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Figure S1. Uncertainty of mean elevation change for each glacier in the study area computed from spatially propagated elevation errors, for

the periods 1997-2006 and 2006-2017/18. Uncertainty is plotted against the mean slope angle of the corresponding glaciers.

Figure S2. Trapezoidal shape with two degrees of freedom. The width change with thickness depends on λ. The angle β of the side wall

(as defined from the horizontal plane, i.e. λ = 0 -> β = 90°) is defined by β = atan 2
λ

. Taken from https://docs.oggm.org/en/v1.6.1/ice-

dynamics.html#trapezoidal.
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Figure S3. Projected ice distribution across 27 glaciers in a subset of the ROI, including Hintereisferner (HEF), Kesselwandferner (KWF),

Vernagtferner (VGF) Taschachferner (TSF) and Gepatschferner (GPF) for a +3.0°C warming scenario (a, b, c and d) and a +4°C warming

scenario (e, f, g and h). The figure shows single models which are closest to the ensemble median volume (see Table S4). For each subfigure,

the total area (A) and the total volume (V) of the 27 glaciers are noted in the bottom right corner. Shades of blue represent the ice thickness

at each grid point. The 2017 outlines are shown in black.

Figure S4. The projected future changes in the number of glaciers under +3.0°C (a) and +4.0°C (b) scenarios, illustrated by single models

which are closest to the ensemble median volume (see Table S4). Colors represent area size classes in 2017/18 (see Table 5).
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Table S1. Volume change rates and uncertainties (see Section 2.2 in the main manuscript) for different periods and different source data.

Source Coverage Spatial resolution Glacier outlines

used for extrac-

tion

Period Volume change

(km3 yr−1)

Mean elevation

change (m

yr−1)

Normalized

median abso-

lute deviation

(NMAD, m)

GI2, GI3 Regional 5m x 5m GI2 (1997) 1997-2006 -0.17±0.03 -0.84± 0.13 0.32*

GI3, 2017/18 Regional 5m x 5m GI3 (2006) 2006-2017/18 -0.17± <0.01 -0.92± 0.01 0.02*

Hugonnet et al. (2021) Global 100m x 100m Extracted for

RGI boundaries

(2003) within

ROI.

2000-2020 -0.17 -0.96 0.02**

*stable terrain outside GI1 boundaries, **stable terrain outside RGI boundaries

Table S2. Global glacier projection studies and input data sets used.

Data type Data citation/source Citing studies

OGGM v1.6.1 Zekollari et al.

(2019)

Rounce

et al.

(2023)

Compagno

et al.

(2021)

Cook et al.

(2023)

Glacier area/ boundaries RGI (RGI6, Pfeffer et al. (2014)) X X X X X

Digital elevation models

NASADEM (NASA JPL (2020)) X X

SRTM v.4 (Jarvis et al. (2008)) X X

COPDEM 2022 (COP (2022)) X

Geodetic mass balance

Hugonnet et al. (2021) X X X

WGMS data 2018 X

Zemp et al. (2019) X

Ice thickness data Farinotti et al. (2019) X X X

4



Figure S5. Overview of the used calibration strategy of OGGM regional in terms of total area of our ROI (a) and in terms of glacier number

of our ROI (b). ‘All Glaciers’ (grey bar) represents the 2017/18 outline observations. At the right, the green bars are all glaciers which used

a dynamic spinup, purple bars used a fixed geometry spinup and the red bars were not able to be modelled. The individual outcomes of the

dynamic spinup calibration are described in more detail in Appendix A.
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Figure S6. Comparison of model values from various studies with a) volume estimates in km3, b) volume change observations in km3

yr−1, and c) area in km2. The x-axis labels show the year corresponding to the estimate/observation and the related publication. The actual

estimate/observation is represented by a dashed black line. Individual model values are depicted with colored bars. These bars are sorted based

on their absolute difference from the estimate/observation, with the smallest absolute difference (best fit) on the left and the largest (least

fit) on the right. An overview of which datasets where used by which study for calibration can be found in Table S2 and the corresponding

values can be found in Table S3.
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Figure S7. Median (colored lines) and 5th and 95th percentile (shading) of the OGGM regional projections per future global temperature

scenario as percentage of 2017 glacier area in the ROI (a, b, c and d). The grey lines in each subplot show the median of the other three

scenarios for reference. Temperature increase and number of climate model realizations n per scenario stated above the volume evolution

plots. Insets (e, f, g and h) show the distribution of ice area per 50 m elevation bands in different years for the four temperature scenarios, for

the model run closest to the volume median of the scenario ensemble (see Table S4).
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Figure S8. Shows the influence on volume and area for the past and the future of using density conversion factors of 790 kg m−3, 850

kg m−3 and 900 kg m−3 for converting the observed volume change into an observed mass changed, which is used during the dynamic

calibration outlined in Appendix A. The range of these three values mirrors the range given in Huss and Farinotti (2012). In the past period

we do not see much influence from the different conversion factors. However, in the near future projections we see a slower glacier decline

when using 790 kg m−3 compared to the other two. This effect vanishes around 2060 for the volume and 2070 for the area and has no big

influence on the date when the baseline volume (0.18 km3) is crossed.
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Figure S9. Shows the influence of different trapezoidal cross-section angels λ (defined in S2) on volume and area for the past and the

future for four different scenarios. The volume change and the area 2006 are matched by all, as part of the dynamic calibration methodology

(outlined in Section 2.4.2, Model setup and evaluation). However, the resulting area evolution depends on the defined value of λ. Best

agreement in simultaneously matching the area 2006 and 2017 was found for a value of 4. For future projections, we see differences mainly

in the near future but no big influence on the timing of when the baseline volume (0.18 km3) is crossed. Zekollari et al. (2019) also noted

improved area matching with a wall angle close to λ=4. However, they retained the default value of 2 due to the minimal impact of λ on

projections, which our assessment confirms. Nevertheless, optimizing lambda could be important to consider for potential future reanalysis

studies of glacier change in the past.
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Figure S10. Shows the influence on volume and area in the past and future for four different precipitation factors 1, 2, 2.4 and 3. Looking at

the past area of precipitation factor 1 we see a clear mismatch of earlier areas. This could be attributed to the inability of the dynamic spinup

to find a glacier state in the past which evolves into the glacier area 2006 and therefore it falls back to a static spinup (explained in detail in

Appendix A). The dynamic spinup fails because of too little accumulation, and the algorithm tries to compensate for this by growing very

big glaciers for the initialisation year 1979, which exceed the domain boundaries and therefore fail. For future projections except +1.5°C, we

see slower glacier melting between the period 2040 and 2070 for precipitation factor 1. In contrast the factors 2, 2.4 and 3 look very similar

in the past and the future. Additional estimates of glacier volume in the past could help to further constrain this. However, we decided to use

2.4 as described in Section 2.4.1
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Figure S11. Total volume (a) and area (b) evolution in the ROI between 1979 and 2100 for constant volume change rate 2006-2017, OGGM

regional, OGGM default (Schuster et al., 2023a), Rounce et al. (2023), Zekollari et al. (2019), Compagno et al. (2021) and Cook et al. (2023).

For future periods the median (colored line) with the 5th to 95th percentile range (90% Confidence Interval (CI)) is shown, for all available

realisations of the individual studies. For Cook et al. (2023) only the realisiation using a linearly interpolated observed mass balance trend

is included. Further included are global datasets and regional datasets used by individual studies for calibration. Global datasets consist

of volume estimates from Farinotti et al. (2019) and Millan et al. (2022), volume-change observations from Hugonnet et al. (2021), and

area observations from Randolph Glacier Inventory Consortium (2017). Regional datasets consist of a volume estimate from Helfricht et al.

(2019), volume-change observations from 1997-2006 and 2006-2017 as part of this study, and area observations from Kuhn et al. (2013),

Fischer et al. (2015) and one at 2017 as part of this study.
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Table S3. Shows the observed values for volume (km3), volume-change (km3 yr−1) and area (km2) along the corresponding values of the

different models compared in the study. The same values are used in Figure S6.

Observed OGGM regional OGGM v1.6.1

(Schuster et al.,

2023b)

Rounce et al.

(2023)

Compagno

et al. (2021)

Zekollari et al.

(2019)

Volume (km3)

2003 10.31 8.7 10.1 10.3 10.1 9.5

2017 9.282 6.0 7.6 8.0 7.2 8.6

2006 8.453 7.9 9.4 9.9 9.8 9.2

Volume change (km3 yr−1)

2000-2020 -0.1704 -0.180 -0.161 -0.165 -0.187 -0.093

1997-2006 -0.172 -0.192 -0.123 —- -0.036 -0.137

2006-2017 -0.171 -0.174 -0.162 -0.177 -0.234 -0.050

1997-2017 -0.171 -0.182 -0.145 —- -0.145 -0.089

Area (km2)

1997 205.16 210.0 181.0 —- 173.0 178.2

2003 173.17 197.0 177.6 172.9 173.0 175.0

2006 186.68 183.9 172.9 172.6 169.0 173.0

2017 151.8 152.3 165.5 169.5 138.6 165.6

1: Farinotti et al. (2019), 2: Millan et al. (2022), 3: Helfricht et al. (2019), 4: Hugonnet et al. (2021), 5: Patzelt (2013), 6: Kuhn (2013), 7: RGI Consortium

(2017), 8: Fischer et al. (2015a)
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Table S4. Model realisations used for the different global temperature increase scenarios (+1.5°C, +2°C, +3°C and +4.0°C) comparing the

period 2071-2100 to preindustrial levels (1850-1900) as defined in IPPC (2019). Temperature limits were defined to get a representative

number of models for each category, so that the total mean of all models in a category is close to the target value. The model realization

shown in bold is the one closest to the median 2023–2100 volume of OGGM regional across all model realizations for a given temperature

scenario. This model is used in Figures 7 and 8 in the main manuscript Figures S3 and S4 as the representative run for each temperature

scenario.

Temperature

increase

Temperature

limits

Model realisations Mean total

temperature

increase

+1.5 °C 1.2 - 1.75 °C EC-Earth3-Veg - SSP1-1.9; GFDL-ESM4 - SSP1-1.9;

MRI-ESM2-0 - SSP1-1.9; FGOALS-f3-L - SSP1-2.6;

GFDL-ESM4 - SSP1-2.6; INM-CM4-8 - SSP1-2.6;

INM-CM5-0 - SSP1-2.6; MPI-ESM1-2-HR - SSP1-2.6;

NorESM2-MM - SSP1-2.6

1.57 °C

+2 °C 1.75 - 2.5 °C BCC-CSM2-MR - SSP1-2.6; CESM2 - SSP1-2.6;

CESM2-WACCM - SSP1-2.6; EC-Earth3 - SSP1-2.6;

EC-Earth3-Veg - SSP1-2.6; GFDL-ESM4 - SSP2-4.5;

INM-CM4-8 - SSP2-4.5; INM-CM5-0 - SSP2-4.5;

MPI-ESM1-2-HR - SSP2-4.5; MRI-ESM2-0 - SSP1-

2.6 NorESM2-MM, SSP2-4.5

2.21 °C

+3 °C 2.5 - 3.5 °C BCC-CSM2-MR - SSP2-4.5; CESM2 - SSP2-4.5;

CESM2-WACCM - SSP2-4.5; EC-Earth3 - SSP2-4.5;

EC-Earth3-Veg - SSP2-4.5; FGOALS-f3-L - SSP2-4.5;

FGOALS-f3-L - SSP3-7.0; GFDL-ESM4 - SSP3-7.0;

INM-CM4-8 - SSP3-7.0; INM-CM5-0 - SSP3-7.0;

INM-CM5-0 - SSP5-8.5; MPI-ESM1-2-HR - SSP3-7.0;

MRI-ESM2-0 - SSP2-4.5; NorESM2-MM - SSP3-7.0

3.08 °C

+4 °C 3.5 - 4.5 °C BCC-CSM2-MR . SSP3-7.0; BCC-CSM2-MR . SSP5-

8.5; CESM2 - SSP3-7.0; CESM2-WACCM - SSP3-

7.0; EC-Earth3 - SSP3-7.0; EC-Earth3-Veg - SSP3-7.0;

FGOALS-f3-L - SSP5-8.5; GFDL-ESM4 - SSP5-8.5;

INM-CM4-8 - SSP5-8.5; MPI-ESM1-2-HR - SSP5-8.5;

MRI-ESM2-0 - SSP3-7.0; MRI-ESM2-0 - SSP5-8.5;

NorESM2-MM . SSP5-8.5

3.91 °C
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