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Glacier mass loss is a key contributor to sea-level change[1, 2], to9

slope instability in high-mountain regions[3, 4], and to the changing10

seasonality and volume of river flow[5, 6, 7]. Understanding the cau-11

ses, mechanisms, and time scales of glacier change is therefore para-12

mount to identifying successful strategies for mitigation and adapta-13

tion. Here, we use temperature and precipitation fields from CMIP514

output to force a glacier evolution model, quantifying mass respon-15

ses to future climatic change. We find that contemporary glacier16

mass is in disequilibrium with the current climate, and that 36 ±17

8 % mass loss is already committed in response to past greenhouse18

gas emissions. Consequently, mitigating future emissions has only a19

very limited influence on glacier mass change in the 21st century. No20

significant differences between 1.5 K and 2 K warming scenarios are21

detectable in the sea-level contribution of glaciers accumulated within22

the 21st century. In the long-term, however, mitigation will exert a23

strong control, suggesting ambitious measures are necessary for the24

long-term preservation of glaciers.25

On time scales of many millenia and longer, glaciers are shaped through in-26

teraction with their bedrock[8, 9, 10]. On millennial and shorter time sca-27

les, their geometry is an expression of the atmospheric conditions surrounding28

them[11, 12]: Positive (negative) mass balances lead to an expansion (retreat)29

of the glacier to lower (higher) terminus elevations. This mechanism provides30

a negative feedback[13] through which glaciers adjust their elevation-area dis-31

tribution to the atmospheric forcing. However, the signal of a perturbed mass32

balance is distributed over the glacier at a finite velocity, which results in a33

lagged response of the glacier length to changes in mass balance forcing[14, 15].34

During periods when climate change happening rapidly relative to the glaciers’35

response times, glaciers may therefore experience a strong disequilibrium with36

climate conditions[16]. The amount of ice stored in glaciers[39, 18] at any given37
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time may therefore contain a substantial fraction that is not sustainable under38

concurrent climate conditions.39

To quantify this disequilibrium, we first estimate the glacier mass that is sus-40

tainable under different global mean temperatures. Note that the spatial dis-41

tribution of glaciers relative to the spatial pattern of atmospheric temperature42

change implies that glaciers on average experience higher atmospheric tempe-43

rature changes than the global mean [13]. We consider all glaciers globally,44

but exclude peripheral glaciers in Greenland and Antarctica as well as the ice45

sheets. Using anomaly fields of temperature and precipitation obtained from the46

Coupled Model Intercomparison Phase 5 (CMIP5) model ensemble and gridded47

climate observations from the period 1961 to 1990[19, 20], we force a global gla-48

cier evolution model to quantify the long-term response of each glacier contained49

in the Randolph Glacier Inventory (RGI) version 5[21], which provides initial50

surface area and elevation distribution values, to these anomaly fields. This was51

achieved by repeatedly applying identical climate forcing, corresponding to a52

given global mean temperature change, to each glacier, until the volume change53

of the glacier became negligible (see Methods for details of the setup of the expe-54

riment). The results, shown in Fig. 1, indicate a strong disequilibrium between55

the present-day global glacier mass and present-day climate conditions (when56

referring to present-day glacier mass, we refer to the year 2015; for present-day57

climate conditions we refer to the mean over the years 2006 to 2015), consistent58

with current in-situ observations of glacier mass change[22]. While our estimate59

of present-day glacier mass is 307 ± 18 mm sea-level equivalent (mm SLE, the60

uncertainty indicates the 90 % confidence interval), the sustainable ice mass is61

estimated to 195 (173 to 222) mm SLE (the numbers in brackets indicate the62

5th and 95th percentiles of the glacier model ensemble), indicating that 36 (2863

to 44) % of the present-day ice mass are unsustainable and would melt, if the64

current climate remained stable for the coming centuries. This number is close65

to previous estimates of 27 ± 5 %[23] (for the reference year 2006) and 38 ±66

16 % [24] (for the reference period 2000 to 2010) of already committed, but67

not yet realized glacier mass loss, obtained from observed accumulation area68

ratios. To sustain present-day ice mass, the global mean temperature would69

have to drop to pre-industrial conditions (when referring to pre-industrial, we70

refer to the mean over the years 1850 to 1879). This finding is consistent with71

previous results that indicate glaciers where strongly responding to the end of72

the preceding, cooler period of the Little Ice Age, before anthropogenic warming73

became the dominant cause of their mass loss in the second half of the twentieth74

century[25]. Further global warming increases the present day commitment to75

future ice mass loss to 159 (115 to 179) mm SLE and 191 (139 to 205) mm SLE76

for 1.5 K and 2 K warming relative to pre-industrial temperatures, respectively.77

The equilibrium response of glaciers to warming is non-linear, with a decreased78

sensitivity at higher temperatures, which is explained by the decreasing surface79

area and mass of glaciers available for melt.80

Using an approximated linear relationship between global anthropogenic CO281

emissions and global mean temperature change of 1700 Gt CO2 emissions per82

1 K of warming[26], we calculate the global glacier mass change commitment of83
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CO2 emissions as a function of global mean temperature (Fig. 2). Since this84

mass change commitment is calculated from the equilibrium glacier mass, it is85

independent of, and additional to, any potential mass changes committed in the86

past, but not yet realized. We find that under present-day climate conditions,87

every emitted kg of CO2 will eventually be responsible for a glacier mass loss88

of 14.8 (5.5 to 19.8) kg. Again, since the global glacier mass is decreasing with89

increasing temperatures, this number is greater for lower and smaller for higher90

temperatures.91

These results indicate that a large fraction of glacier mass change projected for92

the 21st century[27, 28, 29, 30] will be a response to mass change commitments93

of the past. E.g., if global mean temperature was limited to rise to 1.5 K above94

pre-industrial values, as envisioned in the Paris Agreement, and kept at that95

value, about 70 % of the eventual glacier mass loss would be the realization of96

mass loss commitments originating from greenhouse gases emitted before the97

Paris Agreement. If the warming was limited to, and kept at, 2 K, this number98

would drop to about 60 %.99

However, not all of the eventual mass change will be realized within the next100

century. We update projections of 21st century mass change[27] using a more101

recent glacier inventory (version 5, updated from version 1) and adding projecti-102

ons corresponding to 1.5 and 2.0 K of global mean temperature change above103

pre-industrial values. Since no CMIP5 projections dedicated to this goal exist104

so far, we scale temperature and precipitation anomaly fields from the RCP2.6105

ensemble of CMIP5 to derive forcing fields for the glacier model (called 1.5 and106

2 K scenarios from here on, see Methods for details). Timeseries of the resulting107

global mean temperature anomalies are shown in Fig. 3a. The differences be-108

tween the RCP2.6 ensemble and 1.5 and 2 K scenarios are small. However, a109

significant difference between the RCP2.6 ensemble and the ensemble scaled to110

1.5 K is detectable in the second half of the 20th century.111

In all projections, glacier mass loss accelerates at least until the mid 21st century112

(Fig. 3b). No significant difference in global glacier mass change is detectable113

even between the RCP8.5 and the 1.5 k scenario until 2040. In the second half114

of the 21st century, for the low emission scenarios, glaciers strive towards a new115

equilibrium with climate conditions, expressed by lowering mass loss rates. In116

the high emission scenarios, mass loss accelerates well into the second half of117

the century. No significant difference can be detected between the 1.5 K and118

RCP2.6 scenarios, and only at the very end of the century between the 1.5 K119

and the 2 K scenarios.120

From present day to the end of the 21st century, glaciers are projected to lose121

76 (54 to 97) mm SLE under the 1.5 K scenario, 84 (54 to 116) mm SLE under122

the RCP2.6 scenarios, 89 (63-112) mm SLE under the 2 K scenario, 104 (58 to123

136)mm SLE under the RCP4.5 scenario, 110 (75 to 140) mm SLE under the124

RCP6.0 scenario, and 142 (83-165) mm SLE under the RCP8.5 scenario (Fig.125

3c). In global glacier mass, no significant difference is detectable within the 21st126

century between the 1.5, RCP2.6, and 2 K scenarios. A difference between the127

1.5 K scenario and the RCP4.5 and RCP6.0 scenarios only emerges after 2080,128

and between the 1.5 K and the RCP8.5 scenarios after 2060.129
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Reductions of greenhouse gas emission will have a limited impact on 21st cen-130

tury glacier mass loss, as a large fraction of that mass loss and resulting run-off131

is the realization of past commitments. To a large degree, future glacier mass132

loss needs to be considered inevitable, making the identification and execution133

of appropriate adaptation measures mandatory. However, because of the non-134

linear nature of global glacier mass sensitivity to global temperature change,135

more ambitious climate change mitigation measures will have a disproportiona-136

tely greater impact on the long-term preservation of glaciers than less ambitious137

measures, reducing the required adaptive measures.138
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Figure 1: Global glacier equilibrium mass. Glacier mass is shown as change re-
lative to present day (year 2015) mass as indicated by number, and as a function
of global mean temperature change relative to pre-industrial (1850-1879). Small
numbers indicate size of glacier model ensemble. Light (dark) shading indicates
5th to 95th (15th to 85th) percentile of the ensemble, black line is the ensemble
median. Colored shading and lines on the right side indicate glacier equilibrium
mass interpolated to different global mean temperatures, including present day
(2006-2015) air temperature being 0.8 K above pre-industrial. Black ring indi-
cates forcing with climate observations during the period 1961 to 1990. Upper
horizontal axis (anthropogenic cumulative CO2 emissions) is only approximated.

Figure 2: Global glacier mass change commitment as a function of global mean
temperature change relative to pre-industrial (1850-1879). Light (dark) shading
indicates 5th to 95th (15th to 85th) percentile of the glacier model ensemble,
black line the ensemble median. Colored shading and line on the right side
indicate values interpolated to present-day (2006-2015) temperature change.

Figure 3: Projections of global glacier mass change. a: global mean temperature
anomalies relative to pre-industrial (1850-1879). b: glacier mass change rates.
c: global glacier mass. Vertical lines indicate the 5th to 95th (thin) and 15th
to 85th (thick) percentiles of the CMIP5 (panel a)/glacier model (panels b,c)
ensembles at different times; time series show the ensemble median. Increased
line thickness of time series indicates periods during which there is a significant
difference to the ensemble scaled to ∆ T = 1.5 K. Time series in panels a and
b have been smoothed using a 10-year moving average for visual clarity.
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Methods238

Glacier model239

The glacier model is set out in full in references [31, 27, 13, 25], on which the240

following description relies heavily. We refer the reader to these sources for241

further detail.242

The glacier model is based on calculating the annual specific climatic mass243

balance B for each of the world’s individual glaciers as244

B =

[

12
∑

i=1

[

P solid

i − µ⋆
·max

(

T terminus

i − Tmelt, 0
)]

]

− β⋆ (1)
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where P solid
i is the monthly solid precipitation onto the glacier surface per unit245

area, which depends on the monthly mean total precipitation and the tempera-246

ture range between the glacier’s terminus and highest elevations (i.e., tempera-247

ture at terminus elevation below a certain threshold implies all precipitation is248

solid, temperature at the glacier’s maximum elevation above the threshold im-249

plies all precipitation is liquid, and within that temperature range, the precipita-250

tion fraction is interpolated linearly), µ⋆ is the glacier’s temperature sensitivity,251

T terminus
i is the monthly mean air temperature at the glacier’s terminus, Tmelt252

is the monthly mean air temperature above which ice melt is assumed to occur,253

and β⋆ is a bias correction (see below). The model thus does not attempt to254

capture the full energy balance at the ice surface, but relies on air temperature255

as a proxy for the energy available for melt [32, 33, 34]. P solid
i and T terminus

i are256

determined based on gridded climate observations[19, 20], to which temperature257

and precipitation anomaly fields from the CMIP5 models are added (see Table 1258

of the supplementary material). Changes affecting the glacier hypsometry (i.e.259

changes in its volume, surface area, and elevation range) are reflected in the260

determination of P solid
i and T terminus

i , which are modeled based on B, and on261

linearly adjusting the glacier’s surface area and length towards their respective262

values obtained from volume-area and volume-length scaling [35, 36]. I.e., the263

surface area change dA of a glacier during each mass balance year t is calculated264

as265

dA(t) =
1

τA(t)

(

(

V (t+ 1)

cA

)1/γ

−A(t)

)

(2)

where τA(t) is the area relaxation time scale (see Eq. 5), V (t+1) is the glacier’s266

volume at the end of the mass balance year, cA = 0.0340 km3−2γ (for glaciers),267

cA = 0.0538 km3−2γ (for ice caps), γ = 1.375 (for glaciers), γ = 1.25 (for ice268

caps) are scaling parameters [35, 36], and A(t) is the surface area of the glacier269

at the end of the preceding mass balance year. Similarly, length changes dL (and270

terminus elevation changes associated with them) during each mass balance year271

are estimated as272

dL(t) =
1

τL(t)

(

(

V (t+ 1)

cL

)1/q

− L(t)

)

(3)

where τL(t) is the length relaxation time scale (see Eq. 4), cL = 0.0180 km3−q
273

(for glaciers), cL = 0.2252 km3−q (for ice caps), q = 2.2 (for glaciers), q = 2.5274

(for ice caps) are scaling parameters [35, 36], and L(t) is the glacier’s length at275

the start of the mass balance year. The glacier length response time scale τL is276

estimated following roughly reference[14] as277

τL(t) =
V (t)

12
∑

i=1

∫

P solid

i,clim

(4)
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where
∫

P solid

i,clim is the monthly climatological solid precipitation integrated over278

the glacier surface area, calculated over the preceding 30 years. The glacier area279

response time scale is estimated as280

τA(t) = τL(t)
A(t)

L(t)2
(5)

based on the assumption that area changes caused by glacier width changes281

occur instantaneously, while area changes caused by glacier length changes occur282

with the time scale of glacier length response.283

The volume change dV of a glacier in year t is calculated as284

dV (t) = B(t) ·A(t). (6)

The temperature sensitivity µ⋆ is determined from observed past variations for285

each of the glaciers with available mass balance observations [37, 38]. In these286

data sets, there are a global total of 255 glaciers that have all the metadata287

needed for the parameter estimation, that are covered by the temperature and288

precipitation data set we use (see below), that are indicated to be reliable, and289

that have at least two annual mass balance measurements. The procedure is290

as follows. We assume that there exists some 31-year reference period, cente-291

red on year t⋆, whose climatology is such that the glacier with its present-day292

hypsometry would be in equilibrium, i.e. with its mass not changing. For this293

reference period, by construction294

B =

12
∑

i=1

[

P (t⋆)solidi,clim − µ(t⋆) ·
(

max
(

T (t⋆)terminus

i,clim − Tmelt, 0
))]

= 0 (7)

where P (t⋆)solidi,clim and T (t⋆)terminus

i,clim are the monthly climatological values of P solid
i295

and T terminus
i , during the 31 year period centered around the year t⋆. Note that296

we do not assume t⋆ to be a time at which the glacier was actually in balance.297

If the climate has been warming and the glacier retreating, as is generally the298

case, t⋆ would be in the past, and the glacier actually would have had a negative299

mass balance at time t⋆. The assumption is that if the climate of time t⋆ had300

been maintained, the glacier eventually would have contracted until it reached301

its present-day hypsometry.302

We obtain a total of 109 monthly climatologies of precipitation and temperature303

(the data set of reference[20] provides 109 years of monthly precipitation and304

temperature; at the end and beginning of the time series, the climatologies are305

calculated over shorter time periods), and subsequently obtain an estimate of µ306

from Eq. 7 for each of the 109 choices of t⋆. We then apply the glacier model to307

all glaciers for which direct mass balance observations are available, for each of308

the 109 possible values of µ(t). For each of these glaciers, we identify t⋆ as that309

time, for which applying the corresponding temperature sensitivity µ⋆
≡ µ(t⋆)310

yields the smallest mean error of the modeled mass balances. This minimum311

difference is denoted by β⋆.312
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For glaciers without observed mass balances (i.e., the vast majority of glaciers),313

t⋆ is interpolated from the ten closest surrounding glaciers with mass balance ob-314

servations, weighted inversely by distance. µ⋆ is subsequently determined from315

solving Eq. 7 for µ⋆, using precipitation and temperature obtained from the316

climatology centered around the interpolated value of t⋆. The bias correction317

β⋆ is determined by interpolating the minimized bias obtained during the de-318

termination of t⋆ from surrounding glaciers with mass balance observations.319

µ⋆ can vary greatly between neighbouring glaciers without obvious physical320

reasons, depending on glacier-specific issues such as avalanches, topographical321

shading, cloudiness, and other issues being related to systematic biases in the322

input data (e.g. climate, topography). By interpolating t⋆ instead of µ⋆ for323

glaciers without mass balance observations, the constraint of µ(t) to not vary324

much with time is used, (i) to take into account the glacier-specific issues menti-325

oned above (i.e., µ(t) will vary comparatively little around a given year t; errors326

in t⋆ – even large ones – will result in relatively small errors in µ⋆), and (ii)327

to help compensate systematic biases in temperature and precipitation data.328

In that sense, the calibration procedure can be seen as an empirically driven329

downscaling strategy: if a glacier is located there, then the local climate (or the330

glacier temperature sensitivity) must allow a glacier to be there. For example,331

the effect of avalanches or a negative bias in precipitation input will have the332

same impact on calibration: the value of µ⋆ will be lowered to take these effects333

into account, even though they are not resolved by the mass balance model. A334

cross validation of the determination of µ⋆ shows that the spatial interpolation335

of t⋆ leads to substantially smaller errors than the spatial interpolation of µ⋆
336

[27].337

Initial values for surface area and elevation distribution of each glacier are obtai-338

ned from the Randolph Glacier Inventory version 5. The model accounts for339

the differing dates of surface area measurement in the Randolph Glacier Inven-340

tory by ensuring that the observed glacier extent is reproduced in the year of341

observation.342

Present day glacier mass is taken as a snapshot in the year 2015 from a transient343

reconstruction, with the model being forced by gridded climate observations[20].344

Uncertainties (as given in Fig. 1) are based on the propagated model uncertain-345

ties obtained through the leave-one-glacier-out cross-validation described below.346

See references [27, 31] for details.347

Validation of the glacier model and treatment of uncertain-348

ties349

Uncertainty estimates of the glacier model are obtained by (i) performing a350

leave-one-glacier-out cross-validation that allows to determine the model’s per-351

formance on glaciers without direct mass balance observations; (ii) propagating352

these uncertainties, and uncertainties of model parameters needed for, e.g., the353

estimation of the initial ice volume, through the entire glacier model, and (iii) va-354

lidating these propagated and temporally accumulated uncertainties themselves,355

using independent geodetically measured volume and surface area changes[37].356
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The this second validation, the uncertainty estimates are found to be realistic.357

The systematic, global mean bias of the glacier model’s annual specific glacier-358

wide mass balance is 5 mm water equivalent (not significantly different from359

zero).360

Given any pair of glaciers for which the cross-validation is carried out, we may361

calculate the temporal correlation between the annual time series for those two362

glaciers of the errors in the modeled mass balance. Considering all such pairs, we363

can calculate the correlation of this temporal error correlation with the distance364

between the two glaciers. This latter correlation is < 0.01 (not significant),365

indicating that the model errors for the individual glaciers can be treated as366

independent of each other irrespective of their distance. The uncertainties for367

the globally aggregated data are thus obtained by taking the square root of368

the summed and squared uncertainties of the individual glaciers’ results. A369

more detailed and complete description of the determination of the model’s370

parameters, both glacier-specific and global, and of the comprehensive validation371

of the model, can be found in [27].372

For scenario-based results, the total uncertainty is strongly dominated by en-373

semble spread, not glacier model uncertainty (e.g., for the RCP8.5 scenario, the374

uncertainty of the individual ensemble members is of the order of 5 mm SLE,375

the ensemble spread of the order of 100 mm SLE at the end of the 21st century).376

Uncertainties for these results are therefore given as the 5th to 95th percentile377

of the ensemble distribution.378

For the equilibrium results, the uncertainties obtained through propagation and379

temporal accumulation in the glacier model are meaningless, since they are mos-380

tly a function of the model integration time. I.e., estimating the glaciers’ equi-381

librium mass more accurately by integrating the glacier model for a longer time382

artificially inflates the propagated model uncertainty. Therefore, uncertainties383

are given as the 5th to 95th percentile of the ensemble distribution also in this384

case.385

The uncertainty of the present day ice mass estimate (Figure 1) is obtained386

from the error propagation described above, applied to the glacier model forced387

by climate observations[20]. The ice mass estimate is slightly higher than an388

estimate obtained through a more elaborate method[39], but consistent with it389

considering the respective uncertainties.390

Equilibrium experiments391

Results from 15 different CMIP5 models, using the historical run continued by392

the RCP8.5 scenario (see Tab. 1 of the supplementary material), were used393

to force the glacier model in the equilibrium experiments over a range of glo-394

bal mean temperature anomalies. The RCP8.5 scenario was chosen in order395

to have the largest possible ensemble size also for relatively high global mean396

temperature anomalies.397

For each of the combined historical and RCP8.5 experiments, monthly anomaly398

fields of precipitation and near surface air temperature were determined, relative399

to the monthly climatology of 1961 to 1990. Then, global mean temperature400
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anomalies were determined for each 30 year period contained in the combined401

historical and RCP8.5 experiment. From this data set, we obtained 30 year-402

long anomaly fields of precipitation and temperature, which correspond most403

closely to a given global mean temperature anomaly. Since the range of global404

mean temperature anomalies differs between the different CMIP5 models, also405

the number of anomaly fields extracted from each CMIP5 differs, leading to an406

ensemble size that depends on the global mean temperature anomaly considered407

(small numbers in Fig. 1). The anomaly fields were then added to the observed408

climatological fields of reference[19] to obtain the climate forcing for the glacier409

model. Additionally, the glacier model was forced by the observed climatological410

fields of reference[19] only, with temporal variability added from the same period411

from reference [20] (black cross in Fig. 1). Note that because of the temperature412

threshold sensitivity of the mass balance, also zero-mean temporal variability413

has a net effect on glacier volume, and identical mean temperatures can result in414

different glacier masses, as a result of different temporal variability. We express415

all temperature anomalies relative to the global mean temperature averaged416

between 1850 and 1879 in reference [40].417

To obtain the equilibrium response of the glaciers to a given global mean tem-418

perature forcing, the same forcing (30 years) was repeatedly applied for each419

glacier until volume changes of the glacier became negligible. This was defined420

to be the case when the volume change over the last 100 modeled years was421

smaller than 1 % of the glacier volume. Reaching the equilibrium took up to422

approximately 700 years. On the global scale, ice volume changes are small423

after 200 years. Note that in an experimental setup like this, glaciers may reach424

an equilibrium, while the state of the climate system that was used to drive425

the glaciers into equilibrium is not itself a true equilibrium, but picked from a426

transient scenario.427

To relate global mean temperature anomalies to anthropogenic CO2 emissions428

(upper horizontal axis in Fig. 1, and calculations for Fig. 2), we assume a429

linear relation between the two based on Fig. TFE 8.1 in reference [26]. We430

estimate this relation to 1 K global mean temperature change per 1700 Gt CO2431

emissions.432

Transient experiments433

Transient experiments for the RCP2.6, RCP4.5, RCP6.0 and RCP8.5 scenarios434

were done exeactly as described in reference [27], except that the initial condi-435

tions for each glacier were updated to RGI version 5.0. To obtain a scenarios436

corresponding to 1.5 K and 2.0 K of warming, anomalies of CMIP5 RCP2.6 runs437

were scaled, using a time-dependent scaling factor: First, for each considered438

run, its global mean temperature anomaly during the period 2071 to 2100 was439

determined, as well as the associated scaling factor needed to bring it to 1.5440

K or 2.0 K exactly. Then, starting in 2016 with a scaling factor of 1 (in order441

to avoid a discontinuity in the forcing fields), temperature anomaly fields were442

scaled down (or up), with the scaling factor increasing linearly in time until rea-443

ching it’s pre-determined value at the end of the 21st century. This implies that444
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for all scaled model runs, the global mean temperature during the last 30 years445

of the 21st century is exactly 1.5 K or 2.0 K above pre-industrial, which reduces446

the spread of the scaled model ensemble considerably. However, the temporal447

and spatial variability of each CMIP5 run are retained. It is unclear how preci-448

pitation anomalies should be related from the RCP2.6 scenario to the 1.5 K and449

2.0 K scenarios. For the results shown here, we applied the same scaling factors450

used for the temperature anomaly fields also to the precipitation anomaly fields,451

based on the assumption that the amplitude of precipitation anomalies is linked452

to temperature anomalies [41]. While this relation should not be expected to453

hold regionally and at all times, it has very minor impacts on our results: to454

test the sensitivity of our results to this approach, we repeated the projections,455

leaving the precipitation anomaly fields unscaled. The differences to the results456

presented here were vanishingly small.457

An alternative approach to scaling would be the selection of RCP2.6 ensemble458

members that end up close to 1.5 K or 2.0 K global mean temperature anomaly,459

as has been done in a regional study [42]. We prefer the scaling approach for two460

reasons: (i) it does not reduce the ensemble size, leading to more robust uncer-461

tainty statistics; (ii) it circumvents the possibility that selecting climate models462

that have a relatively low (or high) climate sensitivity leads to a reduction also463

in the spread of temporal and spatial climate variability.464

To conclude whether the applied model chain is able to distinguish between the465

1.5 K and the other scenarios, we perform a two-sample Kolmogorov-Smirnov466

test. For each year, we test at the p < 0.05 level against the null hypothesis467

that two ensembles, one of them being the 1.5 K scenario, are drawn from the468

same underlying population.469

Data availability470

The glacier model results and the scaled climate projections presented here are471

available from the corresponding author upon reasonable request.472

References473

[31] Marzeion, B., Leclercq, P., Cogley, J. & Jarosch, A. Brief communication:474

Global reconstructions of glacier mass change during the 20th century are475

consistent. The Cryosphere 9, 2399–2404 (2015).476

[32] Ohmura, A. Physical Basis for the Temperature-Based Melt-Index Method.477

J. Appl. Meteorol. 40, 753–761 (2001).478

[33] Hock, R. Temperature index melt modelling in mountain areas. J. Hydrol.479

282, 104–115 (2003).480

[34] Sicart, J., Hock, R. & Six, D. Glacier melt, air temperature, and energy481

balance in different climates: The Bolivian Tropics, the French Alps, and482

northern Sweden. J. Geophys. Res. 113, D24113 (2008).483

14



[35] Bahr, D., Meier, M. & Peckham, S. The physical basis of glacier volume-484

area scaling. J. Geophys. Res. 102, 355–362 (1997).485

[36] Bahr, D. Global distributions of glacier properties: a stochastic scaling486

paradigm. Water Resourc. Res. 33, 1669–1679 (1997).487

[37] Cogley, J. G. Geodetic and direct mass-balance measurements: comparison488

and joint analysis. Ann. Glaciol. 50, 96–100 (2009).489

[38] WGMS (World Glacier Monitoring Service). Fluctuations of Glaciers 2005-490

2010 (2012).491

[39] Huss, M. & Farinotti, D. Distributed ice thickness and volume of all glaciers492

around the globe. J. Geophys. Res. 117, F04010 (2012).493

[40] Morice, C. P., Kennedy, J. J., Rayner, N. A. & Jones, P. D. Quantifying494

uncertainties in global and regional temperature change using an ensemble495

of observational estimates: The HadCRUT4 data set. J. Geophys. Res.496

117, D08101 (2012).497

[41] Andrews, T., Forster, P. M., Boucher, O., Bellouin, N. & Jones, A. Preci-498

pitation, radiative forcing and global temperature change. Geophys. Res.499

Lett. 37, L14701 (2010).500

[42] Kraaijenbrink, P., Bierkens, M., Lutz, A. & Immerzeel, W. Impact of a501

global temperature rise of 1.5 degrees celsius on Asia’s glaciers. Nature502

549, 257–260 (2017).503

15









Supplementary Material for the Manuscript Limited influ-

ence of climate change mitigation on short-term glacier

mass loss

Ben Marzeion1, Georg Kaser2, Fabien Maussion2 & Nicolas Champollion1

1Institute of Geography, University of Bremen, Germany

2Department of Atmospheric and Cryospheric Sciences, Universität Innsbruck, Austria

1



Table 1: Identifiers of CMIP5 model runs used in the study.

Model Name historical RCP2.6 RCP4.5 RCP6.0 RCP8.5

BCC-CSM1.1 r1i1p1 r1i1p1 r1i1p1 r1i1p1 r1i1p1

CanESM2 r1i1p1 r1i1p1 r1i1p1 r1i1p1

CCSM4 r1i1p1 r1i1p1 r1i1p1 r1i1p1 r1i1p1

CNRM-CM5 r1i1p1 r1i1p1 r1i1p1 r1i1p1

CSIRO-Mk3.6.0 r1i1p1 r1i1p1 r1i1p1 r1i1p1 r1i1p1

EC-EARTH r1i1p1 r8i1p1

FGOALS-s2 r1i1p1 r1i1p1

GFDL-CM3 r1i1p1 r1i1p1 r1i1p1 r1i1p1 r1i1p1

GISS-E2-R r1i1p1 r1i1p1 r1i1p1 r1i1p1

HadGEM2-ES r1i1p1 r1i1p1 r1i1p1 r1i1p1 r1i1p1

inmcm4 r1i1p1 r1i1p1 r1i1p1

IPSL-CM5A-LR r1i1p1 r1i1p1 r1i1p1 r1i1p1 r1i1p1

MIROC5 r1i1p1 r1i1p1 r1i1p1 r1i1p1 r1i1p1

MIROC-ESM r1i1p1 r1i1p1 r1i1p1 r1i1p1 r1i1p1

MPI-ESM-LR r1i1p1 r1i1p1 r1i1p1 r1i1p1

MRI-CGCM3 r1i1p1 r1i1p1 r1i1p1 r1i1p1 r1i1p1

NorESM1-M r1i1p1 r1i1p1 r1i1p1 r1i1p1 r1i1p1

ensemble size 17 15 15 11 15
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