
HAL Id: insu-04303015
https://insu.hal.science/insu-04303015

Submitted on 23 Nov 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - ShareAlike 4.0 International
License

Sensitivity of Glaciers in the European Alps to
Anthropogenic Atmospheric Forcings: Case Study of the

Argentière Glacier
Léo Clauzel, Martin Ménégoz, Adrien Gilbert, Olivier Gagliardini, Delphine

Six, Guillaume Gastineau, Christian Vincent

To cite this version:
Léo Clauzel, Martin Ménégoz, Adrien Gilbert, Olivier Gagliardini, Delphine Six, et al.. Sensitivity of
Glaciers in the European Alps to Anthropogenic Atmospheric Forcings: Case Study of the Argentière
Glacier. Geophysical Research Letters, 2023, 50 (13), pp.e2022GL100363. �10.1029/2022GL100363�.
�insu-04303015�

https://insu.hal.science/insu-04303015
http://creativecommons.org/licenses/by-nc-sa/4.0/
http://creativecommons.org/licenses/by-nc-sa/4.0/
http://creativecommons.org/licenses/by-nc-sa/4.0/
https://hal.archives-ouvertes.fr


1. Introduction
Glaciers around the world retreated dramatically over the last decades. Glacier retreat is an iconic symbol of 
climate change. It contributes significantly to sea level rise (Allan et al., 2021) and is also a threat to water availa-
bility, especially where glaciers play the role of freshwater reservoirs critical for biodiversity and human societies 
(Kaser et al., 2010; Laurent et al., 2020; Milner et al., 2017; Viani et al., 2018).

Glaciers in the Alps reached a maximum during the Little Ice Age (LIA; Holzhauser et  al.,  2005; Zumbuhl 
et al., 2008). This cold period was induced by strong volcanic activity and a minimum of solar activity, with a 
starting date estimated between 1250 and 1400 (Mann et al., 2009; Wanner et al., 2022). The LIA is a globally 
asynchronous cold event (Neukom et al., 2019) interspersed with milder periods (Hawkins et al., 2017). In North-
western Europe, it reached a maximum during the 17th century and a last phase from 1800 to 1850 that favored 
large glacier extents in the Alps (Brönnimann et al., 2019).

The retreat of glaciers started during the middle of the 19th century in the Alps, simultaneously with the 
commencement of substantial greenhouse gas (GHG) emissions by humans. The exact causes of this retreat 
are still debated, since the temperature increase at the end of the 19th century was relatively small, and other 
factors such as decadal variability in precipitation (Schmeits & Oerlemans, 1997; Vincent et al., 2005) have likely 
affected glaciers. Painter et al. (2013) suggested that the deposition of aerosols on snow, by absorbing the solar 
radiation, contributed significantly to the glacier retreat at the end of the LIA. Sigl et al. (2018) suggested that 

Abstract This study aims to quantify the contribution of anthropogenic forcings on the retreat of the 
Argentière Glacier (European Alps). The glacier evolution is simulated over 1850–2014 following retrospective 
scenarios produced with the IPSL-CM6-LR climate model, with and without natural and anthropogenic 
forcings. The scenarios used to force an ice flow model are statistically downscaled, preserving the long-term 
trends and the physical consistency between precipitation and temperature. Since the late 19th century, the 
regional aerosol cooling has partially counteracted the greenhouse gas-induced warming, delaying the time of 
emergence of the anthropogenic signal. The anthropogenic signal emerged from natural variability in 1979 for 
temperature and surface melting, and in 2008 for the glacier mass, whereas its snout position in 2014 remains 
compatible with natural variability. From the total mass loss between 1850 and 2014, 66% [21%–111%] is 
attributed to anthropogenic activities.

Plain Language Summary This work aims to quantify the anthropogenic impact on the Argentière 
Glacier with respect to changes related to climate natural variability. We use a detection-attribution approach 
to produce retrospective ensemble simulations of the climate and the glaciers, with and without greenhouse 
gasses and aerosol forcings over 1850–2014. The time of emergence of the anthropogenic signal, that is, 
the date when it becomes statistically distinguishable from climate natural variability, occurs in 1979 for 
temperature in the Argentière location, with warming reaching 1.35°C in 2014 relative to 1850. The emergence 
of the anthropogenic signal occurs later for the glacier changes: the snout position is still compatible with 
natural variability in 2014, whereas for the glacier mass change, it occurred in 2008, ∼30 years after that of the 
temperature. In 2014, 66% [21%–111%] of the total mass loss since 1850 can be attributed to anthropogenic 
activities, a result that is dependent on the natural variability estimated from the climate model used in this 
study. The combination of increasing concentration of greenhouse gasses and decreasing aerosols in the 
atmosphere led to an acceleration of the glacier retreat over the last 3 decades.
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glacier retreat during the 19th century preceded the emergence of this aerosol forcing. Future glacier projections 
need to be considered carefully as the sensitivity of glaciers to external forcings and internal climate variability 
remains uncertain (Marzeion et al., 2020).

Detection-attribution studies, combining climate models and observations of surface air temperature, have been 
used to estimate the climate response to external forcings. Such studies typically estimate that the global warm-
ing of +1.2°C (±0.15°C), observed in 2010–2020 as compared to the pre-industrial era, can be decomposed 
into +1.5°C (±0.3°C) contribution from GHGs and −0.4°C (±0.3°C) contribution from other forcings (Eyring 
et al., 2021; Gillett et al., 2021; Haustein et al., 2017; Ribes et al., 2021). These other forcings include the effect 
of anthropogenic aerosols that cool the atmosphere. Detection-attribution methods highlight the climate response 
to external forcings with respect to internal variability, that is, the internal processes generating variability within 
the climate system independently from external forcings. Following such an approach, Roe et al. (2017, 2021) 
suggested that 100% of the glacier global mass loss from the pre-industrial era is explained by anthropogenic 
forcings. Glacier models have been successfully used to estimate the natural and anthropogenic imprints on large 
samples of glaciers (Hirabayashi et al., 2016; Huston et al., 2021) or on all the glaciers on Earth (e.g., Marzeion 
et al., 2014; Zemp & Marzeion, 2021), to quantify in particular their contribution to sea level changes (Huss & 
Hock, 2015; Slangen et al., 2016).

An increasing number of observational data now permits the quantification of glacier volume changes at the 
global scale from the 2000s onwards (Hugonnet et al., 2021). However, local observations remain insufficient 
to accurately simulate the volume, area and position of any specific glacier over long periods and at interannual 
timescales. In this study, we use a 3D ice flow model coupled to a distributed surface mass balance model that 
allows a detailed estimation of the glacier mass balance and snout position. This model is forced with statisti-
cally adjusted atmosphere-ocean general circulation model (AOGCMs) outputs. The adjustment is designed to 
reproduce the variability of the atmospheric local variables, as well as the physical consistency between them 
(Gutierrez et al., 2019; Latombe et al., 2018; Luo et al., 2018; Vaittinada Ayar et al., 2021).

The aim of this study is to investigate the natural and anthropogenic drivers of glaciological changes in the Euro-
pean Alps, using a physical approach which can be compared with larger-scale studies based on a large degree of 
parameterization. This study focuses on the Argentière Glacier for which a large number of observations enables 
an accurate model calibration. Retrospective simulations are conducted from pre-industrial conditions, that is, 
from 1850, a date when the anthropogenic imprint on the climate system was very low, to 2014, the end of the 
period covered by the historical simulations available from CMIP6 (Coupled Model Intercomparison Phase 6). 
This enables the quantification of the glacier response to anthropogenic forcing with respect to internal climate 
variability. After a presentation of the data and the methods in Section 2, the results are described in Section 3, 
before a discussion and a conclusion in Section 4.

2. Data and Methods
2.1. Local Observations and Climate Forcing

Located in the Mont-Blanc massif (Figure  1a), the Argentière Glacier is the second largest glacier in the 
French Alps, covering an area of 11.3 km 2 in 2019, extending over ∼10 km from 1,550 to 3,500 m a.s.l. (Six 
& Vincent,  2014). Stake measurements, geodetic observations and GPS survey data are available within the 
GLACIOCLIM observatory (https://glacioclim.osug.fr/). The bedrock topography is well known thanks to 
numerous radar observations (Rabatel et al., 2018; Vincent et al., 2009).

Surface air temperature and precipitation are extracted from the CMIP6 experiments produced with the 
IPSL-CM6A-LR AOGCM (Boucher et  al.,  2020). In particular, we use the Detection and Attribution Model 
Intercomparison Project (DAMIP, Gillett et al., 2016) simulations, which separately quantify the climate response 
to natural and anthropogenic external forcings. Here, we use a subset of the IPSL-CM6A-LR experiments: (a) a 
1,000-year control experiment based on constant pre-industrial forcing; (b) a 10-member historical experiment 
(hist) that includes all natural and anthropogenic forcing changes and (c) 3 sets of 6-member experiments, includ-
ing changes of only the natural (nat), only the anthropogenic aerosol (aer) and only the anthropogenic greenhouse 
gas (ghg) forcings. The hist simulations also include the effect of changing stratospheric ozone and land use. 
The first of these two forcings affecting mainly the Southern Hemisphere (Gillet & Peringer, 2012; Previdi & 
Polvani, 2014) and the second one being negligible in the Mont Blanc area, both of them are neglected in this 
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Figure 1.
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study. The natural external forcings designate here the effects of volcanic aerosols and incoming solar radiation 
changes. The simulations are available over 1850–2014 and the member-experiments differ only in their initial 
conditions, which are sampled from the 1,000-year control experiment. Corresponding members from one exper-
iment to another one have the same initial conditions. From the control experiment, we subsample an additional 
6-member ensemble simulation defined ctr. The members in ctr are chunks of the control experiment starting 
from the same initial conditions as nat, aer, and ghg. Hereafter, we use the term “internal variability” to describe 
the variability sampled among the different ensemble members. The S2M reanalysis available for the different 
French Alpine regions with a 300 m vertical resolution (Vernay et al., 2022) is used to statistically adjust the 
AOGCM data extracted at the gridpoint containing the Argentière Glacier.

2.2. Statistical Downscaling of Climate Data

The daily AOGCM temperature and precipitation are simultaneously bias corrected and downscaled at the monthly 
timescale by statistically adjusting the hist experiment to the S2M reference at 2,400 m a.s.l., that is, close to the glacier 
mean elevation. The adjustment is calibrated over 1975–2014 with the 10 hist members and is then applied to the 
whole set of ensemble experiments hist, nat, aer, ghg, and ctr, considering a stationary correction over 1850–2014.

Temperature is adjusted with the Quantile Delta Mapping (QDM, Cannon et  al.,  2015), to ensure a conser-
vation of the trend provided by the AOGCM. The 2D-variable successive conditional approach of Piani and 
Haerter (2012) is then followed by applying a Simple Quantile Mapping (SQM, Panofsky & Brier, 1968) for 
precipitation, separately for five quantiles of temperature, to keep the physical consistency between the two 
variables. The temperature-quantile bins are defined on 40-year moving sub-periods to avoid any impact of 
temperature trends on the precipitation adjustment. The combination of these two statistical adjustments is 
defined here  as the Coupled Delta Quantile Mapping (CDQM). The CDQM method ensures a conservation of 
the temperature  trend simulated with the AOGCM that is in accordance with the HISTALP reconstruction (Böhm 
et  al.,  2010; Figure  1b), a physical precipitation-temperature relationship consistent with the S2M reanalysis 
(Figure 1c) as well as realistic seasonal cycles, daily and interannual variability for these two variables (Figure 
S1 in Supporting Information S1). It is noteworthy to highlight that the use of SQM would lead to a spurious 
amplification of the long-term temperature trend (Figure 1b) and an underestimation of snow accumulation as 
the precipitation distribution over the temperature 1°C-width bins is shifted to warmer days in the model outputs 
(only 35%–45% of the precipitation occurs below 0°C in the model as compared to 60% in the S2M reference, 
Figure 1c).

2.3. Glaciological Model

The glacier response to climate forcing is simulated using a coupled surface mass balance—3D ice flow model 
based on the Elmer/Ice finite element code (Gagliardini et al., 2013). The model solves the Stokes equation and 
calculates the change in elevation according to the surface mass balance (SMB), which is calculated from the 
daily temperature and precipitation. Details of the glacier model and its calibration are provided in Supporting 
Information S1 (Text S1 and Table S1).

2.4. Modeling Strategy

The glacier is initialized to a steady-state geometry (stationary volume and surface elevation) matching the 1820 
moraine. This is obtained by running the SMB scheme coupled to the ice flow model forced with the 1975–2015 
S2M data, assuming a shift in temperature ΔT0 and unchanged precipitation rates. This method ensures to keep 
the seasonal and diurnal variability for which the model is calibrated. A value of −1.30°C for ΔT0 is required to 
obtain, after ∼150 years (not shown), a stationary glacier geometry, with a snout that matches the 1820 moraine. 
This date was chosen because the glacier was close to equilibrium with the climate over the last centuries as its 

Figure 1. (a) Location of the Argentière Glacier (red) as well as French (blue) and Swiss (black) glaciers. (b) 30-year running mean temperature anomaly with respect 
to the 1975–2014 mean, averaged over members in hist (blue), adjusted with SQM (red) and CDQM (green), extracted from HISTALP (black dotted) and from S2M 
(black dashed line). Δ is the difference between the 1850–1875 and the 1975–2014 means; (c) cumulative distribution function of precipitation over 1°C-wide bins of 
temperature, averaged over members; (d) cumulated SMB and (e) length change from 1850 for individual members (dashed lines) and ensemble mean (solid lines) in 
hist (green) and simulated with S2M (black line). Argentière Glacier SMB estimated with GLACIOCLIM in situ data (brown crosses) and geodetic observations (blue 
crosses) and central european glaciers SMB estimate from Zemp and Marzeion (2021, cyan). Proxies (black points) are derived from cosmogenic surface exposure 
dating of moraines (Protin et al., 2019).
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front did not vary significantly over 1600–1800 (Leclercq et al., 2014; Figure 2e). An additional spin-up has been 
produced over 1820–1850, using the 30-year periods in the control experiment that precede the initial conditions 
of the different members, to adjust the glacier shape to the internal climate variability specific to these members.

3. Results
3.1. Observed Versus Simulated Glacier Changes

By construction, there is a good agreement between the SMB estimated from stake observations and those simu-
lated with the S2M data over the reference period 1975–2014 (similar means, interannual variabilities and trends, 

Figure 2. 30-year running mean of (a) adjusted temperature and (b) adjusted precipitation; (c) cumulated SMB from 1820; (d) annual SMB; (e) length change from 
1820 and (f) empirical probability of having a larger glacier length than nat computed by comparing experiment distributions based on 1,000-time bootstrap resampling. 
Solid lines are 6-member means, shading corresponds to the 1-σ member range, vertical black lines show the spin-up end. Vertical colored dashed lines indicate the 
year by which it is very likely or very unlikely to have a higher temperature or a lower value for SMB and glacier length than in nat as computed in (f). Steady 1820 in 
(a) and (b) refers to the climate conditions required to get the 1820 steady state. The light brown bands in (a, b, c, and e) highlight the spread (min-max) simulated in a 
800 years control experiment based on constant natural forcing (a 1,000 years experiment from which a 200 years spinup is excluded). The deltas given in panels (ace) 
are the differences computed between the experiments with respect to ctr in 2014.
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Figure S2 in Supporting Information S1). The ensemble mean of the experiment is also close to the observed 
SMB. The cumulative SMB shows stabilized values during the 1970s followed by a dramatic retreat from the 
mid-1980s onwards reaching a cumulative change of −35m.w.eq. (Figure 1c) and a length change of −1,700 m 
in 2014 (Figure 1d) compared to the 1850 levels. The consistency between the model and the observations before 
1975 demonstrates that the glaciological model can replicate both the SMB and the glacier flow (Figures 1d 
and 1e). This also confirms the realism of the adjusted AOGCMs outputs applied to the glaciological model. The 
large spread in the ensemble members suggests that internal climate variability can induce large low-frequency 
variations in glacier mass and length (Figures 1d and 1e).

3.2. Pre-Industrial Conditions

The experiments are spun-up from an initial steady state imposed by the 1820 moraine, which can be simulated 
with a temperature shift of ΔT0 = −1.30°C with respect to the 1975–2015 mean (Section 2.4). This ΔT0 is close 
to, albeit slightly cooler than, the adjusted AOGCM ensemble mean ΔT that reaches −1.17°C (Figure 1b). This 
slight temperature difference explains why there is a negative trend for SMB and glacier length during this 1820–
1850 spin-up period. This corresponds to a relaxation from the LIA conditions of the glacier without any trend 
of temperature and precipitation (Figure 2). This is also visible in the general snout retreat for all the members in 
Figure 3a, with a member spread overwhelming the 1850 position that highlights the effect of internal variability 
on the glacier extent during this 30-year period. The large member spread in ctr (Figure 2e) suggests a large panel 
of responses of the glacier length to internal climate variability. However, the large glacier extent considered 
in the initial state might affect the glacier during the entire period of simulation (194 years over 1820–2014). 
To further understand the extreme position of the glacier during the end of the LIA, an additional 1,000-year 
simulation was run with the atmospheric forcing extracted from the control experiment. In this experiment, 
the glacier volume and extent never again reach the 1820–1850 observed levels, evidence that they cannot be 
explained by internal variability alone (Figure S3 in Supporting Information S1). The 30 years mean temperature 
reaches a minimum of −0.9°C (Figure 2a and Figure S3a in Supporting Information S1), a low value compared 
to the 1,000 years mean (−0.15°C). Such a cold event is however too short to induce a glacier extent reaching 
the moraine of 1850 (Figures S3c and S3d in Supporting Information S1). The glacier observation shows a larger 
extent over 1600–1850 compared to the spread of the control run (Figure 2e), highlighting a missing driver. This 
likely reflects the influence of natural forcings during the LIA.

3.3. Forced Versus Climate Internally Driven Signals

For a strict comparison with the 6-member DAMIP IPSL experiments ghg, aer, and nat, only the 6 correspond-
ing members are retained in ctr and hist (Figures 2 and 3). Figure 2a highlights the local warming in hist that 
intensified in the 1980s and reached +1.41°C compared to ctr in 2014. This warming is mainly related to GHGs 
(+1.56°C) and is partly compensated by the cooling effect of anthropogenic aerosols (−0.74°C). The nat and ctr 
spread are almost overlaid, suggesting a negligible impact of natural forcing at the local scale over 1850–2014 
(+0.07°C). Precipitation rates are stable and similar in all the experiments, suggesting a minor impact of external 
forcings on this variable, except in ghg for which precipitation is slightly strengthened and in aer for which precip-
itation is slightly decreased (Figure 2b). Although the temperature increase due to GHGs is twice as large as the 
decrease due to aerosols, the GHG and aerosol effects on precipitation nearly cancel each other. These changes 
in precipitation are related to the radiative forcing of GHGs and aerosols, potentially enhanced by atmospheric 
circulation changes (Myhre et al., 2017). The resulting precipitation rates remain nearly unchanged in hist and nat.

In 2014, the ensemble mean of the cumulated SMB reached −45m.weq in hist, an intermediate level between the 
aer (−5m.weq) and the ghg (−60m.weq) values (Figure 2c). The cumulated SMB reached −18 and −22m.weq in 
ctr and nat respectively, highlighting a relaxation from the LIA conditions in the absence of anthropogenic forc-
ings. The interannual variability of the SMB is relatively high in both the observations and the model (Figure 2d), 
and positive values never occurred in the observations after 2001. According to geomorphological observations 
(Leclercq et al., 2014), the position of the Argentière Glacier front varied between −800 and 0 m over 1600–1820, 
reaching its maximum in 1820 (Figure 2e). In 2014, it was observed at −2,000 m, a retreat reproduced in hist 
which corresponds to an intermediate state between ghg (−2,800 m), nat (−1,200 m), and aer (−300 m).

The overlap between the ensemble experiment spreads is used to perform a signal-to-noise analysis for the differ-
ent variables, by computing the time of emergence, defined as the time at which the signal of climate change 
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Figure 3. (a) Glacier extent observed in 1820 and 1850 and simulated under pre-industrial climate conditions after a 30-year spin-up experiment. (b) 6-member mean 
of the whole glacier area for the different experiments in 2014 and their corresponding individual members in the front area in (c) hist, (d) nat, (e) ghg, and (f) aer. The 
black line is the observed glacier extent in 2014 and the gray and black crosses correspond to the 1820 and 1850 moraine observations from Protin et al. (2019).
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emerges from the noise of natural climate variability (Allan et al., 2021; Hawkins & Sutton, 2012). Here, follow-
ing Mudelsee et al. (2014), it is estimated by calculating the probability that the glacier is larger than what is 
simulated in nat by resampling 1,000 times over the members. The vertical bars in Figures 2a, 2b, 2c, 2e, and 2f 
highlight the year when this probability is very unlikely (P < 0.1). In ghg, the time of emergence occurs in 2001 
for the glacier length, in 1987 for SMB and in 1970 for temperature. The anthropogenic signal has not emerged 
significantly before 2014 for the glacier length in hist (P = 0.13), whereas it emerged in 2008 for SMB and in 
1979 for temperature.

The glacier extent is shown in Figure 3b: the glacier extent simulated in hist is close to the 2014 observation, 
the retreat is less pronounced in nat, more pronounced in ghg and the glacier comes back to the LIA state in aer. 
The spatial impact of climate internal variability on the Argentière Glacier is depicted in Figures 3c–3f. Most of 
the hist members are concentrated close to the 2014 observation except one that retreated more. The nat ensem-
ble  shows a large spread, with members extending from the 1850 moraine to areas located at higher elevation than 
the 2014 observation. The entire ghg ensemble show extents located at higher elevation than the 2014 observa-
tion, whereas all the members of the aer ensemble extend around the LIA moraines.

4. Discussion and Conclusions
The time of emergence of anthropogenic signals in the Argentière Glacier was investigated using the adjusted 
IPSL-CM6 AOGCM to force an ice-flow model coupled to a SMB scheme. The effects of GHGs, anthropogenic 
aerosols and natural forcings are disentangled using dedicated detection-attribution AOGCM runs. The unavoid-
able adjustment required to bias-correct and downscale the AOGCM outputs to the local scale must be consid-
ered with caution to preserve the temperature trends from the climate model as well as the physical consistency 
between temperature and precipitation. Other simple statistical adjustments might result in spurious trends and 
erroneous accumulation rates.

The temperature change simulated with the AOGCM over 1850–2014 (1.17°C) is similar to that found in 
HISTALP (1.19°C) and the glacier length simulated over 1820–1850 is consistent with the moraine observations. 
This gives confidence in our modeling strategy, demonstrating that: (a) the extreme state of the glacier at the end 
of the LIA is not compatible with internal climate variability alone in our modeling framework. It is probably 
explained by volcanic activity and changes in solar radiation (Brönnimann et al., 2019; Mann et al., 2009), likely 
reinforced by snow, sea-ice and ocean feedbacks (Wanner et al., 2022). (b) A part of the retreat of the Argentière 
Glacier would have likely occurred without any anthropogenic forcing (−12m.weq over 1850–2014 in nat). When 
excluding anthropogenic forcing, the glacier snout is simulated at an intermediate elevation between the 1850 and 
2014 positions. However, both the 1850 extent and the positions higher than those observed in 2014 are compat-
ible with natural variability during this period, suggesting a large imprint of internal climate variability on the 
glacier extent. Such internal variability might be overestimated here due to the strong multidecadal internal vari-
ability simulated with IPSL-CM6-LR (Parsons et al., 2020). Nevertheless, the shape of the glacier in 2014 is still 
impacted by its large volume reached at the end of the LIA, an initial state that can affect the glacier extent during 
∼200 years in our experimental framework. Ensemble spreads are larger in nat than in hist and ghg, suggesting 
that anthropogenic GHGs reduced the interannual to interdecadal variability of temperature and precipitation 
in the Alps, a hypothesis demonstrated at the global scale for the IPSL-CM6-LR model in Bonnet et al. (2021).

By comparing hist and nat, we estimate the cumulative mass loss of the Argentière Glacier due to anthropogenic 
forcings over 1850–2014 to be 66% [21%–111%, uncertainty in ±std]. This local estimate is lower than the global 
estimate of Roe et al. (2021), which ranges from 85% to 130% for valley type glaciers. However, our estimate 
is close to the 55% reported by Marzeion et al.  (2014) for Central Europe. Using a physical approach highly 
constrained by observations, we assume that the uncertainty provided here is mainly the result of internal climate 
variability whereas global estimates generally do not disentangle internal variability from model uncertainties. 
The added-value of our approach relies on the possibility to physically simulate the glacier extent in different 
climate scenarios, a goal that cannot be achieved in global idealized studies. The similar SMB evolution of the 
Argentière Glacier compared to the other glaciers in the Alps during the last century (Figure 1d) and in general, 
the observed common climatic signal from Alpine glaciers (Davaze et al., 2020; Huss, 2012; Vincent et al., 2017), 
suggests that its response to anthropogenic forcings provides a general view of the glacier changes in the Alps.

Overall, the length of glaciers is an interesting proxy of the decadal to centennial climate variability because it is 
easy to observe and acts as a climate integrator, smoothing the high frequency variability of atmospheric forcing. 
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Conversely, glacier lengths show a wider range of response to internal climate variability than temperature and 
SMB. Indeed, the position of the front is largely influenced by the local topographic conditions such as valley 
shape and slope distribution. By using a 3D ice flow model, we can accurately simulate the glacier length and 
its dependence on complex terrain. The next step in the ice-flow model development concerns the relationship 
between basal sliding and subglacial hydrological processes. Including more realistic basal sliding parameteri-
zation could lead to larger spreads in the response of the glacier length to temperature changes. The increase in 
debris cover observed at the surface could also be taken into account in the SMB model because it could act as 
feedback enhancing or damping glacier changes.

The climate and glacier sensitivity to aerosol and GHG forcings might vary when they act simultaneously, 
because of the nonlinear processes related to local feedbacks, atmospheric circulation changes and residual inter-
nal climate variability (Deng et al., 2020). Such nonlinear response of local temperature is confirmed here. While 
hist is based on the combination of the external forcings used in nat, aer, and ghg, the warming found in hist 
(+1.41°C) does not reach the sum of the aer + ghg + nat signals with respect to ctr (0.07–0.74 + 1.56 = +0.89°C, 
Figure 2a). Similarly, the SMB changes over 1850–2014 (Figure 2c) can be decomposed in: (a) −4m.weq from 
natural forcings; (b) −41m.weq from GHGs; (c) +12m.weq from aerosols; with (d) a remaining trend that reflects 
the relaxation from the LIA conditions, reaching −8m.weq in ctr. Again, the sum of the SMB changes in aer, ghg, 
and nat does not reach the hist signal (−28m.weq) computed with respect to ctr. Our study provides an estimation 
of the glacier response to single forcings. Additional sensitivity experiments using all-forcings-except-one config-
urations would be required to quantify the nonlinear combination of the different forcings affecting glaciers. In 
addition, signal-to-noises at play are small in particular for glacier length (Figure 2e) that is widely affected by 
local topography and glacier hypsometry. Larger ensemble would be required to accurately quantify the single 
forcing signals with respect to internal variability. The large ensemble spreads simulated for SMB and glacier 
length reflect also the large centennial variability simulated with IPSL-CM6A-LR (Jiang et al., 2021). Further 
research using a multi-model DAMIP approach would allow a better estimation of the uncertainties, as climate 
signals, regional circulation changes and internal variability can vary from one AOGCM to another one (Parsons 
et al., 2020). Finally, additional model developments, including a full energy balance SMB model, are needed to 
take into account both the cooling effect of atmospheric aerosols and the melt increase related to the deposition 
of absorbing aerosols, a process known for its strong impact on the cryosphere (Reveillet et al., 2022) that has 
been neglected here.

Data Availability Statement
GLACIOCLIM data is available at: https://glacioclim.osug.fr/. CMIP6 and DAMIP data are available on the 
Earth System Grid Federation (ESGF, https://esgf.llnl.gov/). The ice flow model is based on the open-source code 
Elmer/Ice available at http://elmerice.elmerfem.org/wiki/doku.php. The glacier meshing file, the glaciological 
model configurations, the data sets generated and analyzed and the python jupyter notebook used in the current 
study are available on the repository platform Zenodo at the following link: https://zenodo.org/deposit/6786833.
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