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Global glacier change in the 21st century:
Every increase in temperature matters
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Daniel Farinotti5,6, Brian Menounos12,13, Robert W. McNabb14

Glacier mass loss affects sea level rise, water resources, and natural 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°C) to 41 ± 11% (+4°C) of their mass by 2100,
relative to 2015, for global temperature change scenarios. This corresponds to 90 ± 26 to 154 ±
44 millimeters sea level equivalent and will cause 49 ± 9 to 83 ± 7% of glaciers to disappear. Mass loss
is linearly related to temperature increase and thus reductions in temperature increase reduce mass
loss. Based on climate pledges from the Conference of the Parties (COP26), global mean temperature is
projected to increase by +2.7°C, which would lead to a sea level contribution of 115 ± 40 millimeters
and cause widespread deglaciation in most mid-latitude regions by 2100.

G
laciers, here referring to all glacial land
ice excluding the Greenland and Ant-
arctic ice sheets, are responsible for 21 ±
3% of sea level rise from 2000 to 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 crit-
ical water resource for ~1.9 billion people (3),
and projected losses will alter water avail-
ability impacting annual and seasonal runoff
(4). Glacier-related hazards, including glacier
outburst floods, are also expected to change
in frequency and magnitude over the next
century as a result of mass loss (5). Projecting
the magnitude, spatial pattern, and timing of
glacier mass loss is therefore essential to sup-
port 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
(GlacierMIP) (2) estimated glacier contribu-
tion to sea level rise for ensembles of repre-
sentative concentration pathways (RCPs), and

results were extended to shared socioeconomic
pathways (SSPs) using statisticalmodels of these
simulations (6). GlacierMIP provided these
projections at regional scales based on sim-
ulations from 11 glacier evolution models that
varied with respect to the complexity of model
physics, simulated physical processes, model
calibration, spatial 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 geo-
detic and/or gravimetric mass balance obser-
vations. Furthermore, only one global model
simulated glacier dynamics using a flowline
model (7), whereas all others relied on em-
pirical volume-area scaling or parameteriza-
tions of mass redistribution; only one model
accounted for frontal ablation (i.e., the sum
of iceberg calving and submarine melt) of
marine-terminating glaciers (8), whereas all
others treated any glacier as land-terminating;
further, no global model accounted for debris
cover. Existingmultimodel projections (2, 6, 9)
are thus limited to regional scales and ne-
glect key physical processes controlling glacier
mass loss.
We produce a set of global glacier projec-

tions for every glacier on Earth for SSPs from
2015 to 2100 by leveraging global glacier mass
balance data (1) and near-global frontal ab-
lation 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 with pre-
industrial levels to explicitly link differences in
glaciermass loss, sea level rise, and the number
of glaciers that vanish in response to changes
in mean global temperature. Our glacier evo-
lution model, a 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 ex-
plicitly account for glacier dynamics using a

flowline model (7) based on the shallow-ice
approximation (16), the effects of debris thick-
ness on sub-debris melt rates (17), and frontal
ablation (8). Our estimates of glacier contri-
bution to sea level rise also account for the
~15% of ice from marine-terminating glaciers
that is already below sea level (18). Projections
are also reported for SSPs and RCPs to highlight
differences compared with 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 cen-
tury relative to preindustrial levels below 2°C,
and that efforts should be made to limit the
temperature change to 1.5°C. This target was
kept alive in the Glasgow Agreement adopted
by theConference of the Parties (COP26) in 2021.
To evaluate the sensitivity of glaciers to global
mean temperature increases, the glacier pro-
jections are aggregated into +1.5°C, +2°C, +3°C,
and +4°C temperature change scenarios by
2100 relative to preindustrial levels (Fig. 1).
Globally, glaciers are projected to lose 26 ±

6% (+1.5°C) to 41 ± 11% (+4°C) of their mass
by 2100, relative to 2015 [ensemble median ±
95% confidence interval (CI)]. This mass loss
would increase mean sea level by 90 ± 26 mm
SLE under the +1.5°C scenario and 99 ± 31 mm
SLE under the +2°C scenario. The higher tem-
perature change scenarios of +3°C and +4°C
lead to contributions of 125 ± 39 and 154 ±
44 mm SLE, respectively, highlighting a 71%
increase between the +1.5°C and +4°C scenarios.
The rate of sea level rise fromglaciermass loss

near the end of the 21st century ranges from
0.70±0.45 to 2.23± 1.08mmSLEyr−1 depending
on the temperature change scenario (fig. S1).
For +1.5°C, the rate of sea level rise peaks at
1.29 ± 0.59 mm SLE yr−1 around 2035 and
declines thereafter whereas the rate for +4°C
steadily increases for the remainder of this
century. Similar trends are observed in the
area-averaged mass loss rate, where the max-
imum loss rate of 0.82 ± 0.36 mwater equivalent
(w.e.) yr−1 occurs around 2035 before dimin-
ishing to 0.59 ± 0.34 m w.e. yr−1 at the end of
the century for the +1.5°C 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°C
scenario (Fig. 1I). Even if the global mean tem-
perature change is limited to +1.5°C, we esti-
mate 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 before
2050 (Fig. 1E).Most of the glaciers projected to
disappear are <1 km2 (Fig. 2) but regardless of
their small size, their disappearance may still
negatively affect local hydrology, tourism,
glacier hazards, and cultural values (19). Gla-
ciers projected to disappear represent 2 to 8%
of the glacier contribution to sea level rise de-
pending on the temperature change scenario.
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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 0.44 mm SLE yr−1 between 2030 and 2060
depending on the temperature change scenario,
before 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
to 65% of the total glacier contribution to sea
level rise. For Greenland Periphery, Arctic Can-
ada North, and Arctic Canada South, the rate
of the contribution to sea level rise is almost
insensitive to temperature change below +2°C
but steadily increases through 2100 for the
other temperature change scenarios. For the
+3°C and +4°C scenarios, the rate of sea-level
rise fromGreenland 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 through-
out the 21st century. Because projected glacier
mass loss includes both the instantaneous re-
sponse of glaciers to climate forcing and the
delayed response based on the extent of dis-
equilibrium to longer-term climatic conditions
(20), these regions with large glaciers will con-
tinue losingmass beyond 2100, especially for
higher temperature change scenarios.
Western Canada and US, South Asia East,

Scandinavia, North Asia, Central Europe, Low
Latitudes, Caucasus and Middle East, and
New Zealand are projected to lose 60 to 100%
of their glacier mass depending on the tem-
perature change scenario (Fig. 3 and fig. S3).
The temperature change scenario thus has a
major impact on the mass loss, in some cases
determining whether the complete deglacia-
tion of regions occurs by the end of the 21st
century. Although these regions are not sig-
nificant contributors to sea level rise, people
in these regions will need to adapt to changes
in seasonal and annual runoff as the addi-
tional water provided by glacier net mass loss
will decline before 2050 as the glaciers retreat
(figs. S5 and S8). In High Mountain Asia, the
timing of maximum rates of mass loss varies,
with South Asia East peaking between 2025
and 2030, Central Asia between 2035 and
2055, and South Asia West between 2050 and
2075, depending on the temperature change
scenario.

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 anoma-
lies relative to the global mean (Fig. 4), such

as those associated with Arctic amplification
(21); the climatic setting (maritime versus con-
tinental); sensitivity to precipitation falling as
rain instead of 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 tempera-
ture 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
substantially affects glacier mass loss. The
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Fig. 1. Projected global glacier changes for scenarios of global mean temperature change. (A and B) Mass
remaining, (C and D) area remaining, (E and F) glaciers remaining, (G and H) sea level rise (SLR) contributed
from glaciers, and (I and J) area-averaged mass change rate for all glaciers globally. Projections are shown from
2015 to 2100 (left panels), and at 2100 (right panels). Values in [(A) to (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 general circulation
models (GCMs) and SSPs that fall into each temperature change scenario is shown in the legend. Lines (left panels)
show the ensemble median and shading indicates the 95% CI for each 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
glacier area and the numbers below
each bin (shown in gray) refer to the
percentage of the total number of
glaciers in 2015 in each bin.
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smallest glacierized regions by mass, includ-
ing Central Europe, Scandinavia, Caucasus and
Middle East, North Asia, Western Canada and
US, Low Latitudes, and New Zealand, will ex-
perience near-complete deglaciation around
+3°C. These regions are thus highly sensitive
to global mean temperature increases between
1.5 and 3°C and have a nonlinear response
above 3°C of warming.
The strength of the linear relationship varies

among regions, which reflects differences in
the regional temperature anomalies from the
ensemble of GCMs (evident from the larger
standard deviations given in Fig. 4 and fig. S9).
Regions like Alaska, Southern Andes, and Cen-
tral Asia have less scatter, indicating less varia-
tion 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 weaker linear relation-
ship (mean R2 = 0.50) as well as considerable
variation in projected precipitation (fig. S10).
Future work using regional climate projec-
tions may better resolve high-mountain cli-

matic conditions and refine projections in
these regions.

Spatially resolved projections at the
glacier scale

Our projections reveal notable spatial vari-
ation 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 re-
vealing significantly more mass loss and the
deglaciation of greater areas (figs. S11 to S13).
Although Central Europe, Caucasus and Mid-
dle East, North Asia, and Western Canada and
US are projected to experience widespread
deglaciation for the +2°C 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 Subantarctic.
Given that these regions constitute a signif-
icant number of marine-terminating glaciers,

accounting for frontal ablation is critical over
the next century and beyond.

Importance of marine-terminating glaciers

Marine-terminating glaciers represent 40% of
the total present-day global glacier area (23),
and this percentage reaches 99% for the Ant-
arctic and Subantarctic region. Most previous
global glacier projections do not explicitly ac-
count for frontal ablation (2) and instead im-
plicitly account for it by increasing melt rates,
thereby poorly accounting for dynamical feed-
backs associated with the glacier’s evolution.
Our model couples a frontal ablation param-
eterization with a flowline model and uses a
state-of-the-art calibration scheme, ice thick-
ness inversion method, and geodetic mass bal-
ance and frontal ablation calibration data (see
Methods). These features enable us to project
changes of individual marine-terminating gla-
ciers and determine if and when they become
land-terminating (fig. S14). Separate simula-
tions including and excluding frontal ablation,
with model parameters calibrated separately
for both, are used to quantify the impact of
accounting for frontal ablation on projections.
Counterintuitively, we estimate that account-

ing for frontal ablation reduces the glacier con-
tribution tomeansea level rise from2015 to 2100
by 2% for each temperature change scenario,
compared with models not including frontal
ablation. From 2015 to 2100 frontal ablation
accounts for 91 ± 10 Gigatons (Gt) yr−1 (+1.5°C)
to 88 ± 8 Gt yr−1 (+4°C) of the total glacier mass
loss globally (figs. S15 to S18). For the +2°C
scenario, the rate of mass loss due to frontal ab-
lation diminishes over the century from 115 ±
11 Gt yr−1 in 2000 to 2020 to 75 ± 8 Gt yr−1 in
2080 to 2100. Diminished mass losses from
frontal ablation of marine-terminating gla-
ciers reflect their thinning, retreat onto land
(44 to 57% of all marine-terminating glaciers)
(fig. S19), and reduced ice flux into the ocean,
which occurs for all temperature change sce-
narios. The relative contribution of frontal
ablation to total ablation (i.e., frontal abla-
tion plus melt) ranges from 11% (+1.5°C) to
8% (+4°C) for 2015 to 2100, diminishing for
higher temperature change scenarios due to
increases in melt. Regionally, the relative con-
tribution of frontal ablation for all tempera-
ture change scenarios is greatest in Antarctic
and Subantarctic (34%), the Russian Arctic
(34%), and Svalbard (17%) (figs. S15 to S18).
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, ex-
cluding frontal ablation increases relative mass
loss at 2100 by 2 to 8% depending on the tem-
perature change scenario. The Russian Arctic
varies from a 2% reduction (+1.5°C) to a 5%
increase (+4°C). Arctic Canada, Greenland
Periphery, and Southern Andes see almost
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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°C scenario by 2100 relative to preindustrial levels, and nested rings
are colored by temperature change scenarios showing normalized mass remaining in 2100. Regional sea level
rise contributions >1 mm SLE for the +2°C scenario are printed in the center of each disc. The horizontal
bars below each disc show time series of area-averaged annual mass balance from 2015 to 2100 for
+1.5°C (top bar) and +3°C (bottom bar) 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 and S4.
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no difference (±2%), and Antarctic and Sub-
antarctic see a 0 to 2% decrease in relative
mass loss. These results highlight the com-
plex response of marine-terminating glaciers,
which are dependent on the frontal ablation
rate, glacier geometry, and surface mass bal-
ance. In the Antarctic and Subantarctic, we
find excluding frontal ablation decreases the
regional relative mass loss, as mass loss due to
frontal ablation is greater than the increased
melt when frontal ablation is excluded. Con-
versely, in Alaska and Svalbard, the regional
relative mass loss increases when frontal ab-
lation is excluded, as 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 to 7% of the global
glacier area (24, 25). A thin layer of debris (<3 to
5 cm) enhances surface melt, whereas 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 eventu-
ally separate from the active part of the gla-
cier (27, 28). Our representation of debris and
glacier dynamics enables us to simulate these
complex feedbacks, including reducedmelt at
glacier termini where debris is thick (fig. S21).
We thus produce a set of global glacier pro-
jections that account for debris and compare
these to separate simulations that excludedebris
(i.e., treating the debris as clean ice) to quan-
tify 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
aroundmid-century inNewZealand and South
Asia East. In these regions, the insulating ef-
fect of debris reduces net mass loss by 9 to 13%
depending on the temperature change sce-
nario, 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, andLowLatitudes, see a reduction inmass
loss of less than 5% around 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 un-
able to offset the increased melt for the various
temperature change scenarios.

Comparison with previous projections

For comparisonwith recentmultimodel studies
(2, 6), we also report our projections for the

RCPs and SSPs. Our global projections of gla-
cier contribution to sea level rise for 2015 to
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 ± 83mm SLE (SSP5-8.5),
respectively (Table 1). These projections include
a 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 dif-
ference compared with current multimodel
studies (2, 6), which do not account for this.

Evenwith this correction, for the low emissions
scenarios our RCP2.6 projections are 11 mm
SLE (14%) greater than that ofMarzeion et al.
(2), and our SSP1-2.6 projections are 18 mm
SLE (23%) greater than that of Edwards et al.
(6). For the mid-range (RCP4.5 and SSP2-4.5)
and high (RCP8.5, SSP5-8.5) emissions sce-
narios, our projections are within ±7mmSLE
of both studies.
Not correcting for the loss of ice below sea

level, our projections of glacier contribution
to sea level rise from 2015 to 2100 are 11 to
44% greater than these multimodel estimates
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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 preindustrial 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 change over the entire globe at 2100
relative to preindustrial 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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(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
to 2020 (1), as well as the improved represen-
tation 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 to 8% greater than
current multimodel estimates (2). Regional-
ly, the most significant differences occur in
Alaska, Arctic Canada South, South Asia East,
and Southern Andes, where we predict 11
to 23% more relative mass loss (table S1). In
Alaska, we estimate 22% (RCP2.6) to 23%
(RCP8.5) more relative mass loss compared
with the multimodel 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
multimodel estimates (2).
A comparison of our projections from the

ensembles of RCPs and SSPs used in this
study reveals that glacier contribution to sea
level rise is 2 to 9% greater for SSPs than the
corresponding RCPs. These differences are
a result of the SSPs simulating greater temper-
ature increases for the same radiative forcing
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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 preindustrial levels) global mean temperature
change scenario. Tiles are aggregated by 1° by 1° below 60° latitude, 2°
by 1° between 60° and 74° latitude and 2° by 2° above 74° latitude to represent
~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 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°C, +3°C, and +4°C)
are shown in figs. S11 to S13.

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 multimodel studies (2, 6). “Uncorrected” refers to projections that assume mass losses below sea level contribute to sea
level rise, consistent with assumptions in recent multimodel studies. Note that uncertainty associated with the multimodel studies is expressed as 90% CI,
whereas this study reports ensemble median and 95% CI. Regional comparisons are shown in tables S1 and S2.

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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as the RCPs (29, 30). Our ensembles reflect
this higher warming sensitivity as the SSPs
are on average 0.14 to 0.25°C warmer than
their corresponding RCPs. Considering the
high sensitivity of global and regional glacier
mass loss to small temperature increases re-
vealed by our study, the higher warming sen-
sitivity of the SSPs will substantially affect 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 rela-
tionship between global mean temperature
increase and glacier mass loss, with the small-
est glacierized regions having a nonlinear
relationship beyond +3°C as they experience
near-complete deglaciation. This strong rela-
tionship at global and regional scales high-
lights that every increase in temperature has
significant consequences with respect to gla-
cier contribution to sea level rise, the loss of
glaciers around the world, and changes to hy-
drology, ecology, and natural hazards. Regard-
less of the temperature change scenario, all
regions will experience considerable deglacia-
tion at local scales with roughly half of the
world’s glaciers by number projected to be lost
by 2100, even if temperature increase is limited
to +1.5°C. Based on the most recent climate
pledges from COP26, global mean tempera-
ture is estimated to increase by +2.7°C (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, West-
ern Canada and US, and New Zealand (Fig. 5
and figs. S11 to S13) compared with the Paris
Agreement. The rapidly increasing glacier
mass losses as global temperature increases
beyond +1.5°C stresses the urgency of estab-

lishing more ambitious climate pledges to
preserve the glaciers in these mountainous
regions.
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Melting away
Mountain glaciers, perennial ice masses excluding the Greenland and Antarctic ice sheets, are a critical water resource
for nearly two billion people and are threatened by global warming. Rounce et al. projected how those glaciers will
be affected under global temperature increases of 1.5° to 4°C, finding losses of one quarter to nearly one half of their
mass by 2100 (see the Perspective by Aðalgeirsdóttir and James). Their calculations suggest that glaciers will lose
substantially more mass and contribute more to sea level rise than current estimates indicate. —HJS
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