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Impact of a global temperature rise of 1.5 degrees

Celsius on Asia’s glaciers

P.D. A. Kraaijenbrink', M. F. P. Bierkens"?, A. F. Lutz? & W. W. Immerzeel>*

Glaciers in the high mountains of Asia (HMA) make a substantial
contribution to the water supply of millions of people!?, and they
are retreating and losing mass as a result of anthropogenic climate
change? at similar rates to those seen elsewhere®®. In the Paris
Agreement of 2015, 195 nations agreed on the aspiration to limit the
level of global temperature rise to 1.5 degrees Celsius (°C) above pre-
industrial levels. However, it is not known what an increase of 1.5°C
would mean for the glaciers in HMA. Here we show that a global
temperature rise of 1.5 °C will lead to a warming of 2.1+ 0.1°C in
HMA, and that 64 & 7 per cent of the present-day ice mass stored
in the HMA glaciers will remain by the end of the century. The
1.5°C goal is extremely ambitious and is projected by only a small
number of climate models of the conservative IPCC’s Representative
Concentration Pathway (RCP)2.6 ensemble. Projections for RCP4.5,
RCP6.0 and RCP8.5 reveal that much of the glacier ice is likely to
disappear, with projected mass losses of 49 + 7 per cent, 51 £ 6 per
centand 64 15 per cent, respectively, by the end of the century; these
projections have potentially serious consequences for regional water
management and mountain communities.

Temperatures are rising faster in high-altitude regions, including
HMA, than in low-lying plains®. Possible explanations for this
elevation-dependent warming in mountains include the effects of
snow albedo and surface-based feedback, water vapour changes
and latent heat release, radiative flux changes, surface heat loss and
temperature change, and aerosols. A global ensemble of 110 general
circulation model (GCM) runs spanning the full range of radiative
forcing defined in the Coupled Model Intercomparison Project Phase 5
(CMIP5)” (RCP2.6 (n=25), RCP4.5 (n=35), RCP6.0 (n=18) and
RCP8.5 (n=32); Supplementary Table 5) shows an evident relation
between radiative forcing and projected temperature increase from
pre-industrial conditions (1851-1880) to the end of this century
(2071-2100, EOC) (Fig. 1). It also shows that the glacierized areas of
HMA are consistently warming at much higher rates than the global
average and that the difference between global and HMA tempera-
ture rises is increasing with radiative forcing (Fig. 1). Compared to the
global warming of land masses only, the enhanced warming in HMA
is less pronounced, but still evident. From the GCM ensemble, we have
selected models that result in a 1.5°C temperature rise globally relative
to pre-industrial conditions (1 =6, see Methods). All of the selected
models originate from the conservative RCP2.6 model ensemble.
The 1.5°C global increase implies a warming of 2.140.1°C for the
glacierized areas in HMA (Fig. 2). Although there is considerable
regional variation, with the Hindu Kush warming the most (2.3 °C)
and the Eastern Himalaya the least (1.9 °C), all regions warm by more
than 1.5°C. These spatial patterns persist for the RCP2.6, RCP4.5,
RCP6.0 and RCP8.5 scenarios, for which considerably higher warming
is projected in western parts of HMA (Supplementary Fig. 10). A
strong divergence is observed towards the EOC between the 1.5°C
scenario and RCP4.5 (3.540.2°C), RCP6.0 (4.1 +0.2°C), and RCP8.5
(6.0£0.3°C) (Supplementary Fig. 8).

The Randolph Glacier Inventory (RGI) version 5.0% identifies 95,537
glaciers with a total glacier area of 97,605 km? in the RGI regions
covering HMA (Fig. 2, Supplementary Table 1). Considerable parts of
these glaciers, in particular the low-lying glacier tongues, are covered
by thick debris mantles caused by erosion from the generally steep
headwalls and the subglacial material on which the glaciers reside.
The debris is an important control on glacier ablation, and thus on
its climate sensitivity. A thin layer of debris accelerates melt because it
has a lower albedo than debris-free ice, whereas a debris layer thicker
than a few centimetres suppresses melt because it insulates the under-
lying ice?*. Except for a few small-scale studies'>'®, the role of debris
has generally not been taken into account in climate change impact
studies over larger regions, mostly because a debris classification of
HMA glaciers is not available. Here we develop such a classification
using Landsat 8 imagery. For all glaciers larger than 0.4km? (33,587,
91% of the total glacier area, 99.6% of the glacier ice volume), we iden-
tify the debris cover by selecting pixels below a normalized difference
snow index (NDSI) value and a slope threshold (see Methods). Our
results show that about 11% of the glacier area in HMA is covered with
debris (Fig. 3), with the largest relative debris-cover in the Hindu Kush
(19% of the regional glacier area). We subsequently compute the ice
volume stored in each glacier using the GlabTop2 model'”8, which
we convert to mass using a 900 kg m~ ice density'®!°. We estimate
that the total HMA ice mass, excluding glaciers smaller than 0.4km?, is
4,754+ 350 Gt (Fig. 3), with more than one-third of this volume stored
in Karakoram glaciers. The relative ice mass under debris in the HMA
is 18%, which is considerably larger than the relative ice area under
debris. This is caused by the predominance of debris on gently sloping
tongues with thick ice. If only the ablation area below the equilibrium
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Figure 1 | Relation between radiative forcing, temperature increase and
ice mass loss. a, Temperature changes between pre-industrial (PI, 1851-
1880) and the end of century (EOC, 2071-2100) for the 1.5°C models
(n=6), RCP2.6 (n=25), RCP4.5 (n=135), RCP6.0 (n=18) and RCP8.5
(n=132). Temperature changes are shown separately for the entire globe,
global land mass, and the glaciers of HMA. The horizontal bars denote the
median, the boxes the interquartile range, and the whiskers the full data
range. b, Projected ice mass loss against global temperature change for the
EOC for each of the 110 model runs.
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Figure 2 | Regional temperatures and projected glacier area associated
with a 1.5 °C increase. The map shows the mean temperature increase at
the glaciers between pre-industrial (PI, 1851-1880) and end of century
(EOC, 2071-2100) for the global 1.5 °C increase scenario, aggregated by

line altitude (ELA) is considered, the ice mass contribution under
debris reaches values of up to 30% in the entire region and up to 48%
in the Hindu Kush.

To estimate the response of the HMA glaciers to a global tempera-
ture increase of 1.5 °C, we set up a model based on the mass balance
gradient® for all individual glaciers larger than 0.4km? The mass
balance gradient for each glacier is constrained by a maximum ablation
at the glacier terminus estimated using degree-day climatology and
by a maximum accumulation estimated from the maximum precipi-
tation in the glacier accumulation zone (see Methods). The approach
takes into account the reduced melt under debris as function of debris
thickness, the increased melt that is due to supraglacial ponds, and
the observed regional mass balance®?!?? (Supplementary Table 3).
Our results indicate that the glaciers are out of balance in all RGI sub-
regions and, except for West Kun Lun, are losing mass under present
day (1996-2015) climate conditions (Supplementary Table 3). The
results also show that, even if temperatures stabilize at their current
level, mass loss will continue for decades to come until a new
equilibrium is reached (Fig. 3). For the whole of HMA, about 86% of
the present ice mass and 85% of the present-day area would remain by
the EOC. To estimate future mass balance, we shifted the present mass
balance curve, with a fixed gradient, using the sensitivity of the ELA
to temperature change? and the projected temperature rise between
the present-day climate and the EOC for each of the 110 GCMs
(Supplementary Table 5). In addition, we modified the mass balance
curve’s height of maximum accumulation using projected precipita-
tion change from the same 110 GCMs. To account for the uncertainty
in model parameters, observed mass balance and climate projections,
the analyses were performed in a Monte Carlo simulation framework,
with randomly varying parameter values and mass balance for each
GCM forcing for each of the 33,587 glaciers (see Methods). Subsequent
results are thus given as the mean + s.d. from the Monte Carlo runs.
The results reveal that if the 1.5°C target is met, an estimated 64 & 7% of
the ice mass and 64 == 8% of the glacier area in HMA will remain by the
EOC (Figs 1, 3 and Supplementary Fig. 12). In the most extreme case
(RCP8.5), the ensemble shows that only 36 £ 5% of the ice mass and
324 5% of the total area will remain by the EOC. RCP2.6 (64 +8%),
RCP4.5 (51 £7%) and RCP6.0 (49 = 6%) result in intermediate mass
losses that fall between the 1.5°C scenario and RCP8.5. We observe a
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projected reduction in glacierized area within each region for the 1.5°C
scenario for three points in time.

near-linear relation between temperature increase and projected mass
loss at the regional scale (Fig. 1). Only six models out of the entire
model ensemble result in a global 1.5°C increase by the EOC, and the
majority of projections result in much greater warming and a larger
decrease in HMA ice mass (Fig. 1).

The regional variation in mass loss is large, and there are several
regions where for RCP8.5 the ice mass and glacier area drop below
10% of their present-day value (Fig. 3). This will evidently impact the
timing of downstream water supply and water access of mountain com-
munities near the glaciers. In particular for RCP8.5 a strong increase in
downstream meltwater availability will prevail in the short to medium
term with a peak around 2050 (Supplementary Fig. 13), which agrees
well with previous findings'>?*, Meltwater peaks for the remaining
RCPs generally occur earlier at around 2030, although for many of the
regions peak meltwater has already occurred by this point.

Even under a global 1.5°C increase, there are considerable regional
differences in glacier response within HMA that are caused by differ-
ences in regionally projected warming rates and precipitation trends,
by specific regional glacier properties (for example, glacier hypsometry
and the presence of debris), and by the present-day imbalance of the
glaciers (Supplementary Table 3). For example, Hissar Alay and the
Qilian Shan are the regions that show the most extreme decline, with
only 324 14% and 30 4= 5%, respectively, of the glacier mass remaining
by the EOC (Fig. 3). On the other hand, in the Karakoram, despite a
higher regional warming rate, 80 &= 7% of the ice mass remains by the
EOC. These differences are explained by the large ice masses stored
in the debris-covered tongues in the Karakoram compared to Qilian
Shan in particular (Fig. 3), by the fact that Qilian Shan and Hissar Alay
at present have much more negative mass balances (—0.49£0.11 and
—0.36 £ 0.31 metres water equivalent per year, respectively) than the
Karakoram (—0.13 4 0.34 metres water equivalent per year), and by
differences in the sensitivity of the ELA to climate perturbations.

Debris on glacier ice plays an important role in regulating melt
processes of HMA glaciers?>?. It buffers the impact of climate change
as the lower melt rates slow down glacier retreat and mass loss under
rising temperatures. There is, however, great variability in the relative
area covered by debris (Supplementary Fig. 14a), the relative ice mass
stored under debris (Supplementary Fig. 14b) and the relative ice mass
in the ablation zone stored under debris (Supplementary Fig. 14c).
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Figure 3 | Future ice mass loss and prevalence of debris-covered
glaciers. Mass loss projections aggregated by RGI sub-region (a-0) and
the entire HMA (p) for the RCP scenarios, a stable present-day climate,
and six models that have a temperature rise of 1.5°C at the end of century.
Error bands are shown for the RCP scenarios, based on the interquartile

Although the debris-covered area is relatively small, there are regions
in the Karakoram and Himalaya where the ice mass under debris in
the ablation zones exceeds 40% and this results in a strong buffering
effect (Supplementary Fig. 14d-f). As glacier thinning and a rise in
the ELA can result in thickening of debris and an increase in debris
extent?’, the effects of debris on glacier melt may even increase over
the course of the century.

To conclude, HMA is consistently warming more rapidly than the
global average. The differences in impact on the glaciers of HMA
between the ambitious 1.5 °C target and the RCP4.5, RCP6.0 and
RCP8.5 scenarios are large, and may well represent the difference
between sustaining the glaciers for generations to come and losing the
majority of Asia’s glacier ice mass by the EOC. The presence of debris
may in some regions provide considerable retention of glacier mass,
but clearly policy decisions can make a difference and for the survival
of the HMA glaciers it is essential to minimize the global temperature
increase. To meet the 1.5 °C target will be a task of unprecedented dif-
ficulty and even then, 36 - 7% of the ice mass in HMA is projected to
be lost by the EOC.

Online Content Methods, along with any additional Extended Data display items and
Source Data, are available in the online version of the paper; references unique to
these sections appear only in the online paper.
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METHODS

Debris classification. The extent of debris cover on HMA glaciers was mapped
for the entire area within the glacier outlines defined in the RGI5.0® for the RGI
regions Central Asia, South Asia East and South Asia West. Debris-free ice was
distinguished from debris-covered ice by using a normalized difference snow
index?® (NDSI). We calculated the NDSI from a Landsat 8 OLI composite that
was produced by a pixel-wise selection of the scene with the highest brightness
temperatures of thermal infrared (TIR) band 10 in the Landsat 8 top-of-atmosphere
reflectance archive. The procedure, performed in Google Earth Engine?, ensures
a composite image that has: (1) no cloud cover, as clouds are colder than both
snow and debris; (2) the smallest amount of shadow, as shadows are colder than
sunlit terrain; and (3) the smallest amount of snow-covered debris, because debris
is warmer than snow. Pixels were classified as debris for an NDSI below 0.25,
a threshold determined by visual comparison of classification results with the
imagery. A maximum slope constraint of 24° was set for debris cover*® on 1 arcsec
Shuttle Radar Topography Mission elevation data®! (SRTM) to prevent misclassifi-
cation of rock outcrops as debris, which set 23% of the pixels in the debris-covered
class to debris-free.

Supraglacial ponds and lakes are often present on debris-covered tongues and
are generally associated with the presence of ice cliffs. Recent findings have revealed
that ponds and cliffs may accelerate local melt considerably®?, and are thus impor-
tant to include in the analysis. Pond classification was performed by applying an
upper threshold of —0.1 to the normalized difference vegetation index®® (NDVT)
for pixels classified as debris. A maximum slope of 20° and minimum bright-
ness temperature of 10°C were set as secondary constraints. Ponds misclassified
as debris-free ice were identified by selecting connected groups of fifty or fewer
debris-free pixels, and applying the same secondary constraints.

Classification accuracy was evaluated visually for a 1,000-pixel sample. A total
of 800 samples were equally distributed over the classes debris-covered ice and
debris-free ice in a stratified random sampling procedure. A 200-pixel sample
was taken for the less abundant supraglacial lake class. The overall classification
accuracy is 91% (Supplementary Table 2).

Ice thickness modelling. To obtain region-wide glacier thicknesses, we imple-
mented the GlabTop2 model'®** using RGI glacier outlines and the SRTM data set
(Supplementary Fig. 3). The model calculates ice thickness for each pixel within a
glacier outline using a basal shear stress estimation and local slope. All calibrated
input parameters of the model'® were maintained, except the spatial density of
random points for which the thickness is calculated in the GlabTop2 algorithm.
This was reduced by a factor of 9 to account for the difference in spatial resolution
of the elevation data sets used in the original study'® (3 arcsec) and in this study
(1 arcsec). This resulted in approximately the same number of random points per
glacier in both cases. In addition, we have improved the computational efficiency of
the model by calculating the local slope using a circular neighbourhood filter. The
radius of this circular filter is a function of the glacier size, but constrained between
30 and 300 m. The minimum slope that is used in the thickness calculations was
set to 2° to prevent unrealistically thick ice for the mountain glaciers of HMA.
Mass balance gradient and mass redistribution model. Concept. To model each
glacier in the study area, we developed a mass balance gradient (MBG) model®
in combination with a mass redistribution component. The model concept is
illustrated in Supplementary Fig. 4. We constructed the MBG model, in which mass
balance is expressed as a function of elevation, based on 6-25 equal elevation bands,
depending on a glacier’s area. Glaciers with an area of less than 0.4 km? were dis-
carded from analysis, as a minimum number of pixels is required per elevation band
to enable model simulations. In total, only 9.8% of the area and 0.7% of the volume
were excluded from the analysis (Supplementary Table 1, Supplementary Fig. 1).

The annual ablation at the terminus (metres water equivalent per year) is
calculated by

b, =DD x DDE® (1)

where DD is the mean annual positive degree-day sum obtained from the
WATCH-Forcing-Data-ERA-Interim data set®® (WFDEI) over the period
1996-2014, downscaled using SRTM and a temperature lapse rate of 0.0065°C m™".
DDFC is the degree—day factor for debris-free (clean) ice®®. Mass balance for the
remaining elevation bands is determined by applying a linear MBG with respect
to elevation:

db
bi=b1+ (zi—z21)—— (2)
dz
where z; is the surface elevation of elevation band i.

The annual maximum accumulation is constrained by the mean annual precipi-
tation at each glacier (byux = P). Here the ERA-Interim reanalysis data®” for the
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period 1996-2015 was used, as high-elevation precipitation is represented better
in ERA-Interim than in other large-scale reanalysis products®*%%,

Debris on glaciers is generally thin at higher elevations and thickens towards
the terminus. To incorporate a spatially variable melt reduction that corresponds
to these different debris thicknesses', we applied a simplified surface temperature
inversion method?>4%4!, Surface temperatures were derived from TIR band 10
of the Landsat 8 composite by correcting for emissivity using the ASTER global
emissivity product. For the debris-covered area of a glacier, we assumed that the
lowest surface temperature corresponds to a debris thickness of 1 cm, and that
the 95th percentile corresponds to thick debris?®**1-43 (Supplementary Table 4).
Following from the nonlinear relation between thickness and temperature reported
in literature®>04!, we estimated debris thickness using exponential scaling:

T Tinin)lnimax

h= e( TP95*)Tmin ®)
where / is debris thickness in cm, T'is the surface temperature, Ty, is the minimum
surface temperature of the debris, /i,y is the thickness that corresponds to the 95th
percentile surface temperature, and Tpos is the 95th percentile surface temperature.
A map of melt reduction was subsequently produced using a relative relation
between debris thickness and ablation, which was constructed using data from the
literature'**>-*7 (Supplementary Fig. 5). To account for the high melt observed for
surface features on debris-covered glaciers we have attributed a melt enhancement
factor to supraglacial ponds that is ten times as high as the melt of thick debris,
based on detailed research on a debris-covered glacier in the Himalaya®2.

For each elevation band, we calculate an effective degree—day factor DDF,; from
the fractional class coverages of each band and their respective melt factors. This
is used to calculate a corrected negative mass balance using:

4)
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Given a terminus ablation defined by the degree-day sum, maximum accumula-
tion defined by precipitation and the mass-balance debris correction (equation (4)),
the slope of the mass balance gradient db/dz (metres water equivalent per year per
metre) is determined by minimization (Supplementary Fig. 4) of:

2

[Z (bia;) — Bobs (5)

i=1

with By being the observed glacier mass balance, which is discussed in the next
section, and a; the surface area of elevation band i.

The determination of db/dz by minimization of equation (5) resulted
occasionally in unrealistically low ELAs, especially for large glaciers in low-
precipitation regions. This is largely due to an underestimation of the high-altitude
precipitation for such glaciers, which is a known issue of the gridded climate
products®. To correct for this issue, we increased the maximum accumulation of
a glacier iteratively (up to a maximum of 3,000 mm) until the modelled ELA was
at least greater than the 25th percentile of its SRTM elevation.

Regional observed mass balance. Data on recent glacier mass balances in HMA are
relatively sparse. To obtain a region-covering data set we have therefore compiled
recent regional mean mass balances and inter-glacier mass balance variability from
multiple remote sensing and in situ studies™*!?>48-52 (Supplementary Table 3). The
regional mass balance data were converted to a grid of points at an equidistance of
approximately 1°, covering only the regions for which data were available. Kriging
interpolation of the points was performed subsequently to obtain coverage for
the entire HMA. The final regional data were acquired by aggregating the inter-
polated product. A comparison with regional mass balance data sets that are less
complete®”3 (Supplementary Fig. 15) shows there is overall agreement, but also
that there are some clear differences. This indicates that there is still a need for a
more consistent and comprehensive mass balance data set for the entire HMA.
Future climate implementation. To simulate future changes, we shifted the calibrated
present-day mass balance curve using the temperature sensitivity of the ELA%,
which can range from about 55 to 200m °C ! depending on local climate, and a
projected temperature trajectory between the present and the EOC (Supplementary
Fig. 8). The maximum accumulation of a glacier was changed according to
projected changes in precipitation for the same period (Supplementary Fig. 9).
The ensemble of temperature and precipitation projections that was used was
compiled from all GCMs for all representative concentration pathways (RCPs)
within the CMIP5 multi-model ensemble” (n =110, Supplementary Table 5). From
the ensemble, we have selected models for the 1.5°C scenario that have a global
temperature change between pre-industrial (1851-1880) and the EOC (2071-2100)
0f 1.4-1.6°C (n=6).
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For the GCM runs, we extracted grids of the projected changes in average air
temperature and precipitation between present (1996-2015) and multiple future
time slices of five years (2006-2010, 2011-2015, ..., 2096-2100). The GCM grids
of varying spatial resolution were all interpolated to 0.05° resolution. The changes
for temperature and precipitation were superimposed on the reference climatology,
that is, mean WFDEI temperature (1996-2014) and mean ERA-Interim precipita-
tion (1996-2015), to generate the relative changes with respect to the present day.
To obtain the final forcing input for the MBG model, a moving window average was
determined for each of the 5-year slices to obtain moving 30-year climatological
changes, which were subsequently interpolated to a yearly time series.

Dynamic mass redistribution. Ice mass redistribution within individual glaciers was
performed using a lumped parameterization of ice flow™ to each elevation band i:

Q= xa;H}Vz] (6)

where Q; is the volume that flows to the elevation band below, a; the surface area, H;
the mean ice thickness, and Vz; the gradient of the glacier surface at elevation band i.
Parameter x describes ice rheology and governs the flow rate. It was determined
separately for each glacier at the first time step by optimization of the unknown
Vz;. This can be performed by constraining the optimization by (1) the glacier
length defined in the RGI database, (2) a stagnant glacier terminus (Q; =0),
(3) the observed mass balance and (4) the degree-day sum and precipitation. Using
this procedure, an optimal combination of the unknown Vz; and y is found that
satisfies the glacier hypsometry, mass balance and the external forcing. Based on
mass balance b; of an elevation band that follows from the mass balance curve,
and the computed ice flux, the ice thickness is updated each time step for each
elevation band.

The model runs were performed transiently for the period 2005-2100 with
a yearly time step. At each time step b; was updated according to the translated
mass balance curve and mass was redistributed. After calculating new volumes
for each elevation band, a; was updated using the exact volume-area relation for
each band i, which was determined separately for each band from the modelled
glacier bed shape, that is, the ice thickness, by fitting a predictive spline model at
the first time step. Cross-sections and maps that show examples of modelled ice
thickness over time are presented in Supplementary Figs 7 and 11, respectively.
In addition, animations of modelled ice thickness are available as Supplementary
Videos for a selection of glaciers.

Glaciers can have elevation bands that have much lower volumes than the rest
of the glacier, for example, at ice falls. Consequently, the ice flux through these
bands can be a multiple of the ice volume present in the band itself, which cannot
be resolved properly within the model time step and results in numerical instability.
To counteract this, we have constrained the net flux of an elevation band to 20% of
its initial ice volume; however, mass is conserved by iteratively transferring excess
to adjacent lower elevation bands. The value of 20% is the largest threshold that
resulted in numerically stable simulation.

The model concept does not allow ice to advance beyond the initial glacier
extent. To account for glacier advance, all excess ice volume is captured in the
lowest elevation band. Surface area and ablation rate for the band are adapted
proportionally to the excess volume. In absence of any knowledge about the bed
shape of lower elevation bands, we have chosen to calculate the increase in area
caused by excess mass using a linear relation between the volume and area of a
glacier. The extent to which an advance reaches lower elevation bands that are
outside the glacier’ initial extent is governed by the ratio between the advancing
volume and the mean volume of all elevation bands, that is, the advance reaches
exactly one elevation band lower if the volumes are equal. Finally, the ablation of
the lowest elevation band is scaled using the mass balance gradient to incorporate
the advance.

Uncertainty. To express the uncertainty in the model parameters, we applied a
Monte Carlo approach to the MBG model (Supplementary Fig. 6) in which we
sampled five different model input variables: (1) degree-day sum, (2) maximum
precipitation, (3) degree—day factor for debris-free ice, (4) debris thickness and
(5) observed regional mass balance. Sampling means, standard deviations, ranges
and distributions are presented in Supplementary Table 4. Following deterministic
runs for each climate model projection that use the mean parameter values as input,
we drew ten random combinations of input parameters for each of the 110 climate
model projections of each modelled glacier. This yielded a total of 1,210 different
model realizations per glacier.

Model validation. The accuracy of the model dynamics was evaluated using two
independent data sets. We first used a geodetic data set of elevation changes®
(dH) for the period 1999-2011 to compare observed and modelled dH of the
ablation zone for eight separate regions. The model was forced with current climate
conditions and run for ten years. Regional mass balances for the validation run
were taken from the validation data set itself (Supplementary Fig. 15) to enable

optimal evaluation of the model dynamics. There is generally good agreement
between modelled and observed dH on a regional level (Supplementary Fig. 16a),
for both debris-free and debris-covered glaciers. Apart from compensating effects
that can never be ruled out if individual processes are not monitored separately
at individual glaciers, this indicates that accumulation, ablation, debris effect, and
mass redistribution are well represented in the model at the regional scale. There
is, however, large variability within the regions (Supplementary Fig. 16a), and at
the glacier scale there can be differences between observed and modelled dH.
This is inevitable, however, since the large differences in glacier-specific boundary
conditions caused by complex local topography and climate are impossible to
model with the data that are currently available. For interpretation of the model
results, regional aggregation is therefore important.

For a second validation of the model dynamics, a data set of satellite-derived
frontal changes of 255 glaciers® distributed over six regions in the HMA was
compared with the model results. The model, being based on a lumped approach,
cannot provide frontal changes directly. We have therefore estimated the changes
in the terminus position by linear scaling of the length of the lowermost elevation
band (or multiple bands in the case of disappearance of the lowermost band) by
its relative volume loss. Again, a ten-year model run forced by current climate
conditions was used, but now with the original mass balances (Supplementary
Table 3). Supplementary Fig. 17a shows that the observed and modelled frontal
changes are generally in agreement. There is disagreement for the Karakoram and
West Kun Lun, which is likely to be caused by the abundance of surging glaciers
in the Karakoram, a process not incorporated in the model, and the very minimal
mass balance forcing used for the entire West Kun Lun.

To determine whether the glaciers” ablation and accumulation are well

represented in the MBG model procedure, we have also compared the ELAs that
follow from the MBG fit with reported regional ELA* and snowline elevation®
estimates. For both data sets, the modelled ELAs agree well (Supplementary
Figs 16b, 17b), indicating that boundary conditions and model processes that
are part of the MBG fit, for example, degree—days, precipitation and debris melt
reduction, are of the correct magnitude.
Code availability. The Google Earth Engine classification code (JavaScript) and
the model code (R) are available at http://github.com/kraaijenbrink/nature-2017.
Data availability. Supplementary data can be downloaded from http://www.
mountainhydrology.org/data-nature-2017. This includes grids per glacier of the
debris classification and ice thickness, model forcing data, and region-aggregated
data in vector format. Other relevant data are available from the authors upon
request.
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