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 30 
Abstract: Glacier mass loss impacts sea-level rise, water resources, and hazards. We present 
global glacier projections, excluding the ice sheets, for Shared Socioeconomic Pathways 
calibrated with data for each glacier. Glaciers are projected to lose 26±6% (+1.5℃) to 41±11% 
(+4℃) of their mass by 2100, relative to 2015, for global temperature change scenarios. This 
corresponds to 90±26 to 154±44 mm sea level equivalent and causes 49±9% to 83±7% of 35 
glaciers to disappear. Mass loss is linearly related to temperature increase, thus reductions in 
temperature increase reduce mass loss. Based on climate pledges from the Conference of Parties 
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(COP-26) global mean temperature is projected to increase by +2.7℃, which would lead to a 
sea-level contribution of 115±40 mm and cause widespread deglaciation in most mid-latitude 
regions.  
One-Sentence Summary: Projected glacier mass loss stresses urgency of limiting global 
warming to reduce sea-level rise and widespread deglaciation. 5 
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Main Text: Glaciers, here referring to all glacial land ice excluding the Greenland and Antarctic 
ice sheets, are responsible for 21±3% of sea-level rise from 2000-2019, contributing 0.74±0.04 
mm sea level equivalent (SLE) yr-1 (1). Projections suggest this contribution could increase to 
2.5 mm SLE yr-1 by 2100 (2). Glaciers are also a critical water resource for ~1.9 billion people 
(3), and projected losses will alter water availability impacting annual and seasonal runoff (4). 5 
Glacier-related hazards, including glacier outburst floods, are also expected to change in 
frequency and magnitude over the next century due to mass loss (5). Projecting the magnitude, 
spatial pattern and timing of glacier mass loss is therefore essential to support climate adaptation 
and mitigation efforts for communities ranging from the coast to the high mountains. 
Previous projections of glacier mass loss from the Glacier Model Intercomparison Project 10 
(GlacierMIP) (2) estimated glacier contribution to sea-level rise for ensembles of Representative 
Concentration Pathways (RCPs), and results were extended to Shared Socioeconomic Pathways 
(SSPs) using statistical models of these simulations (6). GlacierMIP provided these projections at 
regional scales based on simulations from 11 glacier evolution models that varied with respect to 
the complexity of model physics, simulated physical processes, model calibration, spatial 15 
resolution, and modeling domain. Calibration data varied from in-situ measurements of less than 
300 of the world’s more than 215,000 glaciers to regional geodetic and/or gravimetric mass 
balance observations. Furthermore, only one global model simulated glacier dynamics using a 
flowline model (7), while all others relied on empirical volume-area scaling or parameterizations 
of mass redistribution; only one model accounted for frontal ablation (i.e., the sum of iceberg 20 
calving and submarine melt) of marine-terminating glaciers (8), while all others treated any 
glacier as land-terminating; and no global model accounted for debris cover. Existing multi-
model projections (2, 6, 9) are thus limited to regional scales and neglect key physical processes 
controlling glacier mass loss. 

Here we produce a set of global glacier projections for every individual glacier on Earth for SSPs 25 
from 2015 to 2100 by leveraging global glacier mass balance data (1) and nearly-global frontal 
ablation data (10–13). To provide policy-relevant scenarios, our projections are grouped based 
on mean global temperature increases by the end of the 21st century compared to pre-industrial 
levels to explicitly link differences in glacier mass loss, sea-level rise, and the number of glaciers 
that vanish in response to changes in mean global temperature. Our glacier evolution model, a 30 
hybrid of the Python Glacier Evolution Model (PyGEM) (14, 15) and Open Global Glacier 
Model (OGGM) (7), enables us to produce global glacier projections that explicitly account for 
glacier dynamics using a flowline model (7) based on the shallow-ice approximation (16); the 
effects of debris thickness on sub-debris melt rates (17), and frontal ablation (8). Our estimates 
of glacier contribution to sea-level rise also account for the roughly 15% of ice from marine-35 
terminating glaciers that is already below sea level (18). Projections are also reported for SSPs 
and RCPs to highlight differences compared to previous studies. 

Projections of policy-relevant scenarios 

The Paris Agreement, adopted in 2015 by 195 countries, agreed to keep the increase in global 
mean temperature by the end of the 21st century relative to pre-industrial levels below 2℃, and 40 
that efforts should be made to limit the temperature change to 1.5℃. This target was kept alive in 
the Glasgow Agreement adopted by the Conference of the Parties (COP26) in 2021. To evaluate 
the sensitivity of glaciers to global mean temperature increases, the glacier projections are 
aggregated into +1.5℃, +2℃, +3℃, and +4℃ temperature change scenarios by 2100 relative to 
pre-industrial levels (Fig. 1). 45 
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Fig. 1. Projected global glacier changes for scenarios of global mean temperature change. 
(A, B) Mass remaining, (C, D) area remaining, (E, F) glaciers remaining, (G, H) sea-level rise 
(SLR) contributed from glaciers, and (I, J) area-averaged mass change rate for all glaciers 5 
globally. Projections are shown from 2015 to 2100 (left panels), and at 2100 (right panels). 
Values in (A) - (H) are relative to 2015. Colors depict the global mean temperature change 
scenarios (left panels) and the SSPs corresponding to the global temperature changes (right 
panels). The number (n) of glacier projections with different GCMs and SSPs that fall into each 
temperature change scenario is shown in the legend. Lines (left panels) show the ensemble 10 
median and shading indicates the 95% confidence interval for each temperature change scenario. 

 

Globally, glaciers are projected to lose 26±6% (+1.5℃) to 41±11% (+4℃) of their mass by 
2100, relative to 2015 (ensemble median ± 95% confidence interval). This mass loss would 
increase mean sea level by 90±26 mm SLE under the +1.5℃ scenario and 99±31 mm SLE under 15 
the +2℃ scenario. The higher temperature change scenarios of +3℃ and +4℃ lead to 
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contributions of 125±39 and 154±44 mm SLE, respectively, highlighting a 71% increase 
between the +1.5℃ and +4℃ scenarios. 

The rate of sea-level rise from glacier losses near the end of the 21st century ranges from 
0.70±0.45 to 2.23±1.08 mm SLE yr-1 depending on the temperature change scenario (Fig. S1). 
For +1.5℃, the rate of sea-level rise peaks at 1.29±0.59 mm SLE yr-1 around 2035 and declines 5 
thereafter, while the rate for +4℃ steadily increases for the remainder of this century. Similar 
trends are observed in the area-averaged mass loss rate, where the maximum loss rate of 
0.82±0.36 m water equivalent (w.e.) yr-1 occurs around 2035 before diminishing to 0.59±0.34 m 
w.e. yr-1 at the end of the century for the +1.5℃ scenario; the mass loss rate continuously 
increases to 2.02±1.30 m w.e. yr-1 by the end of the century for the +4℃ scenario (Fig. 1I). Even 10 
if the global mean temperature change is limited to +1.5℃, we estimate that 104,000±20,000 
glaciers (49±9% of the total inventoried) will disappear by 2100 and at least half of those will be 
lost prior to 2050 (Fig. 1E). Most of the glaciers projected to disappear are smaller than 1 km2 
(Fig. 2), but despite their small size their disappearance may still negatively impact local 
hydrology, tourism, glacier hazards, and cultural values (19). Glaciers projected to disappear 15 
represent 2-8% of the glacier contribution to sea-level rise depending on the temperature change 
scenario.  

 

Fig. 2. Percent of glaciers projected to vanish between 2015 and 2100 for global 
temperature change scenarios sorted by size. The glaciers are binned according to their initial 20 
glacier area and the numbers below each bin (shown in grey) refer to the percentage of the total 
number of glaciers in 2015 in each bin. 

Regional mass changes 

Regional variations exist in the glacier mass change projections (Fig. 3). Alaska is the largest 
regional contributor to global mean sea-level rise from 2015 to 2100 (Fig. S2), peaking at 0.33 to 25 
0.44 mm SLE yr-1 between 2030 and 2060 depending on the temperature change scenario, before 



Submitted Manuscript: Confidential 

6 
 

decreasing to 0.13 to 0.28 mm SLE yr-1 by 2100 (Fig. S1). Greenland Periphery, Antarctic and 
Subantarctic, Arctic Canada North, and Arctic Canada South contribute 12, 10, 10, and 9% to 
projected sea-level rise, respectively. Collectively, these five regions account for 60-65% of the 
total glacier contribution to sea-level rise. For Greenland Periphery, Arctic Canada North, and 
Arctic Canada South, the rate of the contribution to sea-level rise is almost insensitive to 5 
temperature change below +2℃, but steadily increases through 2100 for the other temperature 
change scenarios. For the +3℃ and +4℃ scenarios, the rate of sea-level rise from Greenland 
Periphery, Antarctic and Subantarctic, and Arctic Canada North each nearly equal or exceed 
Alaska near the end of the century, with Antarctic and Subantarctic and Arctic Canada North 
accelerating throughout the 21st century. Since projected glacier mass loss includes both the 10 
instantaneous response of glaciers to climate forcing and the delayed response based on the 
extent of disequilibrium to longer-term climatic conditions (e.g., 20), these regions with large 
glaciers will continue losing mass beyond 2100, especially for higher temperature change 
scenarios. 

 15 

Fig. 3. Regional glacier mass change and contributions to sea level rise from 2015 to 2100. 
Discs show global and regional projections of glacier mass remaining by 2100, relative to 2015, 
for global mean temperature change scenarios. Discs are scaled based on each region’s 
contribution to global mean sea level rise from 2015 to 2100 for the +2℃ scenario by 2100 
relative to pre-industrial levels and nested rings are colored by temperature change scenarios 20 
showing normalized mass remaining in 2100. Regional sea level rise contributions larger than 1 
mm SLE for the +2℃ scenario are printed in the center of the pie chart. The horizontal bars 
show time series of area-averaged annual mass balance from 2015 to 2100 for +1.5℃ (top) and 



Submitted Manuscript: Confidential 

7 
 

+3℃ (bottom) scenarios. The colorbar is saturated at -2.5 m w.e., but minimum annual values 
reach -4.2 m w.e. in Scandinavia. Time series of regional relative mass change and regional area-
averaged mass change are shown in Figs. S3-4. 
 

Western Canada and US, South Asia East, Scandinavia, North Asia, Central Europe, Low 5 
Latitudes, Caucasus and Middle East, and New Zealand, are projected to lose 60-100% of their 
glacier mass depending on the temperature change scenario (Figs. 3, S3). The temperature 
change scenario thus has a major impact on the mass loss, in some cases determining whether the 
complete deglaciation of regions occurs by the end of the 21st century. While these regions are 
not significant contributors to sea-level rise, people in these regions will need to adapt to changes 10 
in seasonal and annual runoff as the additional water provided by glacier net mass loss will 
decline before 2050 as the glaciers retreat (Figs. S5-8). In High Mountain Asia, the timing of 
maximum rates of mass loss varies, with South Asia East peaking between 2025-2030, Central 
Asia between 2035-2055, and South Asia West between 2050-2075, depending on the 
temperature change scenario. 15 

Regional sensitivity to temperature change 

The sensitivity of the glacierized regions to changes in global mean temperature depends on the 
region’s current glacier mass and mass change rates; regional temperature anomalies relative to 
the global mean (Fig. 4), such as those associated with Arctic amplification (21); the climatic 
setting (maritime versus continental) and sensitivity to precipitation falling as rain instead of 20 
snow; and elevation feedbacks due to different types of glaciers (e.g., ice caps versus valley 
glaciers) (22). Projected mass loss is linearly related to global mean temperature increase, 
especially for larger glacierized regions, consistent with a recent study (6). This strong 
relationship highlights that every fraction of a degree of temperature increase significantly 
impacts glacier mass loss. The smallest glacierized regions by mass, including Central Europe, 25 
Scandinavia, Caucasus and Middle East, North Asia, Western Canada and US, Low Latitudes, 
and New Zealand, will experience near-complete deglaciation around +3℃. These regions are 
thus highly sensitive to global mean temperature increases between 1.5 and 3℃ and have a 
nonlinear response above 3℃ of warming. 
The strength of the linear relationship varies among regions, which reflects differences in the 30 
regional temperature anomalies from the ensemble of GCMs (evident from the larger standard 
deviations given in Figs. 4, S9). Regions like Alaska, Southern Andes, and Central Asia have 
less scatter indicating less variation in the regional temperature anomaly and thereby a more 
consistent response to climate forcing (mean R2=0.78). Other regions like the Russian Arctic, 
Svalbard, and Iceland have more variation in the regional temperature anomaly and thus a 35 
weaker linear relationship (mean R2=0.50) as well as significant variations in projected 
precipitation (Fig. S10). Future work using regional climate projections may better resolve high-
mountain climatic conditions and refine projections in these regions (e.g., 22). 
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Fig. 4. Fraction of global and regional mass remaining at 2100, relative to 2015, as a 
function of global mean temperature change by 2100 relative to pre-industrial levels. Each 
marker represents results from one GCM and SSP. Numbers indicate median temperature 
anomalies (± standard deviation) (°C) over glacierized areas, relative to the mean temperature 5 
change over the entire globe at 2100 relative to pre-industrial levels, for all GCMs and scenarios, 
and the glacier mass at 2015 (103 Gt). Negative values indicate that some regions warm less than 
the global average. Regions are ordered by their total mass loss. 
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Spatially resolved projections at glacier scale 
Our projections reveal notable spatial variations in glacier mass loss at the local scale for the 
temperature change scenarios (Fig. 5). All regions are projected to lose some glaciers 
completely, primarily smaller ice masses, with the higher temperature change scenarios revealing 
significantly more mass loss and the deglaciation of greater areas (Figs. S11-13). While Central 5 
Europe, Caucasus and Middle East, North Asia, and Western Canada and US are projected to 
experience widespread deglaciation for the +2℃ scenario, our results also reveal where 
remaining glaciers will be concentrated at the end of this century. Besides the Karakoram and 
Kunlun in High Mountain Asia, the remaining mass is primarily located in southeastern Alaska, 
Arctic Canada North, Svalbard, the Russian Arctic, Greenland Periphery, and Antarctic and 10 
Subantarctic. Given that these regions comprise a significant number of marine-terminating 
glaciers, accounting for frontal ablation is critical over the next century and beyond. 

 

Fig. 5. Spatial distribution of glacier mass remaining by 2100 for the +2°C scenario. The 
ensemble median glacier mass remaining by 2100 (relative to 2015) for the +2°C (above pre-15 
industrial levels) global mean temperature change scenario. Tiles are aggregated by 1°x1° below 
60° latitude, 2°x1° between 60° and 74° latitude and 2°x2° above 74° latitude to represent 
approximately 10,000 km2 each. Circles are scaled based on simulated glacierized area in 2015 
and are colored by normalized mass remaining. Regions that have experienced complete 
deglaciation by 2100 are shown in white and outlined in black. High Mountain Asia refers to 20 
Central Asia, South Asia West, and South Asia East. Specific subregions are noted by labels on 
the bottom of inset figures. Additional temperature change scenarios (+1.5, +3, and +4 °C) are 
shown in Figs. S11-13. 

Importance of marine-terminating glaciers 

Marine-terminating glaciers represent 40% of the total present-day global glacier area (23), and 25 
this percentage reaches 99% for the Antarctic and Subantarctic region. Most previous global 
glacier projections do not explicitly account for frontal ablation (2), instead implicitly accounting 
for it by increasing melt rates, thereby poorly accounting for dynamical feedbacks associated 
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with the glacier’s evolution. Our model couples a frontal ablation parameterization with a 
flowline model and uses a state-of-the-art calibration scheme, ice thickness inversion method, 
and geodetic mass balance and frontal ablation calibration data (see Methods). This enables us to 
project changes of individual marine-terminating glaciers and determine if and when they 
become land-terminating (Fig. S14). Separate simulations including and excluding frontal 5 
ablation, with model parameters calibrated separately for both, are used to quantify its impact on 
projections. 
Counterintuitively, we estimate that accounting for frontal ablation reduces the glacier 
contribution to mean sea-level rise from 2015-2100 by 2% for each temperature change scenario, 
compared to models not including frontal ablation. From 2015-2100 frontal ablation accounts for 10 
91±10 Gt yr-1 (+1.5℃) to 88±8 Gt yr-1 (+4℃) of the total glacier mass loss globally (Figs. S15-
18). For the +2℃ scenario, the rate of mass loss due to frontal ablation diminishes over the 
century from 115±11 Gt yr-1 in 2000-2020 to 75±8 Gt yr-1 in 2080-2100. Diminished mass losses 
from frontal ablation of marine-terminating glaciers reflect their thinning, retreat onto land (44-
57% of all marine-terminating glaciers) (Fig. S19), and reduced ice flux into the ocean, which 15 
occurs for all temperature change scenarios. The relative contribution of frontal ablation to total 
ablation (i.e., frontal ablation plus melt) ranges from 11% (+1.5℃) to 8% (+4℃) for 2015-2100, 
diminishing for higher temperature change scenarios due to increases in melt. Regionally, the 
relative contribution of frontal ablation for all temperature change scenarios is greatest in 
Antarctic and Subantarctic (34%), the Russian Arctic (34%), and Svalbard (17%) (Figs. S15-18). 20 

The impact of not accounting for frontal ablation on relative mass loss (i.e., glacier mass loss by 
2100 relative to 2015) varies greatly by region (Fig. S20). For Alaska and Svalbard, excluding 
frontal ablation increases relative mass loss at 2100 by 2-8% depending on the temperature 
change scenario. The Russian Arctic varies from a 2% reduction (+1.5℃) to a 5% increase 
(+4℃). Arctic Canada, Greenland Periphery, and Southern Andes see almost no difference 25 
(±2%), and Antarctic/Subantarctic sees a 0-2% decrease in relative mass loss. These results 
highlight the complex response of marine-terminating glaciers, which are dependent on the 
frontal ablation rate, glacier geometry, and surface mass balance. In the Antarctic and 
Subantarctic, we find excluding frontal ablation decreases the regional relative mass loss, since 
mass loss due to frontal ablation is greater than the increased melt when frontal ablation is 30 
excluded. Conversely, in Alaska and Svalbard, the regional relative mass loss increases when 
frontal ablation is excluded, since mass loss due to frontal ablation is less than the increased melt 
when frontal ablation is excluded. 

Importance of debris-covered glaciers 

Debris currently covers 4-7% of the global glacier area (24, 25). A thin layer of debris (< 3-5 cm) 35 
enhances surface melt, while a thick layer insulates the underlying ice and reduces melt (26). The 
spatial distribution of debris thickness can cause debris-covered glaciers to develop stagnant 
glacier tongues and eventually separate from the active part of the glacier (27, 28). Our 
representation of debris and glacier dynamics enables us to simulate these complex feedbacks, 
including reduced melt at glacier termini where debris is thick (Fig. S21). We thus produce a set 40 
of global glacier projections that account for debris and compare these to separate simulations 
that exclude debris (i.e., treat the debris as clean ice) to quantify the insulating effect that debris 
has on glacier projections. 
The impact of debris on relative mass loss varies greatly spatially and temporally (Fig. S22) with 
the most significant differences occurring in the mid-century in New Zealand and South Asia 45 
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East. In these regions, the insulating effect of debris reduces net mass loss by 9-13% depending 
on the temperature change scenario, although the differences are less than 5% by 2100. Alaska, 
the largest region by mass with considerable debris cover (>5% by area), sees a reduction of 5% 
around 2060 and 3% by 2100. Other regions with considerable debris cover (> 5% by area), 
including Western Canada and US, Central Europe, Caucasus and Middle East, and Low 5 
Latitudes, see a reduction in mass loss of less than 5% in the mid-century and no difference 
(±1%) by 2100. The inclusion of debris thus delays mass loss over the century, especially at local 
scales, but has little impact on sea-level rise and the number of glaciers lost by 2100. The limited 
impact in most regions shows that the insulating effect of debris is unable to offset the increased 
melt for the various temperature change scenarios. 10 

Comparison with previous projections 
For comparison with recent multi-model studies (2, 6), we also report our projections for the 
RCPs and SSPs. Our global projections of glacier contribution to sea-level rise for 2015-2100 
range from 90±36 mm SLE (RCP2.6) to 163±53 mm SLE (RCP8.5) and 98±38 mm SLE (SSP1-
2.6) to 166±83 mm SLE (SSP5-8.5), respectively (Table 1). These projections include a 15 
correction (reduction) of 17 to 24 mm SLE, which accounts for the mass loss of ice from marine-
terminating glaciers that is below sea level and therefore will not contribute to global mean sea-
level rise; an important difference compared to the current multi-model studies (2, 6) which do 
not account for this. Even with this correction, for the low emissions scenarios our RCP2.6 
projections are 11 mm SLE (14%) greater than Marzeion et al. (2), and our SSP1-2.6 projections 20 
are 18 mm SLE (23%) greater than Edwards et al. (6). For the mid-range (RCP4.5 and SSP2-4.5) 
and high (RCP8.5, SSP5-8.5) emissions scenarios, our projections are within ±7 mm SLE of than 
both studies. 

Table 1. Projected global glacier mass loss and glacier contribution to sea-level rise. Results 
are shown for RCP and SSP scenarios at 2100, relative to 2015, from this study and recent multi-25 
model studies (2, 6). ‘Uncorrected’ refers to projections that assume mass losses below sea level 
contribute to sea-level rise, consistent with assumptions in recent multi-model studies. Note that 
uncertainty associated with the multi-model studies is expressed as 90% confidence interval, 
while this study reports ensemble median and 95% confidence interval. Regional comparisons 
are shown in Tables S1-2. 30 

Global glacier contribution to sea-level rise from 2015 to 2100 (mm SLE) 

Study RCP2.6 RCP4.5 RCP8.5 SSP1-2.6 SSP2-4.5 SSP5-8.5 

This study 90±36 114±44 163±53 98±38 116±51 166±83 
This study (uncorrected) 106±37 132±47 187±61 115±42 135±57 192±97 

Marzeion et al. (2) 79±57 119±66 159±86 - - - 
Edwards et al. (6) - - - 80±35 119±39 159±47 

Global glacier mass loss, relative to 2015 (%) 

Study RCP2.6 RCP4.5 RCP8.5 SSP1-2.6 SSP2-4.5 SSP5-8.5 

This study 26±8 31±10 43±13 28±9 32±12 44±20 

Marzeion et al. (2) 18±13 27±15 36±20 - - - 
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Not correcting for the loss of ice below sea level, our projections of glacier contribution to sea-
level rise from 2015-2100 are 11-44% greater than these multi-model estimates (2, 6) for all 
emission scenarios. We attribute these differences to the global mass balance data we used for 
calibration, which include an accelerated trend in mass loss from 2000-2020 (1), as well as the 5 
improved representation of physical processes in our model. 

Globally, we predict glaciers will lose 26±8% (RCP2.6) to 43±13% (RCP8.5) and 28±9% 
(SSP1-2.6) to 44±20% (SSP5-8.5) of their mass by 2100, relative to 2015. Our projected relative 
mass losses are 4-8% greater than current multi-model estimates (2). Regionally, the most 
significant differences occur in Alaska, Arctic Canada South, South Asia East, and Southern 10 
Andes, where we predict 11-23% more relative mass loss (Table S1). In Alaska, we estimate 
22% (RCP2.6) to 23% (RCP8.5) more relative mass loss compared to the multi-model estimates 
(2), and find a peak in the net mass loss rate in the middle of the century, in contrast to the peak 
net mass loss rate at the end of the century from the multi-model estimates (2). 

A comparison of our projections from the ensembles of RCPs and SSPs used in this study reveals 15 
that glacier contribution to sea-level rise is 2-9% greater for SSPs than the corresponding RCPs. 
These differences are a result of the SSPs simulating greater temperature increases for the same 
radiative forcing as the RCPs (29, 30). Our ensembles reflect this higher warming sensitivity as 
our SSPs are on average 0.14-0.25°C warmer than their corresponding RCPs. Considering the 
high sensitivity of global and regional glacier mass loss to small temperature increases revealed 20 
by our study, the higher warming sensitivity of the SSPs will significantly impact the projected 
glacier contribution to sea-level rise as well as the number of glaciers anticipated to be lost. 

Summary and way forward 
Our projections reveal a strong linear relationship between global mean temperature increase and 
glacier mass loss, with the smallest glacierized regions having a nonlinear relationship beyond 25 
+3℃ as they experience near complete deglaciation. This strong relationship at global and 
regional scales, highlights that every increase in temperature has significant consequences with 
respect to glacier contribution to sea-level rise, the loss of glaciers around the world, and changes 
to hydrology, ecology, and natural hazards. Regardless of the temperature change scenario, all 
regions will experience considerable deglaciation at local scales with roughly half of the world’s 30 
glaciers, by number, projected to be lost by 2100 even if temperature increase is limited to 
+1.5℃. Based on the most recent climate pledges from COP26, global mean temperature is 
estimated to increase by +2.7℃ (31), which would result in much greater glacier contribution to 
sea-level rise (115±40 mm SLE) and the near complete deglaciation of entire regions including 
Central Europe, Western Canada and US, and New Zealand (Figs. 5, S11-13) compared to the 35 
Paris Agreement. The rapidly increasing glacier mass losses as global temperature increases 
beyond +1.5℃ stresses the urgency of establishing more ambitious climate pledges to preserve 
these glacierized regions. 
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Methods 
Glacier data 

Glacier outlines of all ~215,000 glaciers covering an area of 705,739 km2 are provided by 
the Randolph Glacier Inventory (RGI, version 6) (23). Glacier-wide geodetic mass change rates 
for each glacier from 2000 to 2019 (1) are used for model calibration. Frontal ablation data from 
2000 to 2020 in the Northern Hemisphere (13), South America (12), and Antarctica (10, 11) are 
used to calibrate marine-terminating glaciers. Annual and seasonal glaciological glacier-wide 
mass balance data from 1979 to 2019 (32) are used for model validation (Figs. S23-26). Spatially 
distributed sub-debris melt enhancement factors for all debris-covered glaciers (17) are used to 
account for the enhanced or suppressed melting due to debris thickness. The Open Global 
Glacier Model (OGGM) (7) was used to compile these data sets with a digital elevation model 
for each glacier to bin the data according to the glacier central flowlines. OGGM is also used to 
estimate each glacier´s initial ice thickness, while ensuring that each region´s total glacier 
volume matches the regional multi-model ice thickness estimates (18) (see Model calibration).  
Climate data 

Monthly near-surface air temperature and precipitation data from ERA5 (33) are used for 
historical (1980-2019) simulations. Air temperature lapse rates are estimated using monthly air 
temperature data from various pressure levels.  

An ensemble of ten GCMs and three RCPs (RCP2.6, RCP4.5, and RCP8.5), i.e., the same 
as those used by GlacierMIP (2), and an ensemble of 12 GCMs forced by four SSPs (SSP1-2.6, 
SSP2-4.5, SSP3-7.0, and SSP5-8.5) are used for the projections (Table S3). Future simulations 
are adjusted using additive factors for air temperature and multiplicative factors for precipitation 
to remove any bias between the GCMs and ERA5 data over the calibration period (2000-2019) 
(14, 15). 

Following the Intergovernmental Panel on Climate Change (34), mean global temperature 
change from 2081-2100 compared to pre-industrial levels is computed by adding the observed 
increase of +0.63℃ from 1850-1900 until 1986-2005 to each GCM´s projected temperature 
increase between 1986-2005 and 2081-2100. Four GCMs also provided data for SSP1-1.9, which 
are used to provide additional forcing for low mean global temperature change scenarios. 
Projections are aggregated into +1.5℃, +2℃, +3℃, and +4℃ temperature change scenarios 
based on the global mean temperature change for each combination of GCM and emission 
scenario with a tolerance of ±0.25 for the 1.5°C scenario and ±0.5 for all others. 
Glacier modeling 

The glacier evolution model is a hybrid model that uses the mass balance module of the 
Python Glacier Evolution Model (PyGEM) (14, 15) and the glacier dynamics module from 
OGGM (7) to model every glacier independently from 2000-2100 for various ensembles of 
GCMs, SSPs, and RCPs. The model computes the climatic mass balance (i.e., snow 
accumulation minus melt plus refreezing) for each surface elevation bin using a monthly time 
step. The model computes glacier melt using a degree-day model, accumulation using a 
temperature threshold, and refreezing based on the annual air temperature (14, 15). Glacier 
geometry is updated annually using a flowline model based on the Shallow-Ice Approximation to 
explicitly account for glacier dynamics (7) using a density of 900 kg m-3 for converting mass to 
volume. For marine-terminating glaciers, frontal ablation is modeled using a frontal ablation 
parameterization coupled to the ice dynamical model. Mass is removed at the glacier front when 
the bedrock is below sea level using an empirical formula (35). Mass changes are converted to 
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sea-level change using an ocean area of 3.625 x 108 km2 (36). The glacier contribution to sea-
level rise is corrected to account for the effect of grounded ice below sea level displacing ocean 
water for marine-terminating glaciers (8).  
Model calibration 

The mass balance model uses three parameters, i.e., temperature bias, precipitation factor, 
and degree-day factor of snow (a ratio of 0.7 between the degree-day factor of snow and ice is 
used to estimate the factor for ice), that are assumed constant in time. The temperature bias and 
precipitation factor downscale the GCM data to the glacier-scale, and the degree-day factors 
control melt rates. Bayesian inference is used to calibrate the three parameters for each glacier 
based on Markov Chain Monte Carlo (MCMC) methods (14, 15) with geodetic mass balance 
data from 2000-2019 (1) and a mass balance emulator for each glacier. An independent emulator 
for each glacier was derived by performing 100 present-day simulations based on randomly 
sampled model parameter sets and then fitting a Gaussian Process to these parameter-response 
pairs. This model was then substituted for PyGEM within the MCMC sampler, which reduced 
the computational expense by two orders of magnitude. For all Gaussian process emulators, we 
use the squared-exponential covariance function, which has hyperparameters controlling the 
characteristic amplitude and correlation length scale, along with a Gaussian likelihood model 
(with observation noise hyperparameter) and a constant mean. We optimize hyperparameters by 
maximizing the marginal log-likelihood (37) using the Adam optimizer (38). 

A comparison of the MCMC methods using the emulator versus full model simulations for 
a subset of 2500 randomly selected glaciers was performed. The posterior predictive distribution 
of the mass balance and marginal posterior distributions of the temperature bias, precipitation 
factor, and degree-day factor of snow agree well, especially for glaciers with an initial area 
greater than 1 km2 (Fig. S27). Specifically, 95% of the differences in the median of the posterior 
predictive distribution for the mass balance are between -0.06 to 0.04 m w.e. yr-1, which is well 
below the mean uncertainty associated with the geodetic mass balance data (0.27 m w.e. yr-1) 
(Hugonnet et al. 2021). The differences for the marginal posterior distributions of the 
temperature bias are -0.45 to 0.64°C, precipitation factor are -0.32 to 0.35, and the degree-day 
factor of snow are -0.57 to 0.70 mm w.e. d-1 °C-1. These differences in the marginal distribution 
are less than the normalized median absolute deviation associated with the full simulation for 
each parameter (0.86°C for the temperature bias; 0.55 for the precipitation factor; and 1.29 mm 
w.e. d-1 °C-1 for the degree-day factor of snow). Given that most glaciers smaller than 1 km2 are 
projected to completely disappear regardless of the future climatic forcing, the use of emulators 
should have minimal impact on the projections. 

The prior distributions for the degree-day factor were based on previous data (39), while the 
temperature bias and precipitation factor were derived using a simple optimization scheme (14), 
which provides an approximation of the regional joint prior distribution for each RGI Order 2 
subregion. The temperature bias assumes a normal distribution and the precipitation factor 
assumes a gamma distribution to ensure positivity. Glacier-wide winter mass balance data (32) 
were used to determine a reasonable upper-level constraint for the precipitation factor for the 
simple optimization scheme. 

The glacier dynamics model relies on a single parameter (ice viscosity) that is calibrated at 
the regional level to match the multi-model ice volume estimates (18). The same value is then 
used for the projections. In future simulations, the initial ice thickness is estimated for each 
glacier, GCM, scenario, and set of model parameters using a mass-conservation inversion 
approach (7), which enables the simulations to account for uncertainty associated with the initial 
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ice thickness (Table S4). The uncertainty associated with the initial ice thickness varies 
regionally ranging from ±2 to ±9%. This range of uncertainty captures most of the regional 
differences between a recent estimate of ice thickness (40) compared to the multi-model 
“consensus” estimate (18) used in our study. In regions where differences are larger (e.g., High 
Mountain Asia, Greenland Periphery), one can expect the glacier contribution to sea-level to 
vary by roughly the same percentage as the differences in initial volume (8). 

Marine-terminating glaciers 
Marine-terminating glaciers have an additional frontal ablation parameter that is assumed 

constant in time and calibrated for each individual glacier to match frontal ablation data (10–13) 
(Fig. S28). The frontal ablation calibration is performed independently of the Bayesian 
calibration scheme to avoid circularity issues associated with the frontal ablation, climatic mass 
balance, and ice thickness inversion. The optimization is performed using a bisection method. 
The initial ice thickness is estimated using the mass balance parameters assuming the glacier is 
land-terminating. Then a forward simulation from 2000-2019 is run to estimate the frontal 
ablation. If a dynamic instability error occurs during the forward simulation (8% of glaciers), the 
glacier dynamics model uses mass redistribution curves instead (8, 15). Uncertainty associated 
with the frontal ablation parameter is estimated by performing the optimization to match ±1 
standard deviation of the frontal ablation data (10–13). The frontal ablation parameter is assumed 
to have a truncated normal distribution based on the mean, standard deviation, and lower and 
upper bounds of 0.001 and 5 (8). For quality control, we combined the frontal ablation and 
geodetic mass balance observations to estimate climatic mass balances (36). For some glaciers, 
the resulting climatic mass balances are unrealistic due to errors in the RGI outlines and/or poor 
glacier thickness and velocity data used in frontal ablation calculations. For these glaciers, we 
assume frontal ablation is overestimated and reduce the frontal ablation to ensure the climatic 
mass balance is within three standard deviations of the regional mean from the geodetic mass 
balance data. The Antarctic and Subantarctic region has the sparsest frontal ablation data, so the 
region’s median frontal ablation parameter and corresponding standard deviation is used for 
glaciers that lack frontal ablation data.  

Inclusion of frontal ablation when estimating initial ice thickness increases the mass of ice 
(41), globally by 16% and regionally from less than 1% (Arctic Canada North) to 48% (Antarctic 
and Subantarctic), compared to excluding frontal ablation. The increase in initial ice thickness 
primarily occurs at the glacier terminus such that 57% of the additional mass is below sea level. 
Globally, the percentage of mass below sea level increases from 10% (excluding frontal ablation) 
to 17% (including frontal ablation) and the initial mass in units of potential sea-level equivalent 
increases by 23 mm SLE when including frontal ablation. 
Model uncertainty 

For each GCM and future climate scenario (RCP or SSP), 50 simulations are run based on 
the posterior distributions from the Bayesian inference to account for model parameter 
uncertainty. Regional results are derived by aggregating the median of these individual glacier 
runs and uncertainty is shown as the ensemble median and 95% confidence interval for each 
scenario. The only exception is the uncertainty associated with the annual frontal ablation rates. 
Since the frontal ablation parameterization is insensitive to temperature and precipitation forcing 
and not coupled to an ocean model, the multi-GCM uncertainty underestimates the actual 
uncertainty. Instead, the 95% confidence interval accompanying the mean annual frontal ablation 
rate is based on the model parameter uncertainty assuming glacier frontal ablation rates are 
perfectly correlated within the same region and individual regions are independent.  
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Fig. S1. 
Global and regional rates of glacier contribution to sea-level change from 2015 to 2100 for 
global temperature change scenarios in 2100 relative to pre-industrial levels. Colors depict the 
ensemble median and shading indicates the 95% confidence interval (shown only for the +1.5℃ 
and +4℃ scenarios). The number of glacier projections with different GCMs and SSP scenarios 
that fall into each temperature change scenario is shown in the legend. Regions are ordered by 
their total mass loss. Note the scale varies among panels. 
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Fig. S2. 
Global and regional projections of the cumulative contribution from annual glacier mass change 
to sea level rise (SLR) from 2015 to 2100 for global temperature change scenarios. Colors depict 
the ensemble median and shading indicates the 95% confidence interval (shown only for the 
+1.5℃ and +4℃ scenarios). The number of glacier projections with different GCMs and SSP 
scenarios that fall into each temperature change scenario is shown in the legend. Regions are 
ordered by their total mass loss. Note the scale varies among panels.  
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Fig. S3. 
Global and regional mass from 2015 to 2100, relative to 2015, for global temperature change 
scenarios. Colors depict the ensemble median and shading indicates the 95% confidence interval 
(shown only for the +1.5℃ and +4℃ scenarios). The number of glacier projections with 
different GCMs and SSP scenarios that fall into each temperature change scenario is shown in 
the legend. Regions are ordered by their total mass loss.  
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Fig. S4. 
Global and regional area-averaged annual glacier mass balance from 2015 to 2100 for global 
temperature change scenarios in 2100 relative to pre-industrial levels. Colors depict the ensemble 
median and shading indicates the 95% confidence interval (shown only for the +1.5℃ and +4℃ 
scenarios). An 11-year running mean is used to reduce variability in individual years. The 
number of glacier projections with different GCMs and SSP scenarios that fall into each 
temperature change scenario is shown in the legend. Regions are ordered by their total mass loss.  
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Fig. S5. 
Spatial distribution of the year of maximum annual glacier mass loss (Gt) for +1.5℃. Tiles are 
aggregated by 1°x1° below 60° latitude, 2°x1° between 60° and 74° latitude and 2°x2° above 74° 
latitude to represent approximately 10,000 km2 each. Circles are scaled based on glacierized area 
in 2015 and are colored by the year of maximum mass loss. Tiles that have experienced complete 
deglaciation by 2100 are marked by black circles. An 11-year running mean is used to reduce 
variability in individual years. 
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Fig. S6. 
Spatial distribution of the year of maximum annual glacier mass loss (Gt) for +2℃. Tiles are 
aggregated by 1°x1° below 60° latitude, 2°x1° between 60° and 74° latitude and 2°x2° above 74° 
latitude to represent approximately 10,000 km2 each. Circles are scaled based on glacierized area 
in 2015 and are colored by the year of maximum mass loss. Tiles that have experienced complete 
deglaciation by 2100 are marked by black circles. An 11-year running mean is used to reduce 
variability in individual years. 
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Fig. S7. 
Spatial distribution of the year of maximum annual glacier mass loss (Gt) for +3℃. Tiles are 
aggregated by 1°x1° below 60° latitude, 2°x1° between 60° and 74° latitude and 2°x2° above 74° 
latitude to represent approximately 10,000 km2 each. Circles are scaled based on glacierized area 
in 2015 and are colored by the year of maximum mass loss. Tiles that have experienced complete 
deglaciation by 2100 are marked by black circles. An 11-year running mean is used to reduce 
variability in individual years. 
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Fig. S8. 
Spatial distribution of the year of maximum annual glacier mass loss (Gt) for +4℃. Tiles are 
aggregated by 1°x1° below 60° latitude, 2°x1° between 60° and 74° latitude and 2°x2° above 74° 
latitude to represent approximately 10,000 km2 each. Circles are scaled based on glacierized area 
in 2015 and are colored by the year of maximum mass loss. Tiles that have experienced complete 
deglaciation by 2100 are marked by black circles. An 11-year running mean is used to reduce 
variability in individual years. 
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Fig. S9. 
Global and regional projections of the annual temperature anomaly for glacierized regions from 
2015 to 2100 for SSP2-4.5. Colors depict the GCMs. 11-year running mean used to reduce noise. 
Regions are ordered by their total mass loss.  
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Fig. S10. 
Global and regional projections of the annual precipitation anomaly for glacierized regions from 
2015 to 2100 for SSP2-4.5. Colors depict the GCMs. 11-year running mean used to reduce noise. 
Text shows mean precipitation for each region of all GCMs in 2015. Regions are ordered by 
their total mass loss.  
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Fig. S11. 
Spatial distribution of the ensemble median glacier mass remaining by 2100, relative to 2015, for 
the +1.5°C scenario. Tiles are aggregated by 1°x1° below 60° latitude, 2°x1° between 60° and 
74° latitude and 2°x2° above 74° latitude to represent approximately 10,000 km2 each. Circles are 
scaled based on simulated glacierized area in 2015 and are colored by normalized mass 
remaining. Tiles that have experienced complete deglaciation by 2100 are shown in white and 
outlined by a black circle. 
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Fig. S12. 
Spatial distribution of the ensemble median glacier mass remaining by 2100, relative to 2015, for 
the +3°C scenario. Tiles are aggregated by 1°x1° below 60° latitude, 2°x1° between 60° and 74° 
latitude and 2°x2° above 74° latitude to represent approximately 10,000 km2 each. Circles are 
scaled based on simulated glacierized area in 2015 and are colored by normalized mass 
remaining. Tiles that have experienced complete deglaciation by 2100 are shown in white and 
outlined by a black circle. 
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Fig. S13. 
Spatial distribution of the ensemble median glacier mass remaining by 2100, relative to 2015, for 
the +4°C scenario. Tiles are aggregated by 1°x1° below 60° latitude, 2°x1° between 60° and 74° 
latitude and 2°x2° above 74° latitude to represent approximately 10,000 km2 each. Circles are 
scaled based on simulated glacierized area in 2015 and are colored by normalized mass 
remaining. Tiles that have experienced complete deglaciation by 2100 are shown in white and 
outlined by a black circle. 
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Fig. S14. 
Impact of frontal ablation on projected mass change for Columbia Glacier, Alaska; Storbreen, 
Svalbard; and Austre Torellbreen, Svalbard. Surface elevation along the glacier flowline at 2100 
for ensembles of temperature change scenarios (colored lines) with frontal ablation (A, C, E) 
included and (B, D, F) excluded in the simulations. Insets show mass change relative to 2015. 
Text shows the mass in Gt in 2015. The bed topography is internally derived for each model run 
so the ice thickness is consistent with the mass-balance gradient, and therefore differs between 
the two cases. 
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Fig. S15. 
Global and regional mass balance components from 2000 to 2100 for the +1.5°C global mean 
temperature scenario by 2100 relative to pre-industrial levels. Components are averaged over 20-
year periods. Regions are ordered by their total mass loss.  
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Fig. S16. 
Global and regional mass balance components from 2000 to 2100 for the +2°C global mean 
temperature scenario by 2100 relative to pre-industrial levels. Components are averaged over 20-
year periods. Regions are ordered by their total mass loss.  
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Fig. S17. 
Global and regional mass balance components from 2000 to 2100 for the +3°C global mean 
temperature scenario by 2100 relative to pre-industrial levels. Components are averaged over 20-
year periods. Regions are ordered by their total mass loss.  
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Fig. S18. 
Global and regional mass balance components from 2000 to 2100 for the +4°C global mean 
temperature scenario by 2100 relative to pre-industrial levels. Components are averaged over 20-
year periods. Regions are ordered by their total mass loss.  
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Fig. S19. 
Regional percentage of marine-terminating glaciers that retreat to land from 2015 to 2100 for 
various temperature change scenarios. Four global mean temperature change scenarios are based 
on 2100 relative to pre-industrial levels. Text denotes the number of marine-terminating glaciers 
simulated in each region. 
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Fig. S20. 
Impact of frontal ablation on projected mass change. Regional glacier mass evolution, relative to 
2015, for four global mean temperature change scenarios by 2100 relative to pre-industrial levels 
(colors) accounting for frontal ablation (solid lines) and treating marine-terminating glaciers as 
land-terminating glaciers (dotted lines) for various regions with marine-terminating glaciers. 
Text shows the percent change of not accounting for frontal ablation compared to when it is 
included. 
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Fig. S21. 
Impact of accounting for debris cover on projected mass change for Khumbu Glacier, Nepal and 
Tasman Glacier, New Zealand. Surface elevation along the glacier flowline at 2050 for 
ensembles of temperature change scenarios (colored lines) with debris (A, C) included and (B, 
D) excluded in the simulations. The cross sections are shown in 2050 to showcase the inverted 
mass balance gradient and separation of glacier tongues. Insets show mass change relative to 
2015. Text shows the mass in Gt in 2015. The bed topography is internally derived for each 
model run so the ice thickness is consistent with the mass-balance gradient, and therefore the bed 
topography and initial mass differs between the two cases. 
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Fig. S22. 
Impact of debris cover on projected mass change. Regional glacier mass evolution, relative to 
2015, for four global mean temperature change scenarios by 2100 relative to pre-industrial levels 
accounting for debris compared to assuming clean ice in place of debris for various regions with 
significant debris-covered areas. Text shows the percent debris cover by area (24) and mean 
debris thickness (17). 
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Fig. S23. 
Validation of modeled glacier-wide mass balance (Bmod) compared to glaciological observations 
(Bobs) at annual and seasonal timescales (32). Validation for each region at annual and seasonal 
timescales are shown in Figs. S24-26. Bias and mean absolute error (MAE) shown in m w.e. 
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Fig. S24. 
Validation of modeled annual glacier-wide mass balance (Ba) compared to glaciological 
observations for each region with data (32). The legend is in grey showing the number of 
glaciers (nglac) and observations (nobs) in upper left and correlation of determination (R2), bias (m 
w.e. yr-1), and mean absolute error (MAE; m w.e. yr-1) in lower right.  
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Fig. S25. 
Validation of modeled summer glacier-wide mass balance (Bs) compared to glaciological 
observations for each region with data (32). Empty plots indicate regions with annual data, but 
no summer data. The legend is in grey showing the number of glaciers (nglac) and observations 
(nobs) in upper left and correlation of determination (R2), bias (m w.e.), and mean absolute error 
(MAE; m w.e.) in lower right.  
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Fig. S26. 
Validation of modeled winter glacier-wide mass balance (Bw) compared to glaciological 
observations for each region with data (32). Empty plots indicate regions with annual data, but 
no winter data. The legend is in grey showing the number of glaciers (nglac) and observations 
(nobs) in upper left and correlation of determination (R2), bias (m w.e.), and mean absolute error 
(MAE; m w.e. yr-1) in lower right.  
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Fig. S27. 
Comparison of posterior distributions as a function of glacier area when applying the Markov 
Monte Chain Methods using the emulator versus the full model. Differences in the median and 
median absolute deviation versus initial glacier area for the (A, B) posterior predictive 
distribution for the mass balance and marginal posterior distributions for the (C, D) temperature 
bias, (E, F) precipitation factor, and (G, H) degree-day factor of snow (fsnow) for 2500 randomly 
selected glaciers. 
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Fig. S28. 
Comparison of modeled and observed frontal ablation rates of marine-terminating glaciers after 
calibration for each region with marine-terminating glaciers. Area refers to the area of each 
marine-terminating glacier. 
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Table S1. 
Percentage of projected global and regional glacier mass loss by 2100, relative to 2015, for RCP 
scenarios from this study and a recent multi-model study (2). In 47 of the 57 regional cases, the 
regional relative mass losses (ensemble medians) are greater than the multi-model study (those 
greater than 15% are bolded). Note that uncertainty associated with Marzeion et al. (2) is 
expressed as 90% confidence interval based on up to 11 glacier models and 10 GCMs. This 
study reports ensemble median and 95% confidence interval. Projections for SSPs are shown in 
Table S5. 
 
  RCP2.6 RCP4.5 RCP8.5 

Region 
This 
study 

Marzeion 
et al. (2) 

This 
study 

Marzeion 
et al. (2) 

This 
study 

Marzeion 
et al. (2) 

Alaska 49±16 27±21 54±16 32±24 67±18 44±27 
W Canada & US 76±21 64±30 94±19 78±29 99±6 90±23 
Arctic Canada North 16±8 12±13 18±8 18±13 24±13 27±18 
Arctic Canada South 41±26 23±27 46±26 33±30 63±24 48±32 
Greenland Periphery 34±15 22±24 37±15 29±26 55±18 42±29 
Iceland 38±27 30±35 50±34 40±47 62±37 55±45 
Svalbard 27±12 35±34 39±29 50±36 57±33 66±36 
Scandinavia 72±33 53±34 87±22 68±34 93±9 84±24 
Russian Arctic 21±11 26±26 27±23 38±29 43±26 52±31 
North Asia 77±22 62±41 87±10 79±38 95±5 90±30 
Central Europe 78±14 68±31 93±9 83±22 99±3 95±13 
Caucasus & Middle East 71±27 68±33 79±14 83±19 97±4 94±13 
Central Asia 45±26 44±28 63±23 61±24 80±17 74±19 
South Asia West 34±19 34±26 53±23 48±28 69±20 63±27 
South Asia East 71±15 50±38 83±10 67±35 94±4 83±27 
Low Latitudes 69±25 74±43 88±11 89±24 98±2 98±13 
Southern Andes 38±15 23±27 49±17 30±27 68±20 46±26 
New Zealand 53±25 44±45 74±18 58±33 93±9 79±27 
Antarctic & Subantarctic 11±5 7±12 15±7 13±11 20±14 16±19 
Global 26±8 18±13 31±10 27±15 43±13 36±20 
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Table S2. 
Projected global and regional glacier contribution to sea-level rise (mm SLE) by 2100, relative to 2015, for RCP scenarios from this 
study and a recent multi-model study (2). Global excluding Greenland Periphery (G) and Antarctic and Subantarctic (A) are shown as 
well. ‘Uncorrected’ refers to the projections that assume mass losses below sea level contribute to sea-level rise, consistent with 
assumptions in the multi-model studies. Note that uncertainty associated with Marzeion et al. (2) is expressed as 90% confidence 
interval based on up to 11 glacier models and 10 GCMs. This study reports ensemble median and 95% confidence interval. Projections 
for SSPs are shown in Table S5. 

Region 

RCP2.6 RCP4.5 RCP8.5 
This 
study 

This study 
(uncorrected) 

Marzeion 
et al. (2) This study 

This study 
(uncorrected) 

Marzeion 
et al. (2) 

This 
study 

This study 
(uncorrected) 

Marzeion 
et al. (2) 

Alaska 22±8 22±8 14±11 24±8 25±8 19±13 31±9 31±9 25±15 
W Canada & US 2±1 2±1 1±1 2±0 2±0 2±1 2±0 2±0 2±1 
Arctic Canada North 11±6 12±7 10±10 12±6 13±6 16±15 17±10 19±11 24±20 
Arctic Canada South 8±6 8±6 5±6 10±6 10±6 7±7 13±6 13±6 11±7 
Greenland Periphery 12±6 13±6 9±10 13±6 14±6 12±11 21±7 22±8 18±11 
Iceland 4±3 4±3 2±3 5±4 5±4 4±4 6±4 6±4 5±3 
Svalbard 5±2 6±3 7±7 7±6 8±7 11±9 11±7 12±8 14±8 
Scandinavia 0±0 0±0 0±0 1±0 1±0 0±0 1±0 1±0 0±0 
Russian Arctic 5±4 9±5 10±8 8±9 12±11 14±11 14±10 19±13 20±12 
North Asia 0±0 0±0 0±0 0±0 0±0 0±0 0±0 0±0 0±0 
Central Europe 0±0 0±0 0±0 0±0 0±0 0±0 0±0 0±0 0±0 
Caucasus & Middle East 0±0 0±0 0±0 0±0 0±0 0±0 0±0 0±0 0±0 
Central Asia 4±2 4±2 4±3 5±2 5±2 6±3 7±2 7±2 6±4 
South Asia West 2±1 2±1 3±2 4±2 4±2 4±2 5±2 5±2 5±3 
South Asia East 1±0 1±0 1±1 2±0 2±0 2±1 2±0 2±0 2±1 
Low Latitudes 0±0 0±0 0±0 0±0 0±0 0±0 0±0 0±0 0±0 
Southern Andes 5±2 5±2 3±4 6±2 6±2 4±3 9±3 9±3 6±4 
New Zealand 0±0 0±0 0±0 0±0 0±0 0±0 0±0 0±0 0±0 
Antarctic & Subantarctic 6±5 15±7 9±15 10±7 20±10 16±13 15±14 27±21 20±24 
Global (excl. A & G) 70±30 77±31 61±41 89±37 95±40 91±53 124±41 133±46 121±64 
Global 90±36 106±37 79±56 114±44 132±47 119±66 163±53 187±61 159±86 
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Table S3. 
Ensemble of GCMs, RCPs, and SSPs used to force the glacier evolution model from 2000-2100. 
In total, 82 climate projections were used. 

Scenario 
Number  
of GCMs GCMs 

SSP1-1.9 4 EC-Earth3, EC-Earth3-Veg, GFDL-ESM4, MRI-ESM2-0 
SSP1-2.6 

12 
BCC-CSM2-MR, CESM2, CESM2-WACCM,  EC-Earth3,  
EC-Earth3-Veg, FGOALS-f3-L, GFDL-ESM4, INM-CM4-8,  
INM-CM5-0, MPI-ESM1-2-HR, MRI-ESM2-0, NorESM2-MM 

SSP2-4.5 
SSP3-7.0 
SSP5-8.5 
RCP2.6 

10 
CanESM2, CCSM4, CNRM-CM5, CSIRO-Mk3-6-0, GFDL-CM3, 
GFDL-ESM2M, GISS-E2-R, IPSL-CM5A-LR, MPI-ESM-LR, 
NorESM1-M 

RCP4.5 
RCP8.5 
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Table S4. 
Global and regional ice volume in 2015 reporting ensemble median and 95% confidence interval. 
 
Region  +1.5°C   +2°C   +3°C   +4°C  
Alaska 18.45±0.45 18.62±0.50 18.75±0.28 18.92±0.39 
W Canada & US 0.95±0.05 0.96±0.07 0.97±0.04 0.97±0.05 
Arctic Canada North 29.15±1.09 29.40±1.33 29.89±1.66 30.39±1.54 
Arctic Canada South 8.42±0.20 8.47±0.15 8.53±0.17 8.57±0.17 
Greenland Periphery 15.42±0.37 15.55±0.43 15.76±0.44 15.90±0.33 
Iceland 3.88±0.11 3.87±0.14 3.94±0.17 3.98±0.16 
Svalbard 8.36±0.35 8.41±0.29 8.61±0.32 8.81±0.39 
Scandinavia 0.28±0.01 0.28±0.01 0.28±0.01 0.28±0.01 
Russian Arctic 17.58±0.57 17.72±0.50 17.91±0.55 18.17±0.55 
North Asia 0.11±0.00 0.11±0.01 0.12±0.00 0.12±0.00 
Central Europe 0.11±0.01 0.11±0.01 0.11±0.01 0.11±0.01 
Caucasus & Middle East 0.05±0.00 0.05±0.00 0.05±0.00 0.05±0.00 
Central Asia 3.20±0.06 3.25±0.09 3.32±0.06 3.39±0.05 
South Asia West 2.76±0.05 2.79±0.09 2.86±0.08 2.92±0.07 
South Asia East 0.77±0.01 0.78±0.02 0.79±0.02 0.80±0.01 
Low Latitudes 0.09±0.00 0.09±0.01 0.09±0.00 0.09±0.00 
Southern Andes 5.06±0.09 5.09±0.11 5.18±0.10 5.22±0.12 
New Zealand 0.06±0.00 0.06±0.01 0.06±0.01 0.07±0.01 
Antarctic & Subantarctic 54.10±1.39 54.36±1.49 55.50±1.78 56.59±1.79 
Global 168.87±2.91 170.35±3.66 172.93±4.01 175.15±3.93 
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Table S5. 
Percentage of projected global and regional glacier mass loss by 2100, relative to 2015, and glacier contribution to sea-level rise (mm 
SLE) from 2015 to 2100 for SSP scenarios. Global excluding Greenland Periphery (G) and Antarctic and Subantarctic (A) are shown 
as well. The reported values are the ensemble median and 95% confidence interval. 

Region 

Mass loss,  
relative to 2015 (%) 

Sea level rise contribution,  
2015-2100 (mm SLE) 

SSP1-2.6 SSP2-4.5 SSP3-7.0 SSP5-8.5 SSP1-2.6 SSP2-4.5 SSP3-7.0 SSP5-8.5 
Alaska 51±17 58±20 66±20 73±24 23±8 27±10 31±10 34±12 
W Canada & US 87±13 95±8 99±5 99±3 2±0 2±0 2±0 2±0 
Arctic Canada North 15±11 18±15 21±21 24±30 10±9 12±12 15±17 17±23 
Arctic Canada South 45±15 53±17 60±21 66±27 9±3 11±4 13±5 14±6 
Greenland Periphery 33±14 39±16 45±22 50±27 12±6 14±7 17±9 19±11 
Iceland 39±23 48±26 55±26 62±27 4±2 5±3 5±3 6±3 
Svalbard 29±22 37±28 49±31 64±29 5±4 7±6 9±7 12±6 
Scandinavia 75±19 88±17 94±9 96±7 1±0 1±0 1±0 1±0 
Russian Arctic 23±14 27±20 36±24 43±26 6±5 8±8 11±9 14±10 
North Asia 81±10 89±6 93±5 95±4 0±0 0±0 0±0 0±0 
Central Europe 86±8 95±4 99±2 100±1 0±0 0±0 0±0 0±0 
Caucasus & Middle East 71±9 87±6 95±3 98±2 0±0 0±0 0±0 0±0 
Central Asia 50±10 62±7 72±7 81±9 4±1 5±1 6±1 7±1 
South Asia West 41±16 49±16 58±17 68±19 3±1 3±1 4±1 5±2 
South Asia East 77±12 86±8 92±5 94±5 1±0 2±0 2±0 2±0 
Low Latitudes 76±18 91±9 97±4 99±3 0±0 0±0 0±0 0±0 
Southern Andes 49±19 57±19 68±21 74±22 6±3 7±3 9±3 9±3 
New Zealand 64±21 80±13 93±8 95±7 0±0 0±0 0±0 0±0 
Antarctic & Subantarctic 14±6 16±8 22±10 26±15 9±7 11±8 17±10 21±14 
Global 28±9 32±12 39±15 44±20 98±38 116±51 147±64 166±83 
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