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1. Data collection

In this study, we use (1) climate and hydrological data observed by government agencies and (2) glacier
evolution data derived from models. For climate data, observed minimum temperature (Tn, °C),
maximum temperature (Tx, °C) and precipitation (P, mm) were extracted at a daily timescale between
1965 and 2018 from the Météo-France weather station network. Climate data are measured with
Météo-France weather station equipment?. The daily mean temperature T2 (°C) was computed as T2
= (Tn+Tx)/2, and potential evapotranspiration (ETo) was estimated using the Thornthwaite formula?.
For the runoff of the Arve river, we used observed daily discharge (m3/s) at the Sallanches outlet from
1965 to 2018 as provided by the Banque Hydro France. Daily discharge is the mean of all the discharges
on a given day. The record is slightly perturbed by the presence of the Emosson dam at the border
between France and Switzerland: this perturbation is intermittent, and reaches at most 10% of the
total runoff recorded in Sallanches. The relative perturbation is much larger closer to Chamonix, up to
30% at the “Pont des Favrands” outlet, hereby explaining why this second outlet was not considered.
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Supplementary Figure S1 | Changes in glacier area and frontal elevation for glaciers in the Mont Blanc Massif
between 2015 and 2100. The bold coloured lines correspond to the multi-simulation mean, while the thin grey
lines represent the individual simulations (RCP4.5 and RCP8.5). Individual simulations correspond to the glacier
evolution modelled with GloGEMflow under different RCM simulations from the EURO-CORDEX ensemble. For
more information concerning the glacier model and the simulations, refer to Zekollari et al. (2019)>.



The 2006-2100 evolutions of the areas and frontal elevations of the 8 studied glaciers under RCP4.5
and RCP8.5 are derived from Zekollari et al.® (Supp. Fig. S1). These data are computed using the
GloGEMflow glaciological model, which consists of a surface mass balance component and an ice flow
component that are combined to calculate the glacier’s temporal evolution. The model explicitly
accounts for ice dynamics, which is generally neglected in hydrological models*°. The glacier evolution
is calculated from high-resolution RCM output, downscaled from GCM output. This contrasts with the
climatological data used in this study, which come from bias-corrected and statistically downscaled
GCMs. The modelled future glacier evolution is however strongly driven by the RCP and results
obtained when forcing the glacier model with RCM data (in Zekollari et al., 2019)3 vs. GCM data directly
(in Marzeion et al., 2020)® were shown to be very similar.

2. CMIP5 Earth System Models

In this paper, 16 global climate models are selected among the 39 reported in the Fifth Assessment
Report of the IPCC’. The outputs of these models are used as climate inputs to the hydrological model,
and the selection is based on the availability of the requested simulations (historical, RCP4.5 and
RCP8.5) and variables (daily Tn, Tx and precipitation). All data are available at daily timescale. The 16
models and the institution in charge of the models developments are listed here:

- ACCESS1-0 and ACCESS1-3: CSIRO (Commonwealth Scientific and Industrial Research
Organisation, Australia), and BOM (Bureau of Meteorology, Australia), Australia

- CanESM2: Canadian Centre for Climate Modelling and Analysis, Canada

- CNRM: Centre National de Recherches Météorologiques / Centre Européen de Recherche et
Formation Avancées en Calcul Scientifique, France

- GFDLCM3, GFDLM2G, GFDLM2M: Geophysical Fluid Dynamics Laboratory, USA

- INMCM: Institute for Numerical Mathematics, Russia

- IPSL-CM5A-LR, IPSL-CM5A-MR, IPSL-CM5B-LR: Institut Pierre-Simon Laplace, France

- MIROC, MIROCS5: Atmosphere and Ocean Research Institute (The University of Tokyo), National
Institute for Environmental Studies, and Japan Agency for Marine-Earth Science and
Technology, Japan

- MPI-LR, MPI-MR: Max Planck Institute for Meteorology (MPI-M), Germany

- MRI: Meteorological Research Institute, Japan

The RCP4.5 forcing is a rather optimistic scenario while RCP8.5 forcing is the most pessimistic one. The
climate data are extracted at the nearest grid point of the Chamonix station using historical model runs
for the period 1965-2005 (that is the period for which daily river discharge records are available), and
whilst RCP simulations for 2006-2100.

3. CDFt downscaling: general principles and application to CMIP5 simulations

For impact studies, such as glacier hydrology, it is necessary to correct climate model outputs and
remove their bias. To do this, the Cumulative Distribution Function method (CDFt)®° is used. It basically
consists in a statistical downscaling procedure using the cumulative density functions (CDF) of the
modelled and observed variables. The first step is to find a relationship between the CDF of the data
observed at the weather station and the CDF of the modelled data (at coarse resolutions, and over the
same period). This relationship is a transfer function. Then, assuming persistency, the same transfer
function is applied to adjust the CFD of the future modelled data. These refinements allow for a
reduction of biases but perturb the energy, mass and momentum conservations in the model outputs.
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In this study, the CDFt method is independently applied to daily Tn, Tx and P. The so corrected variables
are then used for computing the daily mean temperature and ET,.

4. GSM-Socont hydrological model

4.1 Model presentation

GSM-Socont is a conceptual reservoir-based model having the mean temperature T2 (T2 =
TmintTmax
2
with daily resolution. The choice of this relatively simple model is motivated by the scarcity of

, precipitation and potential evapotranspiration o as Input variaples. e model runs
ipitation P and potential t iration ETo* as input variables. Th del

meteorological data available in the analysed watershed. In addition, simpler hydrological models are
preferable in the analysis of the hydrological responses of a watershed in the long term, as they were
shown to optimally predict hydrological variables'®.

The catchment is represented as a set of spatial units, assumed to have a homogeneous hydrological
behaviour. The model has two levels of discretization. The first level corresponds to the separation
between ice-covered and not ice-covered part in the catchment. Each of these areas is characterized
by its surface and its hypsometry. The second level of discretization consists in dividing the ice-free and
glacierized parts into elevation bands (we choose a distance of 250m in elevation bands). For each
band, precipitation and temperature time series are interpolated according to their mean elevations
using constant vertical gradients.

Water runoff is computed separately for each band, and for ice-covered and ice-free areas. For the
total catchment, the mean specific runoff Q (mm.d™) on a given day is given by:
2
1
Q= —Xzzai,j X Qi)
aC . .
i=1j=1
where i is an index for each of the two parts of the catchment an j an index for each of the n; elevation
bands in part i. a; (km?) is the area of an elevation band j belonging to the catchment part i, and Qi)
(mm.d?) is the mean specific runoff from this spatial unit. a, (km?) is the area of the entire catchment.

For each elevation band, the temporal evolution of the snow pack is computed through an
accumulation and melt model. The state of precipitation (solid or liquid) is determined by a
temperature threshold:

Psnow = Prot Pliq =0, T<T,
Psnow =0, Pliq = Prots T =T,

where P, (mm.d™) is the total precipitation on a given day, Py, (mm.d™) is the solid and Py;; (mm.d-
1) is the liquid precipitation. T (°C) is the mean daily air temperature and T, (°C) is a threshold
temperature, set to 1°C in this study with a temperature interval of 2°C in which transition between
snow and rain occurs. The potential snowmelt M, ;0w (mm.d?) is computed with a degree-day
approach :
M — {asnow(T - Tm)' T> Tm
p.snow 0, T <T,
where ag,,, is the degree-day factor for snowmelt (mm.d?.°C?) and T, the threshold temperature
for melting, set to 0°C. The actual snowmelt Mg,,,,, (mm.d™) is computed depending on the available
snow height H; (mm water equivalent). This degree-day approach is also used for the ice melt
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computation, replacing all subscripts “snow” by “ice” in the equation. The snow and ice melt
computation requires to calibrate two parameters: the degree-day coefficients for snow agy,,, and ice

QAice-

For the ice-covered part of the catchment, the runoff model consists of a simple linear reservoir
approach®2. Two parallel linear reservoirs are used, one for snow and one for ice. Snow and ice melt
are turned into runoff by linking the water volume of each reservoir to the runoff with a coefficient
that needs to be calibrated (k;., and kg0, ). We assume that ice melts only when all snow of a given
elevation band has disappeared. Total runoff of the ice-covered area is the sum of snow and ice melt
(Qsnow + Qice, Mm3.s?). For the ice-free part of the catchment, the model computes an equivalent
rainfall (mm.d?) corresponding to the sum of liquid precipitation and snowmelt for each elevation
band. The equivalent rainfall-runoff transformation is carried out through a conceptual reservoir-based
model®3. It is composed of a linear reservoir for the slow contribution of soil and underground water,
and a non-linear reservoir for direct runoff. The slow reservoir has two possible outflows, the base flow
and the actual evapotranspiration. The effective rainfall as well as the actual evapotranspiration are
conditioned by the filling ratio Sg;,,,/A of the slow reservoir, where Sg;,,, (mm) is the actual storage
and A (mm) is its maximum storage capacity. The base flow Q}4s.(m>.s?) is related linearly to the actual

storage through the reservoir coefficient k. The quick-flow component Qgyick (m*.s?) is modelled
1 5
through a non-linear storage-discharge relationship Qgyick = B X Jz X H3 where ] is the slope of the

catchment, H the actual storage of the reservoir and the parameter 8 requires calibration. The total
runoff from the not ice-covered part of the catchment corresponds to the sum of the quick and the
base flows. The mean specific runoff for each elevation band is the sum of their ice-covered and ice-

free parts: Qi,j = anow + Qice + Qbase + Qquick-

Overall, GSM-Socont has 7 parameters to calibrate: agnow, Qicer Ksnowr Kice» 4, Ksiow and . The
calibration procedure is detailed in the next section.

A file with detailed characterization of the catchment and settings is also needed and contains:

- The temperature lapse rate (—0,57°C/100m), obtained from a linear regression of mean daily
temperature observations from the Chamonix (1042m), Sallanches (541m) and Aiguille du Midi
(3845m) meteorological stations;

- The precipitation gradient, interpolated with a linear regression using daily precipitation
recorded at Chamonix and Sallanches, and equal to + 2,7%/100m;

- The threshold temperature between rain and snow, set to 1°C?;

- The temperature interval in which transition between rain and snow occurs, set to 2°C;

- The elevation of the weather station where the daily T2 and P amount were measured, equals
here to 1042m for Chamonix station;

- The total catchment basin area (658km? here);

- The present proportion of ice-covered part of the catchment basin (16%);

- The mean slope of the ice-covered part of the catchment basin (0.57);

- The number of elevation bands used for the ice-covered part of the catchment (15 here);

- The number of elevation bands used for the non-ice-covered part of the catchment (62).

Two hypsometric information for each of the two parts of the basin (ice-covered and ice-free) is needed
as input as well. The spatial discretization is based on a digital elevation model with a resolution of 25m
(IGN). Glacier outlines are taken from the Randolph Glacier Inventory*,



4.2. Model calibration

The model has been calibrated using observed meteorological data from 01/01/1987 to 31/12/2001,
that is the longest availability period of both hydrological and meteorological records. Outflows are
also simulated for the period 01/01/2010 to 31/12/2017, for which observations are available to
validate the model (observations during that period were not used for model calibration). For all
simulations, the first two years are discarded since they correspond to the spin-up of the model.

An initial parameter set is chosen among 10,000 randomly generated sets'®. Criteria used to select this
set are the bias between simulated and observed discharge V., the Nash criterion Nash, and a Nash
criterion calculated on the log values of the discharges Nash, :

Vea = zn:(Qmes,i — Qsim,i) X (zn: Qmes,i) ™"
i=1 i=1
Nash =1 — z(QmeS,i - Qsim,i)z X (Z(Qmes,i — Qmes)H ™

Nashipg = 1- Z(ln(Qmm) ln(QmJ)Zx(Z(ln(Qmm Zln(Qmes,))) :

where Qs is the observed discharge and Qg ; is the simulated discharge on day i. n is the number
of days of the simulation period. The bias V,; provides information about the error between observed
and modelled runoff. Nash criterion informs about the quality of the simulation during peak runoff,
especially during the ablation season, and Nashiog criterion informs about the quality of the simulation
of the base flow'. Nash and Nashe criteria vary between —oo and 1, and tend towards 1 when the
simulation get close to reality. The choice of the initial set according to these criteria is based on the
following steps: i) we retain all parameter sets with V,;<0,02; ii) we then retain the 1% best sets
according to the Nash criterion; and iii) the 1% best sets according to the Nashog criterion. If more than
one set is retained, we reiterate by lowering the thresholds for steps ii) and iii). For the random
generation, the parameters are supposed to be uniformly distributed within an interval based on the
results of case studies (given in Supp. Table S2).

PARAMETER UNIT MIN. MAX. REFERENCE
VALUE VALUE
QAjce mm.dt.°C? 5,0 20,0 Rango et Martinec, 1995; Singh et al., 2000%’;
Asnow mm.di°ct 1,3 11,6 Hock, 2003
ki d 0,2 15,0 Baker et al., 1982%2; Klok et al., 2001%°
Ksnow d 4,0 18,0 Baker et al., 1982%2; Klok et al., 2001%°
A mm 10 3000 Consuegra et al., 1998%; Guex et al., 20022
log(k) log(1/h) -12 -2 Consuegra et al., 1998%; Guex et al., 2002%
B m*3.st 100 30000 Consuegra et al., 1998%% Guex et al., 2002%*

Supplementary Table S2 | Parameter intervals used for random generation and reference case studies.

Based on this first-guess, all parameters are optimized by varying one or two of them (regarding their
role in the simulation) while keeping the others constant. For each parameter, or couple of parameters,
the optimization criteria defined in Schaefli et al 2005 are used. The order of fine-tuning is motivated
by the model sensitivity to the 7 model parameters.



- Qgnow and a;.. determine melting and have therefore a large influence on modelled outflows:
the mean annual discharge bias (V,;) is used as an objective function for their identification.
At second order, their choice can be based on an additional metric, the Nash criterion — with
always ajce>Asnow ™

- Aand kg, influence the base flow: the Nash,,, criterion is the most appropriate here;

- ksnow and k;.. are optimized using the Nash criterion calculated for the period of snow and
ice melt (15 July to 15 September) — with always k;co<Kspow>;

- B influences the skill during precipitation events: optimization is based on the Nash criterion
calculated over all days that satisfy the following conditions i) the ratio between the maximum
discharge and the minimum discharge observed during the 3 days period including the
preceding, the current and the following day, is higher than 1.5 and ii) the total rainfall over

the same period is higher than 10mm.

Couples of parameters are calibrated by varying their values within a smaller interval than that used
for the random set. As an example, values of the ag,,,, and a;.. couple are approached to the unit by
computing statistical criteria for several simulations in which ag, ., € [1: 20] and a;., € [1:20] and
vary with a step of 1. This represents 20x20 = 400 model runs for all the years chosen for the calibration
period. Then the couple values are refined using a smaller step (here 0.01). This method is repeated
for each couple of values mentioned above.

4.3. Outflow modelling

After model calibration, parameters are used to simulate runoff at the Sallanches outlet, for both
historical and future periods. In a first step, a reconstructed runoff based on climate observations is
obtained using Météo-France data from 1965 to 2018. The ice-covered part of the catchment is
considered as constant. To test the impact of this assumption, two outflow series are simulated
between 1965 and 2018: one using the 1967 glacier extent and one using the extent of 2004, The
root-mean-square error (RMSE) between both series equals 0.45% of the total runoff, suggesting that
the effect of the constant-glaciers assumption is negligible. This implies that, over the recent decades,
the decrease in ice-cover did not significantly modify water discharge as recorded at the Sallanches
outlet. Hence, glacier outlines are set to their 2004 extents for all past simulations.

In a second step, the discharge is modelled from 1965 to 2100 using CMIP5 climate forcing under
RCP4.5 and RCP8.5. The ice-covered area is expected to strongly decrease until 2100 and (Supp. Fig.
S1), to take this effect into account, the ice-cover is updated in the hydrological model every 5 years
(Supp. Methods Section 1).

5. Disentangling climate change and glacier retreat effects

Idealized simulations are designed to quantify the characteristic time response of the direct response
of runoff to climate change (warming enhancing melting processes), and that of the indirect response
(glaciers retreat, which decreases runoff in return). The numerical experiments consist in modelling
runoff either using climate changing and glacier constant or using constant climate and glacier retreat.

The first part of the experiment consists in running GSM-Socont using CMIP5 climate variables under
both scenarios RCP4.5 and RCP8.5. and 2006 glacier extent as inputs. Thus, simulated runoff assesses
the direct effect of climate change on melting processes.



The second part of the experiment consists in running GSM-Socont using evolving glacier extent under
both scenarios RCP4.5 and RCP8.5 — as it is done in the transient simulations (Supp. Methods Section
4.3.) — and constant climate inputs. To that end, low-frequency variability in the CMIP5 climate
variables, i.e. temperature and precipitation, is first filtered out to remove all long-term trends to the
data. Evapotranspiration is then re-calculated using these detrended series. Thus, simulated runoff
assesses the direct effect of glacier retreat on melting processes.

Supplementary Results

1. Calibration Results
Supp. Table S3 presents the 7 optimal parameters retained after the calibration discussed above.
Ajce Asnow lOg kslow A B kice ksnow

5 4,8 -8,4 487 8080 1,1 4

Supplementary Table $3 | Model coefficients retained in this study for the Sallanches catchment.

Calibration period R? Vea Nash Nashy,,
1 Jan 1989-12 Dec 2001 0,92 0,012 0,81 0,86
Evaluation period R? Vea Nash Nash,,,
1Jan 2012-31 Dec 2017 0,92 0,00062 0,84 0,86

Supplementary Table S4 | Model evaluation.

Supp. Table S4 shows the skill scores computed for the calibration and the validation periods. These
scores are within the interval given in Supp. Table S2), with V/,; < 0,02, and the two Nash criteria close
to 1. The same conclusion is reached for the evaluation period. The GSM-Socont hydrological model
shows a good overall performance for the daily discharge simulation over the calibration and the
validation period (Supp. Table S4). Thus, the model reproduces well the observed outflow (Supp. Fig.
S5).
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Supplementary Figure S5 | Daily runoff in Sallanches (m3.s?), period 1989-2001. Blue curve: observed runoff.
Red curve: simulated runoff.

Coefficients Spring ' Summer Autumn Winter
Pearson’s correlation coefficient (inter-annual variability) 0,82 0,53 0,77 0,58
Linear regression coefficient (low-frequency trends) 0,81 0,47 0,75 0,52

Supplementary Table S6 | Seasonal calibration period coefficients depicting the quality of the simulation

The root-mean-square error between observed and simulated runoff is about 30% of the mean
observed runoff over the calibration period. The coefficient of correlation is around 0.84, which
denotes a strong co-variability between observed and simulated runoff. Supp. Table S6 shows a good
Pearson’s correlation coefficient between annual mean simulated and observed runoff in summer,
inter-annual variability is thus well reproduced in this season. The linear regression coefficient between
the same data suggests that summer trends are thus under-estimated during the calibration period.
The quality of the simulation of the annual variability and trend is the best in spring, when Pearson’s
correlation coefficient and linear regression coefficient are the highest. Supp. Fig. S5 shows the good
fit between the observed and simulated time series during the calibration period, despite some peak
flows that are not well reproduced, in winter for instance.



2. Contribution of the ice-covered part of the catchment to the total outflow

Daily mean runoff (m? s') in Sallanches
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Supplementary Figure S7 | Daily mean runoff in Sallanches (m3.s?), period 1967-2018.

The hydrological regime of the Arve river in Sallanches is typical of mid-latitude glacier rivers (Supp.
Fig. S7). In winter, runoff is stationary and quite low (10m?3.s%). It starts to increase in April during the
transition period of boreal spring. From June to September outflows reach 60m?3.s, during the glaciers
ablation period. Autumn is a second transition period with runoff decreasing back to its low water
(winter) level.

Separating runoff from the ice-covered part and ice-free parts of the watershed shows that their
relative contributions are highly variables throughout the year (Supp. Fig. S7). Runoff from the ice-free
part is the only water supply to the total runoff in winter (Dec, Jan, Feb) due to the snow accumulation
on the ice-covered part. It is still preponderant in spring (Mar, Apr, May: 75% in May), but the
contribution of the ice-covered part increases in the meantime. The latter becomes dominant in
summer (Jun, Jul, Aug: 60% in July and August) due to the maximum annual of snow- and then ice-
melting. Then, in autumn (Sep, Oct, Nov), not-ice-covered part becomes the main contributor to the
total runoff again when air temperature decrease driving snow and ice stopping melting.

3. Runoff variability

Simulated runoff is presented in the main paper (Fig. 5). In order to evaluate the time evolution of
runoff day-to-day variability (in the context of a strongly changing average), Supp. Fig. S8 presents the
daily standard deviation of the runoff forced with CMIP5 climate data from 1965 to 2100.
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Supplementary Figure S8 | (a) Daily standard deviation of the total runoff in Sallanches (m3). (b) The same for
the ice-covered part of the catchment (m3). (c) The same for the ice-free part (m?3). Every month’s section is a
1967-2100-time series of standard deviation. Blue colours: historical (Hist) simulations, period 1967-2018. Each
point represents the day-to-day standard deviation for each month of each year, the curve shows the evolution
trend smoothed with a quadratic model. Green colours: the same for the RCP4.5 simulations, period 2008-2100.
Red colours: the same for the RCP8.5 simulations, period 2008-2100.
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The standard deviation of the total daily runoff increases in winter and strongly decreases in summer
over the century (Supp. Fig. S8a). Standard deviation decreases from 6x10°m? to 2x10°m? in August
under RCP8.5. Runoff variability could vary therefore the same way as its average by 2100. Runoff
variability from the ice-covered part significantly decreases as well, especially from May to September
(Supp. Fig. S8b). It could be due to the large decrease of the ice-covered area itself, involving a decrease
of the runoff coming from this part of the catchment. In contrast, runoff variability from the non-
glacierized part slightly increases from January to December in the future (Supp. Fig. S8c), which could
be linked to associated area, and/or to an increasing proportion of liquid precipitation in winter, causing
rapid discharge. Changes in the standard deviation could be also explained by the 0-bounded
distribution, its values increasing thus when the average increases. Another hypothesis involves a
change in the standard deviation of climate variables influencing runoff in the future. These hypotheses
are tested below.

4. Temperature and precipitation variability

Evolutions of mean seasonal temperature and cumulative seasonal precipitation are presented in the
main paper in Fig. 2. Seasonal standard deviation of precipitations and temperatures (winter and
summer) are shown in Supp. Fig. S9 to test the hypotheses mentioned above.

(a) Temperature daily std.dev. (°C) — Winter ., (b) Temperature daily std.dev. (°C) — Summer
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Supplementary Figure S9 | (a)(b) Daily standard deviation of winter and summer temperatures (°C). (c)(d) Daily
standard deviation of winter and in summer precipitations (mm). Yellow curves: observations at the Chamonix
station, period 1965-2018. Blue colours: historical (Hist) simulations, period 1967-2005. The solid curve shows
the ensemble mean, the colour shading extends to + 1 standard deviation to show model uncertainties. Green
colours: the same for RCP4.5 simulations, period 2008-2100. Red colours: the same for RCP8.5 simulations, period
2008-2100.

Standard deviations of the precipitation amounts slightly increase in winter and slightly decrease in
summer (Supp. Fig. S9¢, d), following the evolution of cumulative precipitations (Fig. 2). Precipitations
being bounded by 0 and discrete in time and space, are therefore very sensitive to mean changes.
Standard deviations of temperatures slightly decrease in winter but increase more significantly in

summer (Supp. Fig. S9a, b). Standard deviation is around 3°C in 2006 and reaches nearly 4°C in 2100
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under RCP8.5. Temperature variability could therefore increase in summer by 2100. Standard
deviations of the temperatures and of the runoff have opposite trends in summer and in winter (Supp.
Fig. S8a and Supp. Fig. S9a, b). Standard deviations of the precipitations present weaker changes than
standard deviations of runoff (Supp. Fig. S8a and Supp. Fig. S9c, d). Thus, temperature and
precipitation variability cannot explain changes in runoff standard deviation, which leads to retain the
second hypothesis: evolution of runoff standard deviation and variability should be primarily related
to changes in the mean values.

5. Runoff future evolution under constant glacier extent

Future runoff is simulated using a variable ice-covered area. In order to show how glacier retreat affects
the results and thus the estimated runoff evolution for the future, idealized simulations are performed
using RCP4.5 and RCP8.5 climate forcing but with constant glacier areas, set to their observed 2006
and estimated 2095 extensions as obtained by Zekollari et al.3. Results are shown in Supp. Fig. $10 and
Supp. Fig. S11.

Runoff mainly changes in summer under a 2006 constant glacier area (Supp. Fig. S10a and Supp.

% in July under RCP4.5, and up to

Figlla). Total runoff increases from 1.5x10% to nearly 2.0x10%m
2.3x108m3 under RCP8.5. Under a 2095 constant glacier area and RCP4.5 forcing, runoff also slightly
increase (Supp. Fig. S10a). Temperatures are likely to rise significantly from 2006 to 2100 under the
two RCP forcing, increasing gradually snow and then ice melt (Fig. 2). Thus, runoff could rise
significantly, with a change rate logically much larger under large ice-covered fractions (that is, under
the 2006 glacier extension conditions). Under a much-reduced ice-covered area (2095 glacier
extension), snow and ice melt discharge is much lower too, and runoff changes are weaker as well.
Total runoff is even projected to decrease under a RCP8.5 forcing and a 2095 constant glacier area in
summer (Supp. Fig. S11a). The important warming occurring under this scenario could lead to a strong
increase of evapotranspiration over most parts of the watershed, especially the ice-free, lower and
thus warmer parts. It could also cause a decrease of snow amounts on the catchment, even at high
elevations experiencing much more frequent thaw events?*, acting thus to reduce snow melt.
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(a) Total runoff (m?) in Sallanches under RCP4.5 and constant glacier extent, 2008—-2100
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Supplementary Figure S10 | Monthly simulated runoff under constant glacier extension and RCP4.5 climate
forcing, period 2008-2100. (a) Total runoff (m3). (b) Runoff from the ice-covered part (m3). (c) Runoff from the
ice-free part (m3). Every month’s section is a 2008-2100-time series of discharges. Green colours: RCP4.5
simulations with 2006 glacier extension. Red colours: the same with a 2095 glacier extension.
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(a) Total runoff (m?) in Sallanches under RCP8.5 and constant glacier extent, 2008—2100
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Supplementary Figure S11 | As Supp. Fig. S10 but under RCP8.5 climate forcing.
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6. Disentangling climate change and glacier retreat effect
RCP4.5 RCP8.5

Glacierized

Non-glacierized

Supplementary Figure $12 | Monthly runoff in Sallanches (m3) under RCP4.5 and RCP8.5 and for glacierized and
non-glacierized part of the catchment. Every month’s section is a 1967-2100-time series of discharges. Black
colours: transient simulations with climate changing and glacier retreat. Each point represents the runoff for each
year, the curve shows the smoothed values. Blue colours: the same for idealized simulations with climate
changing and glacier constant. Red colours: the same for idealized simulations with climate constant and glacier
retreat.

Relative influence of glacier retreat and climate change on total catchment runoff is presented in the
main paper (Fig. 4). Runoff from the ice-covered part of the catchment follows the same evolution as
total runoff in summer, with transient runoff mostly driven by climate change (blue curve above black
curve) until 2020, and then by glacier retreat until the end of the century (red curve under black curve)
(Supp. Fig. $12) under both forcings. By contrast, runoff coming from the non-glacierized part of the
catchment computed under climate constant (red curve) is above transient runoff (black curve) in May,
June, July and August under RCP4.5 and RCP8.5 (Supp. Fig. S12). This clearly individualizes the role of
evapotranspiration: under stationary climate conditions, evapotranspiration remains stable even in
summer, which leads to a higher amount of water coming from the direct runoff on the non-ice-
covered part. As non-ice-covered area increases due to glacier retreat in the future, this phenomenon
could explain the evolution of total runoff in June under RCP4.5 and in June and July under RCP8.5 at
the end of the century (Fig. 4).
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Supplementary Figure S13 | Monthly ratio in Sallanches (m3) under RCP4.5 and RCP8.5. Every month’s section is
a 1967-2100-time series of discharges. Black colours: total catchment. Each point represents the ratio for each
year, the curve shows the smoothed values. Blue colours: the same for glacierized part of the catchment. Red
colours: the same non-glacierized part of the catchment. Ratio is the difference between runoff computed with
glacier constant and transient runoff divided by the difference between runoff computed with climate constant

and transient runoff.

This relative influence of glacier retreat and climate change can be estimated through the ratio
between, on the one hand, the difference between runoff computed with glacier constant and
transient runoff, and on the other hand, the difference between runoff computed with climate constant
and transient runoff. Significant influence of glacier retreat in the future period is highlighted out
through this analysis, showing that total catchment absolute value ratio for the total catchment rises
in June, July, August and September under both RCPs (Supp. Fig. S13). Black curves increase in a
positive way in June under RCP4.5 and in June and July under RCP8.5 up to 2100, supporting the larger
impact of evapotranspiration on runoff evolution by the end of the century. Blue curves decrease all
year long under both forcings confirming that transient runoff coming from the ice-covered part of the
catchment is mostly driven by glacier retreat by 2100. On the contrary, green curves diverge only
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slightly from 0, pointing out the larger influence of climate change and evapotranspiration on runoff
coming from the non-ice-covered part of the catchment in the future (Supp. Fig. S13).

In this section, new idealized simulations are produced to further disentangle the relative weight of
glacier retreat and temperature increase in the long-term changes in water discharge, both driving
phenomena occurring simultaneously in the real world, albeit with a different characteristic response
time (Supp. Fig. S12 and S13). Temperatures used as inputs here are observations from 1968 to 2000,
plus a temperature perturbation (from +0 to +5.6°C every 0.2°C). ldealized glacier extension is
computed by cutting off elevation band one by one every 150m from the 2004 frontal elevations and
glacier areas. In these experiments, changes in temperature and glacier area are thus defined in a
completely artificial way. Mean seasonal runoff is computed over a 31-year period for each
combination of temperature and glacier extension. Since precipitation amounts are statistically
stationary in the current period, and show only weak changes even by the end of the century under
RCP8.5, we consider this forcing as constant in these experiments, and do not assess sensitivity of
simulated runoff to idealized precipitation changes. Hence, we use the observations from 1965 to 2018
as forcing conditions. Results are shown in Supp. Fig. S14.

CMIP5 simulations runoff under RCP4.5 and RCP8.5 from 2006 to 2100 are also displayed in Supp. Fig.
$14, in order to show the trajectory used by these realistic changes in the two-dimension space
determined by the idealized prescriptions of warming and glacier size. Yet, idealized climate forcings
are not fully comparable to CMIP5 climate forcing because of the use of a simple artificial perturbation
of air temperature. Thus, runoff computed using CMIP5 simulations (green and red curves) differ from
runoff computed under idealized scenarios (blue colours). Total runoff simulated using RCP forcings are
at most 30% lower than idealized runoff in summer (blue colours), and at most 30% higher in winter.
Runoff from the ice-covered part of the catchment are at most 50% lower under RCP4.5 and RCP8.5
than under idealized scenarios. Differences between idealized scenarios and CMIP5 simulations are
higher in winter due to very low runoff during this season. Runoff from the not-ice-covered part of the
catchment are at most 30% higher than idealized runoff. Correlation between idealized runoff and
CMIP5 simulated runoff is thus not perfect, but Supp. Fig. S14 shows the trend of runoff evolution
under temperature and frontal elevation effects.
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(a) Total runoff (m®) — Winter (b) Total runoff (m* — Summer
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Supplementary Figure S14 | Mean simulated runoff over 31 years under different idealized frontal elevation (x-
axis) and temperature forcing (y-axis). (a)(b) Total runoff (m3). (c)(d) Runoff from the ice-covered part (m3). (e)(f)
Runoff from the ice-free part (m3). Green curve: RCP4.5 corresponding simulations. Red curve: RCP8.5
corresponding simulations.

Runoff is highly sensitive to temperature and glacier retreat (Supp. Fig. S14), confirming the
competitive effects between these two inter-dependent factors, as discussed in the main paper and
above. Prescribing a gradual temperature increase and a gradual retreat of the glacier independently
from each other allows us to separate the specific influences of these two factors. In winter for
example, water discharge increases due to the marked warming that causes runoff over the ice-free
part of the watershed. Winter runoff would rise by 70% under the only influence of warming (Supp.
Fig. 14a). No discharge originates from the ice-covered area, which is also more elevated and thus
colder. In contrast, in summer, runoff changes under the combined influence of both temperature and
glacier evolutions. Runoff increases by 40% with the only effect of warming, and decreases by 50% with
the only effect of the decrease of frontal elevation (Supp. Fig. 14b). The contribution of the ice-covered
area is predominant in June, July and August. Runoff from the ice-covered area evolve the same way
in winter and summer, increasing with temperature and decreasing with frontal elevation (Supp. Fig.
14c, d). The highest the frontal elevation, the smallest the ice-covered part: thus, less water comes
from this part of the catchment when glaciers retreat. Similarly, the highest the temperature, the more
intense the ice melting, acting thus to enhance the contribution from the glacierized part of the
watershed. Runoff from the ice-free part is only sensitive to temperature in winter, while it also
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depends on frontal elevation in summer (Supp. Fig. 14e, f). This illustrates the inter-dependency

between glaciers, climate and runoff, and the need to perform such experiments to separate their

respective influences.

Overlaying runoff simulated with CMIP5 climate inputs allows us to highlight the combined effects of

temperature and ice melt on runoff evolution by 2100. It is also a graphical way to replace the transient

simulations forced by two contrasted RCPs in a broader picture of possible environmental evolutions

in and around the Mont-Blanc Massif. Runoff increases in winter and decreases in summer together

with ongoing warming and increase in frontal elevation, systematically with larger magnitudes in the
changes under RCP8.5 than RCP4.5.
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