11)], 
Russian Arctic (22%), and Arctic Canada South (41%), are expected to 
lose a large part of their mass in the longer term, with committed losses 
at +2.0°C reaching 56, 88, and 95%, respectively (fig. S10).

Generally, regions modeled to have the longest response timescales 
are also those with the lowest observed relative mass loss over the past 
two decades (2000 to 2019), and vice versa (r = 0.94; Fig. 4D). For 
example, the Subantarctic & Antarctic Islands, Arctic Canada North, 
and Russian Arctic, which each require more than 400 years for 80% 
of committed changes to occur for a +1.5°C scenario, have lost less 
than 3% of their mass between 2000 and 2019. By contrast, the fastest 
responding regions, such as Central Europe, Caucasus & Middle 
East, Low Latitudes, and New Zealand, need less than five decades for 
80% changes to occur and each have lost more than 20% of their mass 
over the first two decades of the 21st century.

Our results emphasize that the effectiveness of current and near-
term climate policies in mitigating short- to mid-term warming will 
play a decisive role in shaping the future evolution of glaciers, influ-
encing not only immediate glacier changes but also those that will 
unfold over multicentennial timescales. The findings stress the pivotal 
role of climate policies in preserving our glaciers, which should be a 
central focus of the United Nations International Year of Glaciers’ 
Preservation in 2025 (36).
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Methods 

Experimental setup 
We analyzed simulations from eight large-scale glacier evolution models (Table S 2) performed 
as part of the third phase of the Glacier Model Intercomparison Project (GlacierMIP3 (38)), an 
activity of the World Climate Research Program’s Climate and Cryosphere Project (WCRP 
CliC). All models calculated the annual regional glacier mass evolution in response to a range 
of constant-climate scenarios (detailed in ‘Climate scenarios’ section) by simulating either all 
individual glaciers in a region or a subset (with results then upscaled to represent the entire 
region). 

Each model was calibrated using mass-balance observations and meteorological reanalysis data 
chosen by the modeler. Glacier models differed in their initialization strategies (Table S 2) but 
all aimed to match glacier areas from the Randolph Glacier Inventory (RGI6.0 (40)) and glacier 
volumes from Farinotti et al. (37), either for each RGI region or, where possible, for individual 
glaciers. The initial areas and volumes are based on data from approximately the year 2000. 

For consistency, regional volume time series were scaled (multiplication with constant value) 
to exactly match the estimates by Farinotti et al. (37) at the start of the simulation. Most models 
were then run for 2000 or 5000 years depending on the region to ensure sufficient time for the 
glaciers to equilibrate under the given climate scenarios (see section ‘Glacier mass time series 
and steady state’). Glacier volume was converted to mass assuming an ice density of 900 kg 
m-3.

Climate scenarios 
The climate scenarios were derived from transient climate simulations from five global climate 
models from the Coupled Model Intercomparison Project Phase 6 (CMIP6) as provided by the 
Inter-Sectoral Impact Model Intercomparison Project (ISIMIP 3b): GFDL-ESM4, IPSL-
CM6A-LR, MPI-ESM1-2-HR, MRI-ESM2-0, and UKESM1-0-LL. All glacier models 
required monthly near-surface air temperature and precipitation as forcing data, while one 
model also required daily resolution and additional variables (relative humidity, wind speed, 
and downward solar radiation, Table S 2). 

Constant-climate scenarios were generated by repeating 80 different 20-year periods of climate 
data for the entire simulation of 2000 or 5000 years. Specifically, each of the five climate 
models provided 16 different 20-year subsets of climate data that included four periods from 
the past (1851-1870, 1901-1920, 1951-1970, 1995-2014) as well as four in the future (2021-
2040, 2041-2060, 2061-2080, 2081-2100) for three different Shared Socioeconomic Pathways 
(SSPs; SSP1-2.6, SSP2-4.5, and SSP5-8.5) (Fig. S 1). To avoid cyclicity in the glacier mass 
time series, the years within each 20-year repeat period were shuffled according to a prescribed 
randomized order, with a different shuffling at every repeat cycle. Thus, the climate in each 
scenario was kept constant while allowing for varying interannual variability. 
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Definition of warming levels 
Each climate scenario corresponds to a constant climate at a given global warming level (Fig. 
S 1). Following the Sixth Assessment Report of the International Panel on Climate Change 
(IPCC) (25), for each of the 80 climate scenarios, the global warming level above pre-industrial 
was computed from the difference between the global average of each 20-year repeat period 
and the average over the period 1986-2005, to which 0.69°C was added to account for the 
warming between pre-industrial (1850-1900) and the 1986-2005 period. We note that Rounce 
et al. (10), used a slightly different value (+0.63°C) based on a previous IPCC report (41). The 
mean global warming levels above pre-industrial of the climate scenarios ranged from -0.1°C 
(Fig. S 1B, IPSL-CM6A-LR) to +6.9°C (Fig. S 1B, UKESM1-0-LL).  
 
Note that two climate scenarios with the same mean global warming level may project different 
global and regional glacier mass losses due to different spatial and temporal patterns. The 
spatial and temporal variability in our synthetic climate scenarios, extracted from transient 
climate model simulations, can also be expected to be different from the true climate system 
response at comparable global warming levels due to non-linear feedbacks in the climate 
system (42, 43). 
 
Present-day committed losses were estimated using the +1.2°C scenario, since the global 
warming level above pre-industrial reached 1.2°C in the period 2014-2023 (24). To determine 
warming levels over the glacierized terrain (ΔTg; Fig. S 4), we selected the climate model grid 
points nearest to each glacier´s RGI center coordinates and calculated the regionally and 
globally averaged warming weighted by the glacier area at the inventory date, assuming the 
same warming of +0.69°C between pre-industrial (1850-1900) and 1986-2005 as the global 
average. To calculate the ratio of regional warming over glacierized areas relative to the global 
mean, we computed the warming relative to 1986-2005 rather than 1850-1900, since data of 
the warming between these periods were not available for the individual RGI glacier regions 
(ΔT*, Fig. 2, Fig. 4, Fig. S 2).   
 
Glacier mass time series and steady state 
Glacier simulations were performed over the full 2000- or 5000-year period with a few models 
stopping their per-glacier simulations upon detecting a steady state for glacier mass earlier (i.e., 
before end of full 2000- or 5000-year period; Table S 2; Table S 3). Similar to Ziemen et al. 
(44), we assumed the glacier mass of each region has reached a steady state when the absolute 
mass change over a 20-year repeat period is less than 0.5% of the total absolute mass change 
relative to 2020 (Fig. S 8). This criterion was applied using 101-year rolling averages, and 
allowed detecting steady states without being oversensitive to the multi-centennial variability 
from the constant, but random climate. With this definition, steady state was reached by the 
end of the simulation period for the vast majority (97%) of the 7360 model experiments (4-6 
glacier models for 19 regions with 80 climate scenarios each). Therefore, we calculated steady-
state regional glacier mass as the mean of the last 101 years of the full simulation period. 
 
Committed mass losses for different global warming levels 
For each warming level and region, we determined the mass losses between steady-state and 
present-day glacier mass (defined here as year 2020). While the term “committed” often refers 
to the losses in response to current climatic conditions (assumed to remain constant) (23, 12, 
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14), here we expand its meaning to include the mass losses in response to a range of global 
warming levels. 
 
To determine the glacier volume in 2020 (later converted to mass) we accounted for the volume 
changes that have occurred between the start of the simulations (based on regionally varying 
RGI dates centered around 2000) and the beginning of 2020 (Table S 3). To do so, we used 
regional geodetic volume change observations (1) averaged over four 5-year periods (2000-
2004, 2005-2009, 2010-2014, 2015-2019), and assumed these values to be constant over the 5-
year period. Since the years that individual glaciers refer to in the RGI vary, for each region we 
used the median area-weighted RGI-year of all glaciers, yr!"# (Table S 3), and computed 
regional glacier volume in 2020 (𝑉$%$%) by: 
 
𝑉$%$% = 𝑉&'!"# + ∑ ∆𝑉($%)*

(+&'!"# , (Eq.  1) 
 
where ∆𝑉( is the observed annual volume change for each year i ranging from each region´s 
𝑦𝑟,-. to the year 2019. For regions where 𝑦𝑟,-. is before 2000 (Subantarctic & Antarctic 
Islands (1986), New Zealand (1978), and Arctic Canada North (1999)), we assumed no volume 
changes before 2000 consistent with relatively balanced conditions for these three regions 
before 2000 (45). We used the same approach to estimate regional glacier volumes in the year 
2000 (Table S 3), which are needed to derive the 2000-2019 regional changes (e.g., Fig. 4D). 
 
Response timescale 
As a measure to evaluate the time required for regional and global glacier mass to equilibrate 
relative to the mass in 2020, for each experiment we calculated the number of years needed to 
reach 80% of the committed mass change (henceforth referred to as response timescale; Fig. S 
11). This timescale differs from the definition of response time which describes the e-folding 
timescale for transitioning a glacier from one steady state to another in response to a step 
change in mass balance (15). To accommodate the asymptotic nature of mass evolution, we 
opted for an 80% threshold of committed mass change, which is close to glacier stabilization 
and thereby ensures that the mass changes over consecutive 21-year periods surpass the noise 
stemming from interannual variability.  
 
We applied the criterion on a 21-year centered rolling average to remove random variability 
while ensuring not to artificially inflate the response timescales, which could be the case with 
longer rolling periods. We only considered those experiments where at least 25% of the glacier 
mass in 2020 was lost by the end of the simulation period. This threshold was necessary to 
account for warming level changes close to the pre-industrial level where the interdecadal 
variability hampers a response timescale analysis. 
 
To estimate regional response timescales for each experiment (combination of glacier model 
and climate scenario), we shifted each time series in time (by a maximum of 50 years) so that 
the regional mass is closest to the regional mass in 2020 (instead of the mass at the RGI date). 
The resulting year is redefined as the new starting point of the time series (simulation year 0 in 
Fig. S 12) and used to calculate the response timescale. The shift was necessary since our 
simulations started prior to 2020.  This shift is particularly important to consider in regions 
with short response timescales where the glacier mass has significantly decreased between the 
start of the simulations and 2020. 
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Estimating steady-state mass across warming levels 
A locally weighted scatterplot smoothing (LOWESS (46)) fit was employed to establish the 
relationship between the steady-state glacier mass and any given warming level using the 
‘moepy’ python package (47). Regionally, the LOWESS fit was performed over results from 
all applied glacier models. For instance, in regions where five glacier models were applied, this 
involved fitting 400 data points (five glacier models each with 80 constant-climate scenarios). 
Globally, the LOWESS fit was performed over the sum of the medians of each RGI region, 
thereby also incorporating data from glacier models that were only applied in certain regions. 
In all cases, the number of robustifying iterations (“robust_iters”) was set to 2. 
 
For the median fit (LOWESS quantile regression at 50th percentile) of each region and globally, 
we considered fits with “frac” (fraction of data) parameters in a range of 0.1 to 1 (in 0.01 steps). 
We selected the fit with the lowest root-mean squared error that was monotonically decreasing 
with global warming levels and non-negative. When a monotonically decreasing non-negative 
fit could not be obtained, we selected the least negative fit that was still monotonically 
decreasing. If none of the fits were monotonically decreasing, we selected the least locally 
increasing fit. Any negative mass values were set (i.e., “clipped”) to zero. For comparison, we 
also show an exponential fit, adopting a robust least-square optimization from ‘scipy’ (48) to 
reduce the weight of outliers (e.g., Fig. 1B, Fig. 2).  The results presented in figures and tables 
are derived from the LOWESS fits, as the exponential fit not deemed suitable for higher 
warming levels in some regions, specifically after 100 simulation years (Fig. S 6). 
 
Uncertainty quantification 
Uncertainty estimates were computed to represent the IPCC (25) ‘likely’ range (17th and 83rd 
percentiles) by calculating LOWESS fitted quantile regressions. This approach was favored 
over using the standard deviation because the glacier model sample size was small (4 to 6 
models per RGI region), and the results did not necessarily follow a Gaussian distribution.  
 
The percentiles were calculated using the same “frac” parameter as for the median fit (see 
above). Here also, the fits were clipped to zero. If the percentiles were locally decreasing 
followed by an increase, rather than maintaining a monotonic decrease, we replaced those 
values with the local maximum corresponding to the next higher warming level (in 0.05°C 
increments). This correction was applied since these minor local minima result from sampling 
variability and lack a physical interpretation. 
 
Since not all eight glacier models were applied globally (Fig. 2, Table S 2), for the global 
uncertainty, we created composite regions with projections of the same glacier model 
ensemble. Specifically, we first summed the glacier model estimates for the regions that were 
only modelled by the four global glacier models (regions 01, 03, 04, 05, 07, 09, 17, 19). We 
then repeated this process for regions that where modelled by the global models and 
GloGEMflow3D (regions 02, 08, 10, 12, 16, 18), the three regions in High Mountain Asia that 
were also modelled by the Kraaijenbrink model (regions 13, 14, 15), Iceland (region 06, 
modelled by global models, GloGEMflow3D and GO), and Central Europe (region 11, 
modelled by global models, GloGEMflow3D and CISM2). For each of these five composite 
regions, we computed a LOWESS fit and summed the 17th and 83rd percentiles. Assuming a 
perfect correlation between the composite regions this approach results in conservative global 
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uncertainty estimates, providing an upper bound on overall uncertainty. Nevertheless, by using 
the adopted composite regions, we account for some balancing effects, where certain glacier 
models project the most glacier mass loss in some regions while projecting the least loss in 
others. 
 
Impact of regionally varying glacier model ensemble composition 
To evaluate the effect of varying glacier model ensemble composition across regions on 
regional and global results, we also computed the LOWESS fits and uncertainties by 
exclusively utilizing the simulations from the four global models. We note that 90% of the 
glacier mass in 2020 is located in regions that are modelled only by the four global models. 
Generally, we found that the choice of model ensemble composition had little influence on 
median regional and global steady state and response timescale characteristics. For example, 
we estimate a global committed mass loss of 38 [14 to 55] % for the +1.2°C scenario using 
only the four global models (Fig. S 13; relying on global values), which is within 1% of the 
median loss and uncertainty range based on summing the composite region's percentiles 
(reference estimate, Table S 1). 
 
Sea-level contribution 
Global glacier mass loss was converted into sea-level contribution (15) using an ocean area of 
3.625 x 108 km², an ice density of 900 kg m-3 and an ocean density of 1028 kg m-3. Since most 
of the glacier ice lost below sea level does not contribute to sea level rise because it already 
displaces ocean volume, we subtracted these losses from our regional mass loss estimates prior 
to converting the mass change to sea level equivalent. To do so, we used results from the Open 
Global Glacier Model (OGGM (49)), the only global glacier model that estimated each 
glacier´s steady-state glacier mass above and below sea level separately.  

For all 80 climate scenarios, we computed the fraction, F, of steady-state mass above sea level 
relative to the steady-state total glacier mass. A linear regression between F and the total steady-
state mass was derived to account for temporal variations (Fig. S 14). Specifically, F increases 
with decreasing steady-state glacier mass consistent with marine-terminating glaciers 
eventually retreating onto land (Fig. S 14). F varies between 0.89 and 0.94 for the climate 
scenarios corresponding to the +1.2°C to +4.0°C range. For all experiments we used the linear 
fit to determine F for the mass in 2020, 𝐹$%$%, and for the steady-state mass, 𝐹/0123&4/0201, and 
computed the median mass above sea level 𝑀567 by: 

𝑀567 = 𝑀$%$% × 𝐹$%$% −𝑀/0123&4/0201 × 𝐹/0123&4/0201, (Eq.  2) 
 
For the 17th and 83rd percentiles, we used the corresponding percentiles of total glacier mass 
loss and added a sea-level rise conversion uncertainty by applying a fraction F of 0.8 for the 
lower bound and 1.0 for the upper bound. 
 
Sensitivity of committed glacier mass loss to global warming 
We evaluated global and regional mass change sensitivities, here defined as the relative change 
in committed glacier mass loss with respect to glacier mass in 2020 (in %) per 0.1°C global 
mean temperature change. In practice, we calculated the sensitivity from the difference between 
the LOWESS fitted relative glacier mass remaining at the +1.5°C and +3.0°C warming levels 
(Fig. 1B, Fig. 2). These warming levels were chosen since the remaining mass (in %) is almost 
linearly correlated with global warming levels in this range. In addition, the +1.5 to 3.0°C range 
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includes the +1.5°C and +2.0°C levels of the Paris agreement goals and the +2.7°C level 
anticipated under current policies (30). To estimate uncertainties, we calculated sensitivities 
from the climate scenarios for each glacier model individually (Fig. S 5). We calculated the 
17th and 83rd percentiles from the ensemble that included both the sensitivities of each glacier 
model and the results from fitting all glacier models together. 
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Fig. S 1. Overview of air temperature forcing for the 80 constant-climate scenarios. (A) 
Global mean annual near-surface air temperatures above pre-industrial (ΔT) between 1850 and 
2100 for the five ISIMIP3b climate models, and after 2015 for three SSPs (SSP1-2.6, SSP2-
4.5 and SSP5-8.5). 20-year historical (1851-1870, 1901-1920, 1951-1970, 1995-2014) and 
future (2021-2040, 2041-2060, 2061-2080, 2081-2100) periods were used to extract the climate 
forcing for the glacier models. (B) Derived climate scenarios used to force the glacier models, 
shown for the first 200 simulation years (left subpanels with lines), together with mean ΔT 
(right subpanels with dots). 
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Fig. S 2. Global and regional glacier-area weighted warming (ΔTg*) as a function of global 
warming (ΔT*), relative to 1986-2005. Each panel represents a specific region (ordered by 
present-day volume), showing values for the entire global warming level range, where every 
dot corresponds to a climate scenario. See Methods for details. 
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Fig. S 3. Correlation coefficients between regional climate indices, glacier topography 
characteristics, past glacier changes and steady-state and temporal response behavior. 
Characteristics are shown for every category, with significant (p<0.05) Spearman rank 
correlation coefficients (r) annotated. Correlations were estimated from aggregated regional 
estimates (19 values). Climate data is from ISIMIP3a (GSWP3-W5E5 (50)). The continentality 
index is the temperature difference between the coldest and warmest month of the same year, 
averaged over 2000-2019. Past observed glacier changes are from Hugonnet et al. (1) 
Abbreviations: “10/100 largest” refers to the 10/100 glaciers with the largest initial glacier mass 
at inventory date according to  Farinotti et al. (37), ”reg-aw” refers to regionally glacier-area 
weighted, “reg” to regional, “avg” to average, “Temp” to temperature and “Prcp” to 
precipitation. 
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Fig. S 4. Steady-state glacier masses relative to present-day (year 2020) as a function of 
warming levels over each region’s glacierized area (ΔTg). Dots represent individual 
simulations forced by 80 climate scenarios per glacier model (4-6 glacier models per regions, 
color-coded). Regions are sorted by descending present-day (2020) glacier mass. Numbers in 
the subplots are the steady state relative glacier masses relative to present-day for distinct 
warming levels (refer to ‘Global’ panel for the warming levels). The x-axis is clipped at the 
minimum and maximum ΔTg values. Regional warming levels were determined using the same 
ΔT = +0.69°C between pre-industrial (1850-1900) and 1986-2005 as for global warming levels 
(see Methods). Uncertainty ranges (17th to 83rd percentile) from the LOWESS fit are shaded in 
grey. There are no uncertainty estimates for the global estimate since regional uncertainties 
cannot be summed up due to dependence on regional, not global, glacier-area weighted 
warming levels. 
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Fig. S 5. Steady-state per-glacier-model glacier masses relative to present-day (year 2020) 
as a function of global warming levels above pre-industrial (ΔT). This figure shows 
LOWESS fits of individual glacier model results, as opposed to the (summed) multi-model 
median in Fig. 1B, Fig. 2. This fit here is used to estimate the uncertainty of the sensitivity to 
global warming levels at 1.5°C and 3.0°C (Table S 1). The fits below the 1.0°C warming level 
are shown as transparent to illustrate that in some cases the fit does not represent the model 
behavior closely. Dots represent individual simulations forced by 80 climate scenarios per 
glacier model (4-6 glacier models per region, color-coded). Regions are sorted by descending 
present-day (2020) glacier mass. 
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Fig. S 6. Glacier masses after 100 simulations years relative to present-day (year 2020) as 
a function of global warming levels above pre-industrial (ΔT). Dots represent individual 
simulations forced by 80 climate scenarios per glacier model (4-6 glacier models per region, 
color-coded). Regions are sorted by descending present-day (2020) glacier mass. The rolling 
mass average is taken over 21 years. Numbers in the subplots are the glacier masses in percent 
after 100 simulation years relative to present-day for distinct warming levels (see ‘Global’ 
panel for the warming levels). 
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Fig. S 7. Sensitivity of committed global glacier mass loss to global mean warming levels 
above pre-industrial, compared to Marzeion et al. (13). For direct comparison, estimates are 
shown relative to the simulation start (RGI date) instead of 2020 as in the main text. In 
Marzeion et al. (13), about 60% of the global glacier mass is simulated, excluding Subantarctic 
& Antarctic Islands (RGI19) and the Greenland Periphery (RGI05).  
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Fig. S 8. Years to reach steady state. For each region, percentiles (5th, 25th, median, 75th, 95th) 
are calculated over the individual “year estimates” of the glacier models and climate scenarios 
(see Methods). In the left panel, the percentage of experiments (glacier model and climate 
scenario combinations) reaching steady state is highlighted (considering all climate scenarios, 
i.e. also those with little changes). Due to the 101-year rolling average, the steady state can be 
reached earlier than estimated under very fast-responding climate scenarios, regions and glacier 
models. n in legend refers to the number of climate scenarios.  
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Fig. S 9. Response timescale in years after simulation start for different timescale 
definitions. Time when 80% of the committed mass loss has occurred at ΔT=1.5°C compared 
to (A) the estimates for 50% losses (Fig. S 11 vs. Fig. S 15) and (B) the estimates at ΔT=3.0°C. 
Each dot represents one of the 19 RGI regions. The size of the dots scals with the respective 
2020 glacier mass.  
 

 
Fig. S 10. Committed glacier mass loss (in %, relative to 2020) from equilibration 
experiments (this study) versus mass losses by 2100 relative to 2015 derived from 
transient climate projections (11). For the equilibration experiments in this study, results are 
shown for ΔT = 2.0°C (median LOWESS fit). The 21st century glacier projections are from 
Zekollari et al. (11), representing the median of three global glacier models (PyGEM-OGGM, 
OGGM, GloGEM) and of 17 climate model and SSP combinations of CMIP6 within the ΔT = 
2.0°C±0.5°C range. “All” indicates the global losses, while the numbers refer to the RGI region 
numbers (refer to Table S 3 for naming). 
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Fig. S 11. Response timescale in years from the simulation start when 80% of the 
committed mass loss between 2020 and steady state has occurred. Years are estimated from 
21-year mass averages. Results are shown for glacier models and climate scenarios with ΔT 
≥0.8°C and at least 25% of committed mass change (see Methods). For better readability, the 
y-axis is limited to 1200 years, which comprises 99.3% of data (a few longer response 
timescales exist in RGI regions 04, 05, 06, 09 and 19). Fig. S 15 shows response timescale 
when 50% of the committed mass change occurs. 
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Fig. S 12. Example of regional glacier mass evolution for Central Asia (RGI region 13). 
Shown for all climate scenarios above ΔT=1.2°C for the MPI-ESM1-2-HR climate model, over 
400 simulation years after the year 2020. For every climate scenario (panel) and glacier model 
(colored lines within panel), a shift occurs to the estimated 2020 mass as a starting point (see 
Methods). Vertical lines indicate the median values of the year to reach 50% and 80% of the 
total change (‘response timescales', Fig. S 11 and Fig. S 15) for all climate scenarios and glacier 
models with at least 25% changes relative to 2020 mass. The cyclicity that appears at the end 
of certain simulations (here for GloGEMflow3D) results from the extension of the time series 
that was performed internally (Table S 2). Additional figures for other regions and climate 
models are available in the GitHub repository (https://github.com/GlacierMIP/GlacierMIP3) 
(39). 
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Fig. S 13. Steady-state glacier masses relative to present day (year 2020) as a function of 
global warming levels above pre-industrial (ΔT), when only accounting for the four global 
glacier models (vs. Fig. 1A and Fig. 2, which rely on data from eight glacier models). The 
global fit is directly performed over the global estimates, thus the percentiles are not regionally 
aggregated. Dots represent individual simulations forced by 80 climate scenarios per glacier 
model (4 glacier models per region, color-coded). Regions are sorted by descending present-
day (2020) glacier mass. Numbers in the subplots are the steady state glacier masses in percent 
relative to present-day for distinct warming levels (see ‘Global’ panel for the warming levels).  
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Fig. S 14. Fraction (F) of global above sea-level glacier mass and total glacier mass. OGGM 
results (this study) are shown for steady-state glacier mass and for mass after 50 or 100 
simulation years. The linear fit based on the steady-state OGGM estimates was used to compute 
F (see legend). For comparison, the data from Rounce et al. (10), based on projected global 
glacier mass in 2100 in response to various transient climate scenarios, and the estimate by 
Farinotti et al. (37), referring to the RGI 6.0 inventory date (centered around year 2000), are 
also shown. The negative correlation between mass loss and remaining mass (this study, 
OGGM) is consistent with marine-terminating glaciers retreating gradually onto land. The 
contrasting positive correlation for the data by Rounce et al. (10) indicates that in their model, 
the relative depletion of submarine ice lags that of land ice. 
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Fig. S 15. Response timescale in years from the simulation start when 50% of the 
committed mass loss between 2020 and steady state has occurred. Years are estimated from 
21-year mass averages. Results are shown for glacier models and climate scenarios for ΔT 
≥0.8°C with at least 25% of committed mass change (see Methods). For better readability, the 
y-axis is limited to 600 years, which comprises 99.8% of data (a few longer response timescales 
exist in RGI regions 05 and 19).  
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Table S 1. Global and regional committed glacier mass losses at different warming levels, 
sensitivity to global mean temperature change, and response timescales. (A) Mass losses 
are shown in percent, and (B) globally also in sea-level equivalent (SLE), relative to the masses 
in 2020. Median values are provided, with the likely range (17th and 83rd percentile) in brackets, 
calculated from LOWESS fits (see Methods). Regions in (A) are ordered by decreasing 
regional relative mass loss at 1.2°C. Colors highlight the mass losses in five 20 % bins between 
0 to 100%.



 

23 

 CISM2 GLIMB GloGEMflow  GloGEMflow3D GO Kraaijenbrink OGGM v1.6.0 PyGEM-OGGM 
v1.3 

Domain RGI region 11 (Central 
Europe) excluding the 35 
glaciers in the Pyrenees 
and Montenegro/Albania 
(ca. 0.15% of regional 
area). No upscaling 
 

All RGI regions.  No 
upscaling 

All RGI regions (glaciers 
> 1 km2.). Upscaling of 
smaller glaciers to match 
regional volume by 
Farinotti et al. (37)   

RGI regions 8, 10, 11, 12, 
16, 18 (glaciers >1 km2) 
and RGI regions 2, 6, 13, 
14, 15 (glaciers >2 km2). 
Upscaling of smaller 
glaciers to match regional 
volume by Farinotti et al. 
(37)   

RGI region 6 (Iceland). 
No upscaling 

RGI regions 13, 14, 15 
(High-Mountain Asia, 
glaciers >0.4 km2). 
Upscaling of smaller glaciers 
using subregion specific 
volume-area scaling 
 

All RGI regions. No 
upscaling. 

All RGI regions. No 
upscaling. 

Spatial 
representation 

100x100m grid 
 

0.5° x 0.5° grid 
 
 

Per glacier 
 

Per glacier 
 
 

Per glacier 
 
 

Per glacier 
 

Per glacier 
 
 

Per glacier 
 

Initial glacier 
area / volume 

Spin up using 1979–1988 
climate and RGI6.0 area, 
until quasi-steady state is 
reached and then 
transient run forward 
aiming to match ice 
thickness fields by 
Farinotti et al. (37) 

Areas from RGI6.0 and 
volumes by volume-area 
scaling tuned to match 
regional volumes by 
Farinotti et al. (37) 

Spin up with glaciers 
until steady state is 
reached and then 
transiently run forward 
aiming to match the 
RGI6.0 area and glacier-
specific volumes by 
Farinotti et al. (37) 

Areas from RGI6.0 and 
volumes from ice-
thickness fields by 
Farinotti et al. (37) 

Areas from RGI6.0 and 
volumes by volume-area 
scaling tuned to match 
glacier-specific volumes 
by Farinotti et al. (37) 

Area from RGI6.0 and 
volume from ice-thickness 
fields by Farinotti et al. (37) 

Areas from RGI6.0 and 
volumes from ice 
thickness inversion tuned 
to match regional 
volumes by Farinotti et 
al. (37). 

Areas from RGI6.0 and 
volumes from ice 
thickness inversion tuned 
to match regional 
volumes by Farinotti et 
al. (37) based on land-
terminating glaciers only 
(thus volume changes 
when frontal ablation is 
included). 

Meteorological 
forcing data for 
calibration 

Monthly temperature and 
precipitation from W5E5 
v2.0 (51) 

Daily temperature, 
precipitation, relative 
humidity, wind speed, 
and downward solar 
radiation, from ERA5 
(52) 

Monthly temperature and 
precipitation from ERA5 
(52) 

Monthly temperature and 
precipitation from ERA5 
(52) 

Monthly temperature and 
precipitation from ERA5 
(52). Transformed to 
daily values by linearly 
interpolating temperature 
and repeating 
precipitation for each day 
in a month 

Monthly temperature and 
precipitation from W5E5 
v2.0 (51) 

Monthly temperature and 
precipitation from W5E5 
v2.0 (51) 

Monthly temperature and 
precipitation from ERA5 
(52) 

Climatic MB Melt from PDD (1 DDF), 
accumulation from 
precipitation below 
threshold temperature, 
snow accumulation set to 
zero outside the RGI 
extent to reduce spurious 
glacier advance 

Melt from Energy 
balance, accumulation 
from precipitation below 
temperature threshold, 
refreezing accounted for 

Melt from PDD (2 
DDFs), accumulation 
from precipitation below 
temperature threshold,  
refreezing accounted for 

Melt from PDD (2 
DDFs), accumulation 
from precipitation below 
temperature threshold, 
refreezing accounted for 

Melt from simplified 
energy balance, 
accumulation from 
precipitation below 
temperature threshold, 
refreezing accounted for  
 

Imposed elevation-
dependent MB gradient, with 
maximum ablation limited 
by PDD and terminus DDF, 
maximum accumulation 
limited by annual 
precipitation. Modulation of 
MB for each bin using 
parameterized debris 
thickness and supraglacial 
pond area 

Melt from PDD (1 DDF), 
accumulation from 
precipitation below 
temperature threshold 

Melt from PDD, 2 DDFs 
+ debris melt 
enhancement factor; 
accumulation from 
precipitation below 
temperature threshold,  
refreezing accounted for 

Other MB 
components 

Basal melt beneath 
grounded ice when at 
pressure melting point 

- Parameterized frontal 
ablation, as in (53) 

- - - - Parameterized frontal 
ablation 
 
 

MB calibration 
data and method 

Per-glacier calibration 
based on geodetic MB (1) 
averaged over Jan 2000–
Dec 2019 and assuming 
zero MB over period 
1979–1988. 
 
Calibration through DDF 
and precipitation 
correction factor. Added a 
temperature bias when 
the above two parameters 
fall outside a user-defined 
range 

Gridded calibration based 
on geodetic MB (1) 
averaged over Jan 2000–
Dec 2019 at 0.5° x 0.5° 
resolution.  
 
Calibration through 
precipitation correction 
factor. Added a 
temperature bias when 
the precipitation 
correction factor is 
outside the 0.05 to 20 
range 

Per-glacier calibration 
based on geodetic MB (1) 
averaged over Jan 2000-
Dec 2019. Various frontal 
ablation calibration 
datasets, same as used in 
(53) 
 
Calibration as in 
Zekollari et al. (11), 
where a DDF and 
precipitation correction 
factor are adapted. Added 
a temperature bias when 
the above two parameters 
fall outside a user-defined 
range 

Per-glacier calibration 
based on geodetic MB (1) 
averaged over Jan 2000-
Dec 2019. Various frontal 
ablation calibration 
datasets, same as used in 
(53) 
 
Calibration as in 
Zekollari et al. (11), 
where a DDF and 
precipitation correction 
factor are adapted. Added 
a temperature bias when 
the above two parameters 
fall outside a user-defined 
range 

Per-glacier calibration 
based on geodetic MB 
(1) averaged over Jan 
2000–Dec 2019. 
 
Calibration of seven 
parameters for ensemble 
of 250 combinations. 
Optimal parameter set 
selected for each glacier 
minimizing the RMSE 
between modelled and 
observed MB 

Per-glacier calibration based 
on geodetic MB (54) 
averaged over Jun 2000–Jun 
2018, surface area in each 
elevation band, and degree 
days at terminus 
 
Calibrated as in 
Kraaijenbrink et al. (55), 
where MB gradient per 
glacier is adapted 

Per-glacier calibration 
based on geodetic MB (1) 
averaged over Jan 2000–
Dec 2019. Winter MB 
observations (56) used to 
compute a winter-
precipitation dependent 
precipitation correction 
factor. 
 
Calibration as in 
Zekollari et al. (11), but 
assuming fixed glacier 
geometry, where a 
precipitation correction 
factor, temperature bias, 
and DDF are adapted 

Per-glacier calibration 
based on geodetic MB (1) 
averaged over Jan 2000–
Dec 2019. Winter MB 
observations (56) 
indirectly used to set 
limits of precipitation 
factor for prior 
distributions for 
calibration. Various 
frontal ablation 
calibration datasets, same 
as used in (10) 

Calibration as in Rounce 
et al. (10) through 
Bayesian inference 
assuming fixed geometry, 
where DDF, precipitation 
correction factor, and 



 

24 

temperature bias are 
calibrated 

Bias correction 
period and 
approach 

Matched climate model 
data to W5E5v2.0 (51) 
over period 1979–2014 
by using quantile 
mapping (applied directly 
bias-corrected climate 
models from ISIMIP3b 
(57) 
 
 

Matched climate model 
data to ERA5 (52) over 
period 2000–2020 by 
correcting for mean 
temperature (additive), 
temperature variability 
(multiplicative), and 
precipitation 
(multiplicative) 

Matched climate model 
data to ERA5 (52) over 
period 1980–2019 by 
correcting for mean 
temperature (additive), 
temperature variability 
(multiplicative), and 
precipitation 
(multiplicative) (53) 

Matched climate model 
data to ERA5 (52) over 
period 1980–2019 by 
correcting for mean 
temperature (additive), 
temperature variability 
(multiplicative), and 
precipitation 
(multiplicative) (53) 

Matched climate model 
data to ERA5 (52) over 
period 1980–2019 by 
correcting for mean 
temperature (additive) 
and precipitation 
(multiplicative) 

Matched climate model data 
to W5E5v2.0 (51) over 
period 1991–2014 by 
correcting for mean 
temperature (additive) and 
precipitation (multiplicative) 

 
 

Matched climate model 
data to W5E5v2.0 (51) 
over period 1979–2014 
by using quantile 
mapping (applied directly 
bias-corrected climate 
models from ISIMIP3b 
(57)  

Matched climate model 
data to ERA5 (52) over 
period 2000–2019 by 
correcting for mean 
temperature (additive), 
temperature variability 
(multiplicative), and 
precipitation 
(multiplicative) (53) 

Geometry 
changes  
 
 

3D ice flow model 
(depth-integrated higher-
order velocity solver), 
100 m grid resolution, 
geometry updated 
monthly 

Volume-area scaling 
(hypsometry adjusted 
using simple geometric 
model at 50 m vertical 
resolution), geometry 
updated annually 

1D flowline model 
(Shallow Ice 
Approximation), 100 
horizontally equidistant 
grid points along 
flowline, geometry 
updated at least annually 

Ice geometry in 3D with 
2D ice flow model 
(Shallow Ice 
Approximation), 
resolution depending on 
area at initialization: 50 
m (<5 km2), 100 m (5–20 
km2), 150 m (20–100 
km2), 250 m (100–500 
km2), 500 m (>500 km2), 
geometry updated at least 
annually 

Volume-area scaling, 
geometry updated 
annually 

Simplified volume-area 
relation of each specific 
elevation bin, geometry 
updated annually 

1D flowline model 
(Shallow Ice 
Approximation), 
horizontally equidistant 
grid points along 
flowline, 20–400 m 
resolution, geometry 
updated annually 

1D flowline model 
(Shallow Ice 
Approximation), 
horizontally equidistant 
grid points along 
flowline, geometry 
updated annually; for 
cases where flowline 
model failed (some  
tidewater glaciers): used 
mass redistribution 
curves (58) instead 

Simulation 
period 

2000 years 2000/5000 years   
depending on region 

Each glacier’s simulation 
stopped when 100-year 
mean specific MB was 
within ±9 kg m-2 year-1.  
 
Time series duration 
extended to 2000/5000 
years by repeatedly 
appending the data from 
the last 50 years. 

Each glacier’s simulation 
stopped when 100-year 
mean specific MB was 
within ±2 kg m-2 year-1. 
 
Time series duration 
extended to 2000/5000 
years by repeatedly 
appending the data from 
the last 20 years. 

 5000 years  2000 years 2000/5000 years 
depending on region 

Each glacier’s simulation 
stopped when volume 
was 0 (over at least 20 
years) or 100-year mean 
specific MB was within 
±10 kg m-2 year-1.  
 
Time series duration 
extended to 2000/5000 
years by repeatedly 
appending the data from 
the last 20 years. 

Reference and 
other notes 

CISM2 (59) was 
developed for ice sheets, 
first use as regional 
glacier model by using 
similar settings as for ice 
sheets but adjustments for 
surface MB calibration, 
glacier-tracking logic, 
and parameters 

Original GLIMB study 
(60).  
Precipitation calibration 
(61). 
Application to HMA 
glaciers (62) 

Extended version of 
GloGEM (53), to include 
ice dynamics (63, 64) 

 
 

Extended version of 
GloGEMflow to account 
for 3D glacier geometry 

Rewritten version of the 
model by Giesen and 
Oerlemans (65) 

Kraaijenbrink et al. (55) Model description: 
Maussion et al. (49); 
Version used here: 
Maussion et al. (66)  

Rounce et al. (10) 

Table S 2. Glacier model characteristics. Abbreviations: DDF: Degree-day Factor, MB: mass balance, PDD: Positive Degree-Day model.



 

25 

 
 
Table S 3. Regional past or current glacier characteristics and simulation time years. 
Regions (with RGI6.0 region numbers in brackets) are sorted after glacier mass in 2020. a: 
refers to the year of the median area-weighted RGI-year of all glaciers in a region, yrRGI (40), 
b: Estimates refer to the year given in column “Year”, c: Estimates from Farinotti et al. (37) 
(around year 2000) reprojected to 2020 based on mass change data from Hugonnet et al. (1) 
(see Methods). 
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