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Abstract. Local snow redistribution processes such as avalanches can considerably impact the spatial variability of 

accumulation on glaciers. However, this spatial variability is difficult to quantify with traditional surface mass balance 15 

measurements or geodetic observations. Here, we leverage high quality and high-resolution surface velocity and elevation 

change maps for the period 2012-2021 from Pléiades stereo images, and ice thickness measurements of Argentière Glacier 

(France) to invert for its distributed surface mass balance. Three inversions are conducted using three different ice thickness 

modelling approaches, two of which are constrained by observations. The inversions all show a very good agreement between 

inverted surface mass balance and in situ measurements (RMSE between 0.50 and 0.96 m w.e. yr-1 for the 11-year average). 20 

The detected spatial variability in surface mass balance is consistent between the modelling approaches and much higher than 

what is predicted from an enhanced temperature-index model calibrated with measurements from a dense network of stakes. 

In particular, we find high accumulation rates at the base of steep headwalls on the left-hand side of the glacier, likely related 

to avalanche deposits at these locations. We calculate distributed precipitation correction factors to reconcile the outputs from 

the enhanced temperature-index model with the inverted surface mass balance data. These correction factors agree with the 25 

outputs of a parametrization of snow redistribution by avalanching, indicating an additional 60% mass input relative to the 

accumulation from solid precipitation at these specific locations, which was equivalent to an additional 20% mass 

accumulation at the scale of Argentière Glacier without its two smaller tributaries. Using these correction factors in a forward 

modelling exercise, we show that explicitly accounting for avalanches leads to twice more ice being conserved in the 

Argentière catchment by 2100 in an RCP 4.5 climate scenario, and to a considerably different ice thickness distribution. Our 30 

results highlight the need to better account for such spatially variable accumulation processes in glacio-hydrological models. 
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1 Introduction 

Glacier surface mass balance (SMB) is traditionally measured using changes of the emerging length of stakes drilled into the 

ice in the ablation zone, and combined firn depth and density measurements in the accumulation zone (Cogley et al., 2011). 

These measurements, constituting the glaciological method, describe on an annual basis the spatio-temporal variability of 35 

SMB, and enable linking local SMB and energy-balance with climate variables (Cuffey and Paterson, 2010). Glacier-wide 

SMB can be estimated from the interpolation and extrapolation of the distributed measurements. The glacier-wide SMB differs 

from geodetic mass balance, which is obtained by integrating the elevation change signal over the entire glacier using digital 

elevation models (DEMs) with a temporal baseline of a year or more, assuming a given volume to mass conversion factor 

(Berthier et al., 2023; Cogley et al., 2011; Huss, 2013). There can be a mismatch between the glacier-wide integration of local 40 

SMB measurements using SMB gradients or models, and geodetic mass balance estimates (Cox and March, 2004; Huss et al., 

2021; Rounce et al., 2020; Wagnon et al., 2021). This mismatch is due to internal processes such as compaction, to density 

assumptions and to the spatial variability of SMB, controlled by local processes affecting the ablation (supraglacial debris of 

varying thickness, cliffs and ponds, topographic shading, calving) as well as the accumulation (wind redistribution or 

avalanching; e.g., Brun et al., 2018; DeBeer and Sharp, 2009; Jourdain et al., 2023; Réveillet et al., 2021; Voordendag et al., 45 

2024; Zhao et al., 2023), that cannot be represented using local SMB measurements only. 

 

In particular, avalanching leads to locally higher accumulation rates through the redistribution of snow from surrounding 

mountain headwalls onto the glacier surface (Benn and Lehmkuhl, 2000). These additional mass inputs have seldom been 

directly quantified using in situ measurements due to the difficulty and danger of accessing the avalanche deposits and the 50 

high spatial variability of the accumulation patterns (Hynek et al., 2023; Mott et al., 2019; Purdie et al., 2015, Turchaninova 

et al., 2019). While there is observational evidence from remote sensing that a large number of glaciers in the European Alps 

and High Mountain Asia are strongly avalanche fed (Kneib et al., 2023), very few studies have tried to quantify this 

contribution at the glacier scale. A limited number of studies have undertaken direct measurements of this accumulation 

(Hynek et al., 2023; Mott et al., 2019; Purdie et al., 2015), while others have relied either on the calibration of a 1D flowline 55 

model to find the missing accumulation term explaining the higher than expected ice flux (Laha et al., 2017), or on 

parametrizations of mass redistribution from avalanching (Bernhardt and Schulz, 2010; Burger et al., 2018; Buri et al., 2023; 

Gruber, 2007; Mimeau et al., 2019). In other regional-scale models that rely on degree-day parametrizations to calculate the 

SMB, it is common to use a precipitation correction factor to account for this spatial variability in SMB, either for the entire 

glacier (Maussion et al., 2019; Rounce et al., 2020; Schuster et al., 2023) or locally at the base of headwalls (Gilbert et al., 60 

2023; Rabatel et al., 2018). For example, when deriving the ice thickness of Argentière Glacier using the Elmer/Ice model, 

Gilbert et al. (2023) had to apply a precipitation correction factor of 1.4 to their distributed surface mass balance estimates at 

the base of the headwalls in the upper accumulation zone of Argentière Glacier to be able to fit the observed ice flux.   
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Elevation change differences can indicate spatially variable signals caused by avalanching (Beraud et al., 2022; Pelto et al., 65 

2019), but the quantification of this variability from elevation change requires accounting for the ice flux divergence (Jourdain 

et al., 2023; Vincent et al., 2021; Zeller et al., 2023). There have been a number of recent advances leveraging high quality 

velocity and thickness products to quantify the ice flux divergence, and subsequently the distributed SMB of mountain glaciers. 

Initial efforts relied on flux gates to estimate and correct for emergence velocity in the ablation zone of debris-covered glaciers 

(Brun et al., 2018; Buri et al., 2021; Kneib et al., 2022; Miles et al., 2018; Mishra et al., 2021; Westoby et al., 2020; Zhao et 70 

al., 2023) and debris-free glaciers (Berthier and Vincent, 2012). The calculated emergence showed good agreement with in 

situ measurements at stakes (Berthier and Vincent, 2012), and this approach was applied to entire glaciers using distributed 

elevation change, ice thickness and surface velocity products available at the regional scale (Bisset et al., 2020; Cook et al., 

2023; Miles et al., 2021; Pelto and Menounos, 2021). Fully distributed estimates of flux divergence can also be computed, but 

the spatial differentiation of the ice flux leads to numerical noises that need to be smoothed, at the cost of reduced accuracy 75 

and/or mass conservations issues, either using filters of variable lengths (Van Tricht et al., 2021), or by spatially aggregating 

the signal (Bisset et al., 2020; Miles et al., 2021; Pelto and Menounos, 2021). Such distributed SMB products have been used 

to quantify the melt rates of supraglacial ice cliffs and ponds on debris-covered glaciers (Brun et al., 2018; Kneib et al., 2022; 

Miles et al., 2018; Mishra et al., 2021; Westoby et al., 2020; Zhao et al., 2023), to estimate equilibrium-line altitudes and 

accumulation-area ratios (Miles et al., 2021), to invert for distributed debris thickness (McCarthy et al., 2022; Rounce et al., 80 

2018) or to validate modelled SMB patterns (Buri et al., 2023). However, these estimates depend on the quality of the ice 

thickness, velocity and elevation change data which are less constrained and therefore lead to higher uncertainties in the 

accumulation area of the glaciers (Miles et al., 2021). 

 

In this study, we aim to: 1) produce high-resolution distributed SMB estimates for Argentière Glacier (French Alps) using 85 

different ice thickness modelling approaches and flux divergence calculation approaches; 2) evaluate these distributed SMB 

products against in situ measurements; 3) use these products to quantify the spatial variability of the SMB caused by local 

processes with a focus on avalanching; and 4) test the sensitivity of the glacier evolution to the spatial variability of 

accumulation. 

2 Data and Methods 90 

2.1 Site description 

Argentière Glacier (45°55’ N, 7°00’ E) is located in the Mont-Blanc massif, European Alps (Fig. 1). The glacier extended 

from ~3500 m a.s.l. to ~1600 m a.s.l. at the terminus in 2022. Its surface area is ~12 km2 for a length of ~10 km. It is surrounded 

by steep headwalls, especially on its left-hand side that release large avalanches onto the glacier surface (Fig. 1; Kneib et al., 

2023). This glacier is particularly well studied and has numerous in situ measurements. The glacier surface mass balance has 95 

been continuously monitored since 1975 using a network of stakes (Fig. 1; Vincent et al., 2009) as part of the GLACIOCLIM 
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monitoring program (https://glacioclim.osug.fr/). There are also very high-resolution Pléiades digital elevation models (DEMs, 

4 m resolution) and orthoimages (0.5 m resolution) available at a high temporal frequency (on average at least 2 per year) and 

since 2012 (Beraud et al., 2022). In addition, there is a relatively high density of ice thickness measurements from ground 

penetrating radar (GPR; Fig. 1; Rabatel et al., 2018). 100 

 

Figure 1: (a) Map of Argentière Glacier (blue outlines) with ground penetrating radar (GPR) transects in turquoise and stake 

locations in circles with the average annual mass balance for the period 2012-2021 indicated by the colour scale. These values range 

between -5.3 and +2.3 m w.e. yr-1. The blue glacier outlines were derived from a Pléiades orthoimage acquired on 08/09/2020 and 

the dashed blue glacier outlines were derived from a Pléiades orthoimage acquired on 19/08/2012. The black elevation contour lines 105 
are spaced every 200 m. The black dashed lines indicate the viewing angle of the pictures shown in (c) and (d) taken on 11/08/2023 

and 05/05/2023, respectively. Background image is a Sentinel-2 scene (band 04) from 11/09/2022. (b) Overview map with Argentière 

Glacier indicated by the red triangle. Randolph Glacier Inventory (RGI) 6.0 outlines shown in blue.  

2.2 Glacier outlines 

We manually derived glacier outlines based on the 0.5 m resolution Pléiades 09/08/2020 and 19/08/2012 orthoimages. For the 110 

2020 outlines we also used the Pléiades velocity data (section 2.4) to remove stagnant zones with a velocity lower than 1 m yr-

1, which we considered to not contribute any ice flux to the rest of the glacier. In particular, this led to the removal of ice bodies 

above the highest bergschrunds (Fig. 1a; Nuimura et al., 2015). On the right-hand side of Argentière Glacier, the Glacier du 

Tour Noir (flowing west) is disconnected from the main glacier trunk and the Glacier des Améthystes is only connected via a 

thin tongue of ice (Fig. 1). On the left-hand side, flowing towards the north-east, the Glacier des Rognons is still well connected 115 

https://glacioclim.osug.fr/
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despite a narrowing connection. At these locations especially, the glacier outlines have changed considerably since 2012 (Fig. 

1). 

2.3 Elevation change 

We used 13 DEMs processed at 4-m resolution from Pléiades stereo-images acquired between 19/08/2012 and 15/08/2021, 

with at least one DEM per year, except for 2014. These DEMs were all acquired in the end-of-summer months, between the 120 

12th of August and the 30th of September to reflect surface elevation at the end of the melt period and reduce uncertainties in 

the coregistration by limiting the presence of snow on the surrounding stable terrain (Beraud et al., 2022). These DEMs were 

all co-registered following the workflow developed by Beraud et al. (2022). We then interpolated an elevation change trend 

for all pixels of the stacked DEMs with at least eight observations over at least five years using a linear regression (Berthier et 

al., 2016). This approach helps reduce the proportion of gaps in steep locations or areas affected by shadows, and smooths out 125 

the signal from individual avalanche deposits. We filtered out unrealistic values below -10 m yr-1 or above 5 m yr-1. Remaining 

gaps (2.2% of the glacier area) were filled using a spatial cubic interpolation and the resulting trend was spatially smoothed 

with a 3x3 median filter. Uncertainties were calculated based on the surrounding off-glacier stable terrain. We also computed 

a reference mean DEM in the middle of the study period (15/02/2017) from the DEM with the least data gaps (from 

09/08/2020), to which we applied the temporal trend. 130 

2.4 Surface velocity 

We computed the velocity of Argentière Glacier using 277 pairs of Pléiades 0.5-m resolution orthoimages acquired over the 

Mont-Blanc massif and covering the period 08/08/2012-13/02/2022. The velocity fields were obtained using normalised cross-

correlation and the images were co-registered using the median velocity of the off-glacier terrain using the workflow described 

by Millan et al. (2019) and Mouginot et al. (2023). For each pixel of the glacier we removed the velocities that deviated from 135 

the mean flow direction over the period by more than 15°. We did not remove the pairs with a high standard deviation on the 

off-glacier terrain, as done in previous studies (Dehecq et al., 2019). The noise in these pairs arises from the lack of features 

to correlate when the off-glacier terrain is covered with snow, but the signal on the glacier is still consistent, especially in 

crevassed-areas. We computed the median and standard deviation from this stack of 2D velocity fields, and estimated the 

uncertainty, 𝜎𝑢𝑠
, as the sum of the mean and standard deviation on the off-glacier stable terrain. The median velocity field was 140 

spatially smoothed using an 11x11 px median filter. The remaining gaps (14.7% of the glacier area) were filled bilinearly.  

2.5 Ice thickness 

We used distributed ice thicknesses obtained from three different modelling approaches, two of which are constrained by in 

situ ice thickness observations. These three approaches were chosen to encompass the uncertainty in ice thickness as well as 

to test the influence of model complexity. We used the GPR measurements of the glacier bed presented in the study by Rabatel 145 
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et al. (2018) and adjusted the ice thickness to our 2017 reference DEM. This data consists of 21 cross-sectional transects along 

the main glacier flowline (Fig. 1a). The three ice thickness modelling approaches that we used are:  

● The SIA thickness, which we derived using the Shallow Ice Approximation (SIA) that allows to express the ice 

thickness 𝐻 as a function of surface velocity (𝑢𝑠) and slope (𝑠; Millan et al., 2022): 

 150 

𝐻 = (
𝑢𝑠(1−𝛽)(𝑛+1)

2𝐴(𝜌𝑔)𝑛‖∇𝑠‖𝑛)

1

𝑛+1
,         (1) 

Where 𝛽 is the ratio between basal and surface velocity, 𝑛 is the exponent in Glen’s flow law which we assume to be 

equal to 3, 𝐴 is the creep parameter, 𝜌 is the ice density taken as 917 kg m-3 and 𝑔 is the gravitational acceleration. 

We calibrated 𝐴 and 𝛽 at the locations of the GPR measurements by minimising the root mean square error (RMSE) 

between the model and the observations, and used this equation to extrapolate the thickness to the entire glacier. 155 

● The F2019 thickness estimate from the global product by Farinotti et al., (2019) which was originally derived from 

five different estimates of various sources and constrained by a large amount of GPR data from all around the world. 

This is a reference product that is available for all mountain glaciers in the world, and which did not use the GPR 

measurements made on Argentière. 

● The IGM thickness, which was obtained using the inversion capability of the Instructed Glacier Model (IGM) 160 

constrained by the ice thickness profiles, surface velocity, and glacier surface elevation data (Jouvet, 2023; Jouvet 

and Cordonnier, 2023). IGM emulates the 3D Blatter-Pattyn ice flow model using convolutional neural networks 

(Jouvet, 2023; Jouvet and Cordonnier, 2023). Starting from a given initial thickness (here, the SIA thickness), IGM 

iteratively updates it to reach an optimised solution after a given number of iterations (1000 in our case), using weights 

on the different control variables. The final outputs include optimised ice thicknesses and corresponding 3D velocity 165 

fields which are used to directly compute the flux divergence using centred finite differences. The flux divergence is 

smoothed by enforcing a linear regression with the glacier surface elevation in the optimization process (Jouvet and 

Cordonnier, 2023). This optimised flux divergence can then be used directly to compute the distributed surface mass 

balance (section 2.6). As with the other approaches, the flux divergence calculation does not exactly conserve mass 

(section 2.6), and the resulting mass excess or shortage is then redistributed homogeneously to the entire glacier. 170 

 

The SIA thickness inversion was run at 20 m resolution and the F2019 thickness was bilinearly resampled from 25 to 20 m. 

For these first two modelling approaches, uncertainties in the distributed ice thickness were determined using sequential 

gaussian simulations (SGS, 100 for each modelling approach) based on variograms of the residuals between the modelled beds 

and the observations. These simulations enable varying the ice thickness within uncertainty bounds while preserving the spatial 175 

smoothness of the observations. As such, they add more uncertainty where no observations are available, at locations away 
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from the glacier outlines and GPR measurements (Goovaerts, 1997; MacKie et al., 2021). Due to their high computational 

cost, the SGSs were run at 50 m resolution and their outputs were then bilinearly resampled to 20 m for the SMB inversion. 

2.6 Surface mass balance inversion 

The main objective of this study is to compute the distributed surface mass balance at 20 m resolution for the entire Argentière 180 

Glacier using mass conservation considerations. From a Eulerian perspective, one can write the mass conservation equation at 

each point of the glacier surface (Cuffey and Paterson, 2010; Hubbard et al., 2000; Miles et al., 2021): 

𝜌𝑑ℎ

𝜌𝑤

𝑑ℎ

𝑑𝑡
=  �̇� −

𝜌∇𝒒

𝜌𝑤
∇ ∗ 𝒒,          (2) 

Where ∇ ∗ 𝒒 is the flux divergence (in kg m-2), 
𝑑ℎ

𝑑𝑡
 is the rate of elevation change, and 𝜌 is the density of each term, with 𝜌𝑤 

standing for the density of liquid water. Here we assume that the basal and internal mass balance are negligible (Beraud et al., 185 

2023; Alexander et al., 2011) and, in the accumulation area, that firn densification rates do not change over time; �̇� is therefore 

equal to the surface mass balance (in m w.e. yr-1). For all that follows, upward direction is indicated with a positive sign and 

downward direction with a negative sign. Following the shallow ice approximation, the flux 𝒒 can be expressed in each 

location as a function of ice thickness 𝐻 and surface velocity 𝒖𝒔: 

𝒒 = 𝐻𝛾𝒖𝒔,            (3) 190 

Where 𝛾𝒖𝒔 represents the column-averaged velocity (Miles et al., 2021). This approximation allows for the fast computation 

of the flux, without solving the full 3D Stokes equations for the SIA and F2019 modelling approaches, but this implies making 

an assumption on the sliding regime of the studied glacier (Hubbard et al., 2000). This step was however not necessary for the 

IGM modelling approach, which directly outputs the flux divergence (section 2.5).  

 195 

Computing the flux divergence directly from the thickness and surface velocity results in a highly noisy and unrealistic signal 

(Van Tricht et al., 2021) caused by uncertainties and noise in local thickness and velocity data that are enhanced by the 

divergence calculation and because the flux divergence depends not only on the local geometry but, due to longitudinal stress, 

on the surrounding geometry over scales of several ice thicknesses (Kamb and Echelmeyer, 1986; Zekollari et al., 2014). For 

the SIA and F2019 modelling approaches we therefore smooth the flux divergence using a local gaussian filter, with a scaling 200 

length equal to four ice thicknesses (Le Brocq et al., 2006; Van Tricht et al., 2021). This filter is not fully mass conservative, 

due to discontinuities at the glacier edges, and the mass excess or shortage resulting from this smoothing is then redistributed 

homogeneously to the entire glacier. 

 

To link local volumetric changes to mass changes, the relevant densities (Eq. 2) must be determined for all three modelling 205 

approaches. In our implementation, the density of the flux is set at 900 kg m-3 for the entire glacier. The density of the elevation 

change signal in the ablation area (where flux divergence is positive and the elevation change is negative) is set to 900 kg m-3 
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and 600 kg m-3 in the accumulation area (where flux divergence is negative and elevation change positive; Miles et al., 2021; 

Table S1). At locations where flux divergence and elevation change have different signs, the density of the elevation change 

signal should be between 600 and 900 kg m-3, and we assume a uniform distribution of values within this range. The 𝛾 value 210 

to convert the surface to the column averaged velocity for the entire glacier is assumed to be within [0.8; 1], with a uniform 

distribution of values (Table S1). The extreme values of 0.8 and 1 correspond respectively to a shearing-dominated flow and 

to a sliding-dominated flow (Cuffey and Paterson, 2010). 

2.7 Choice of parameters and uncertainty propagation 

We computed the flux divergence using three different ice thickness estimates and two different approaches, leading to three 215 

SMB estimates (Eq. 2), the SIA, F2019 and IGM estimates. The flux and SMB calculations from the F2019 and SIA 

thicknesses were all conducted using inputs resampled to 20 m resolution, bilinearly for the thickness, velocity and flux 

divergence, and using a natural neighbour interpolation for the elevation change. The IGM inversion was run at 50 m, and the 

resulting flux divergence fields were then bilinearly resampled to 20 m to obtain the distributed SMB. 

 220 

We propagated uncertainties using a Monte Carlo approach with 1000 runs for the SIA and F2019 modelling approaches, by 

perturbing the 𝛾 value, the density of the flux in the zone where both flux divergence and elevation change have the same sign, 

the velocity, the elevation change and the ice thickness signals. For the ice thickness, we used for each thickness estimate the 

set of 100 sequential gaussian simulations to randomly draw from (section 2.5). For all parameters other than the density of 

the elevation change signal in the mixed zone and 𝛾 we assumed a normal distribution of uncertainty. We also conducted a 225 

sensitivity analysis for the SIA and F2019 modelling approaches following a one-at-time sensitivity test by running the SMB 

inversion 100 times for each individual parameter, while keeping the others fixed. 

 

For the IGM estimate, we computed the flux divergence from the IGM inversion 100 times varying the weights on the surface 

elevation, velocity and thickness observations uniformly between [0 0.5] m, [0 𝜎𝑢𝑠
] m yr-1 and [0 50] m, respectively (Table 230 

S1). These weights correspond to the uncertainty of the different constraints, and can therefore be interpreted as a tolerance of 

misfit to these variables. We then applied a Monte Carlo approach with 1000 runs, by randomly drawing from the 100 flux 

divergence fields, and perturbing the density of elevation change in the mixed zone and the elevation change using the same 

distributions as for the F2019 and SIA modelling approaches. 

2.8 In situ SMB observations 235 

We used annual surface mass balance measurements taken at stake locations over the period 2012-2021. These measurements 

are conducted every year by the GLACIOCLIM monitoring programme (https://glacioclim.osug.fr/) in the accumulation and 

ablation areas of Argentière, Tour Noir and Améthystes glaciers (Fig. 1a). We averaged the annual surface mass balances at 

https://glacioclim.osug.fr/
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the location of each stake over the period 2012-2021, which highlighted a different altitudinal pattern for the Argentière and 

Tour Noir/Améthystes stakes (Fig. 2a). In all that follows, we refer for simplicity to the Tour Noir and Améthystes stakes as 240 

the Tour Noir stakes. We compared the inverted distributed SMB with the in situ SMB at the GLACIOCLIM stake locations 

and for each modelling approach selected the best 10% SMB estimates that minimised the weighted quadratic sum of the 

RMSE of the Argentière and Tour Noir stakes to be used as reference scenarios for the quantification of the avalanche 

contribution. 

 245 

Figure 2: (a) average annual SMB for the period 2012-2021 at the stake locations on Argentière Glaciers (red dots) and Tour Noir 

and Améthystes Glaciers (blue triangles), and corresponding altitudinal SMB gradients. (b) Mean annual 2012-2021 stake 

measurements at the stake locations (circles indicate stakes in the ablation zone and squares show stakes in the accumulation zone), 

and mean annual SMB over the period 2012-2021, as obtained from the GLACIOCLIM ETI SMB model (section 2.10). The grey 

elevation contour lines are spaced every 200 m. The black glacier outlines were derived from a Pléiades orthoimage acquired on 250 
08/09/2020.  

For the validation of the spatial patterns of the inverted SMB, we manually extracted end-of-summer snow lines from all 

available Pléiades orthoimages that were unaffected by fresh snowfall between August 14th and September 17th over the study 

period. This was possible for the years 2012, 2015, 2017, 2018, 2019, 2020 and 2021.  

 255 

We also conducted GPR snow thickness surveys with a MALÅ ProEx control unit equipped with a 250 MHz shielded antenna 

using a trigger interval of 1 s, a 256-fold stacking, and a time window of 105 ns, which was the same system used by Jourdain 

et al. (2023). These GPR surveys were conducted on 25/05/2018, 06/05/2019 and 28/04/2022 at the end of the accumulation 

season, and followed similar paths, with the 2018 survey being the shortest (Fig. S1). The wave propagation velocity in the 

snow to estimate the snow depth above the previous year’s horizon was calibrated with manual snow depth measurements 260 

conducted on the same day as the surveys as part of the GLACIOCLIM SMB measurements (Jourdain et al., 2023). We used 

these measurements as indicators of the variability in the snow accumulation, and averaged them along the 2018 survey path, 

using cubic interpolation when the tracks did not coincide perfectly (Fig. S1). We converted the mean snow heights to snow 
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water equivalent using a density of 440 kg m
-3, which was the mean density measured at all snow profiles in 2018, 2019 and 

2022 in the accumulation area of Argentière Glacier.  265 

2.9 Reference SMB model 

We used a SMB model derived from the enhanced temperature index (ETI) model used in Gilbert et al. (2023). In all that 

follows this model will be referred to as the GLACIOCLIM ETI model, run at daily time-step: 

𝑆𝑀𝐵 =  𝐴 –  𝑀,             (4) 

where 𝐴 is the local daily snow accumulation (m w.e. d-1) and 𝑀 the local daily surface melt (m w.e. d-1). The amount of melt 270 

𝑀 is computed from the available energy for melt 𝑄𝑚 following Oerlemans, (2001):  

𝑄𝑚  =  (1 −  𝛼)𝑟𝐼𝑝𝑜𝑡  +  𝑘𝑇 + 𝑘0,         (5) 

Where 𝛼 is the local surface albedo (= 𝛼𝑖𝑐𝑒  or = 𝛼𝑠𝑛𝑜𝑤 , which decreases exponentially with the age of the surface snow; Hock 

and Holmgren, 2005), 𝐼𝑝𝑜𝑡 is the potential incoming shortwave radiation, 𝑟 is a corrective factor, 𝑇 is the air temperature (°C) 

and 𝑘𝑇 +  𝑘0 is a parametrization of the longwave radiation balance and the turbulent heat exchange linearized around the 275 

melting point with 𝑘 depending on the surface state (= 𝑘𝑖𝑐𝑒 or = 𝑘𝑠𝑛𝑜𝑤) (Réveillet et al., 2017) and 𝑘0 a constant. If 𝑄𝑚 is 

greater than zero, the melt rate is obtained with the latent heat of fusion. The evolution of snow and firn thicknesses is computed 

at a daily time step to determine the albedo value. The local snow accumulation 𝐴 is determined from local daily precipitation 

𝑃 according to a snow/rain temperature threshold fixed at 1°C (𝐴 = 𝑃 if 𝑇<1°C and 𝐴 = 0 otherwise). 

 280 

Temperature and precipitation data are provided at one elevation and distributed to the glacier surface according to altitudinal 

lapse rates such as:  

𝑇(𝑧, 𝑡) =  𝑇𝑟𝑒𝑓(𝑡) +
𝑑𝑇

𝑑𝑧
 (𝑧 −  𝑧𝑟𝑒𝑓),         (6) 

𝑃(𝑥, 𝑦, 𝑧, 𝑡) =  𝑘𝑃𝑟𝑒𝑓
∗  𝑃𝑟𝑒𝑓(𝑡) (1 +

𝑑𝑃

𝑑𝑧
(𝑧 −  𝑧𝑟𝑒𝑓)),        (7) 

where 𝑧 is the elevation of the surface (m a.s.l.), 𝑇𝑟𝑒𝑓(𝑡) and 𝑃𝑟𝑒𝑓(𝑡) are air temperature and precipitation time series at the 285 

elevation 𝑧𝑟𝑒𝑓 , 𝑑𝑇/𝑑𝑧 is the temperature lapse rate (°C m-1), 𝑘𝑃𝑟𝑒𝑓
 is a correction factor for the precipitation at the elevation 

𝑧𝑟𝑒𝑓  and 𝑑𝑃/𝑑𝑧 is the precipitation lapse rate (% m-1). 

 

The GLACIOCLIM ETI model was run with S2M temperature and precipitation data at 2400 m (𝑧𝑟𝑒𝑓; Vernay et al., 2022) 

and the different parameters were calibrated against the GLACIOCLIM measurements and geodetic mass balance 290 

measurements from the period 1975-2020 (Gilbert et al., 2023). The precipitation lapse rate 𝑑𝑃/𝑑𝑧 was 0.05 % m-1 and the 

correction factor 𝑘𝑃𝑟𝑒𝑓
 was 1.2. The distributed model was run at 40 m resolution bilinearly resampled to 20 m, and the 

resulting annual surface mass balances were averaged over the study period (Fig. 2b). In the original study by Gilbert et al. 

(2023) there was also an arbitrary additional precipitation correction factor (𝑃𝑓𝑎𝑐𝑡) that was imposed at the base of the headwalls 
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on the left side of Argentière Glacier to account for avalanching. Here, we re-evaluated this 𝑃𝑓𝑎𝑐𝑡 over the Rognons, Tour Noir 295 

and Améthystes tributaries and in the accumulation area using the mean of the best 10% inverted SMB patterns of each 

modelling approach (𝑆𝑀𝐵𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑑) and the mean yearly distributed accumulation and melt from the GLACIOCLIM ETI SMB 

model over the period 01/08/2012-01/08/2021: 

𝑆𝑀𝐵𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑑  =  𝐴 ∗  𝑃𝑓𝑎𝑐𝑡  –  𝑀,          (8) 

As these anomalies cannot solely be attributed to additional accumulation, and as there are feedbacks caused by adding or 300 

removing snow in the model, we iterated this step until the modelled SMB with the additional 𝑃𝑓𝑎𝑐𝑡 converged to a stable value 

for the period 2012-2021. These precipitation correction factors were then used to modify the surface mass balance (corrected 

ETI model) for the forward modelling of Argentière Glacier (section 2.11). 

2.10 Zones influenced by avalanches 

We could identify the potential areas of avalanche contribution using two independent approaches: 305 

• We identified the avalanche locations mapped from Sentinel-1 images over the 01/11/2016-31/10/2021 period from 

the dataset by Kneib et al. (2023). 

• We used a snow redistribution model based on a parametrization of the maximum snow height for a given slope to 

redistribute the excess snow using a multiple flow direction routing scheme (Bernhardt and Schulz, 2010; Ragettli et 

al., 2015). This model was run with the lapsed solid precipitation data from the GLACIOCLIM ETI model (section 310 

2.10), using the original parameters from Bernhardt and Schulz (2010), for the period 01/08/2012 to 01/08/2021 at 

60 m resolution and a monthly time-step. The resulting monthly snow accumulations were then summed for each 

year and these annual accumulation rates were averaged over the entire study period.  

These approaches were used to qualitatively (first approach) and quantitatively (second approach) compare the precipitation 

correction factors (𝑃𝑓𝑎𝑐𝑡) with the potential mass inputs from avalanches. 315 

2.11 Forward modelling 

In order to test the influence of avalanching on the future simulations of Argentière Glacier, we ran full Stokes simulations 

adopting Glen’s flow law with 𝑛 = 3 for viscous isotropic temperate ice (Cuffey and Patterson, 2010) with the finite element 

model Elmer/Ice (Gagliardini et al., 2013) for the periods 1907-2023 (historical runs) and 2023-2100 using RCP 4.5 CMIP 5 

climate data (future runs) from the Euro-Cordex project downscaled following the ADAMONT approach (Verfaillie et al., 320 

2017). More details are provided in Gilbert et al. (2023), where the authors used the same model implementation and calibration 

with long-term geodetic data and in situ measurements. The thickness inversion for the forward modelling uses Elmer/Ice, as 

in Gilbert et al. (2023). The objective here is not to provide detailed scenarios of the evolution of Argentière Glacier but rather 

to test the sensitivity of the glacier to the spatial variability of the SMB. 

 325 



12 

 

We used two SMB scenarios for the forward runs: 

• The GLACIOCLIM scenario used the GLACIOCLIM ETI model (without 𝑃𝑓𝑎𝑐𝑡 ) calibrated against the stake 

measurements over the period 1975-2020, and glacier-wide geodetic mass balance observations for the years 1904, 

1949, 1970, 1980, 1994, 1998, 2003, 2008 and 2019. Such calibration strategy is what is most commonly done when 

both in situ and geodetic observations are available, but without any other information on the spatial variability of the 330 

SMB. 

• The Corrected scenario which uses the corrected ETI model, i.e. the GLACIOCLIM ETI with additional 𝑃𝑓𝑎𝑐𝑡 

calibrated against the inverted SMB scenarios over Rognons, Tour Noir and Améthystes tributaries and in the 

accumulation area (section 2.9). This scenario therefore also integrates the geodetic information, but the spatial 

variability of the SMB is supposed to be closer to reality.  335 

3 Results 

3.1 Distributed 𝒅𝑯/𝒅𝒕, surface velocity and ice thickness 

Over the period 2012-2021, the surface elevation change across Argentière Glacier ranges between -6 m yr-1 in the small zone 

at the terminus that is disconnected from the main glacier trunk, and +2 m yr-1 in some local areas at the base of the upper 

headwalls (Fig. 3a). The average value over the whole glacier is equal to -0.85 m yr-1. The mean elevation change value over 340 

the stable terrain is -0.002 m yr-1 and the standard deviation, which we consider to be the 1-σ uncertainty of 𝑑ℎ/𝑑𝑡, is equal to 

0.07 m yr-1. 

 

The median surface velocity of the 2012-2021 period for every grid cell ranges between 0 and 150 m yr-1. This maximum 

velocity is reached on the densely crevassed Rognons Glacier (tributary on the left-hand side) but for the rest of Argentière 345 

Glacier the mean velocity remains lower than 80 m yr-1 (Fig. 3b). Both the mean and standard deviation of velocity on the off-

glacier terrain are equal to 1.2 m yr-1, leading to an uncertainty in velocity of 2.4 m yr-1. 
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Figure 3: (a) Distributed elevation change rate over the 2012-2021 period from the 13 end-of-summer Pléiades DEMs. (b) Median 

velocity over the 2012-2022 period from all 277 Pléiades orthoimage pairs. The red outlines show the zones of off-glacier stable 350 
terrain used to estimate the uncertainties of these products.  

In situ GPR measurements indicate thicknesses of up to 464 m along the main trunk of Argentière Glacier for the reference 

mean DEM of 15/02/2017 (Fig. 4a). All three modelled ice thickness products show similar patterns, with the ice being thickest 

along the main glacier trunk, with more or less overdeepenings (Fig. 4b-d). The F2019 thickness estimate is the shallowest, 

with a maximum thickness of 266 m (Fig. 4b). The mean thickness from the 100 IGM inversions has a maximum thickness of 355 

354 m but a narrower shape, which results in a similar volume than the F2019 modelling approach (Fig. 4d). 
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Figure 4: (a) Ice thickness from in situ GPR measurements. (b) Distributed ice thickness obtained using the shallow ice 

approximation. (c) Distributed ice thickness from the Farinotti et al. (2019) estimate. (d) Mean distributed ice thickness from the 

100 ice thickness inversions obtained with IGM. The black thickness contour lines are spaced every 50 m. The black glacier outlines 360 
were derived from the 08/09/2020 Pléiades orthoimage. The numbers in each panel indicate the maximum and mean thickness and 

the total glacier volume. 

The mean thicknesses of all SGSs result in similar patterns and values than the modelled thicknesses (Fig. S2-S3), but the 

standard deviation increases with the residuals between modelled and observed thicknesses, and in between observations (Fig. 

S2-S3). The F2019 thickness has the highest uncertainties (standard deviation up to 85 m) followed by the SIA thickness (up 365 

to 72 m). The IGM thicknesses mostly differ at the lateral margins of the main glacier trunk and on the tributaries with no GPR 

measurements, with a maximum standard deviation of 43 m (Fig. S4b). 

3.2 Surface mass balance patterns 

All three modelling approaches lead to similar distributed SMB patterns (Fig. 5-6) that agree with the end-of-season snowlines 

extracted from the Pléiades images (Fig. S5). At the same elevation, the spatial variability in SMB along the main glacier trunk 370 

remains low, below 2 m w.e. yr-1 for all modelling approaches (Fig. 6a-c). The Rognons tributary has distinct lower SMB 
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values between 2600 and 2800 m a.s.l., leading to differences of up to 5 m w.e. yr-1 compared to the main glacier trunk at the 

same elevation. These differences are more pronounced for the SIA modelling approach. Above 2700 m a.s.l., this altitudinal 

SMB variability on Argentière Glacier strongly increases for all modelling approaches, with spreads reaching up to 15 m w.e. 

yr-1 between 3000 and 3100 m a.s.l. for the SIA model. The comparison with the measured GLACIOCLIM SMB indicates 375 

both high correlation coefficients (R2>0.91) and low root mean square error (RMSE<0.96 m w.e. yr-1). The SIA and F2019 

inversions tend to slightly underestimate the SMB at the Tour Noir stake locations, particularly in the accumulation area. The 

SMB from the IGM inversion at these locations has the lowest RMSE (0.59 m w.e. yr-1, Fig. 6f) but also displays a higher 

spatial variability (Fig. 5c, 6c). 

 380 

Figure 5: (a) SIA, (b) F2019 and (c) IGM SMB estimates. The coloured dots indicate the mean annual mass balances over the period 

2012-2021 from the stake measurements.  

There is a good agreement with the SMB measurements on Argentière for both the SIA and F2019 thickness with RMSE 

values lower than 0.67 m w.e. yr-1 (Fig. 6d-e). Uncertainties of the F2019 and SIA estimates reach up to +/- 1.2 m w.e. yr-1 

(F2019) and +/- 0.8 m w.e. yr-1 (SIA) at the stake locations and higher at the margins of the glacier, particularly over the 385 

Rognons tributary (Fig. S6), where they locally reach up to +/- 6-8 m w.e. yr-1. While not directly comparable as they were not 

obtained in the same way, these uncertainty patterns are similar for the IGM modelling approach, reaching at most +/- 1.1 m 

w.e. yr-1 at the stake locations and +/- 7 m w.e. yr-1 on the Rognons tributary (Fig. S6). This is also where the 100 simulations 

of the IGM inversion differ the most in terms of surface velocity, with a standard deviation of 30 m yr-1 while it is lower than 

7 m yr-1 elsewhere (Fig. S7c). In the upper accumulation area of Argentière Glacier there is also more spatial variability in 390 

SMB predicted by each of the three modelling approaches than by the GLACIOCLIM ETI model. This enhanced spatial 

variability shows an improved agreement with the Spring GPR snow accumulation measurements (Fig. S8). 

 

For the SIA and F2019 modelling approaches, the uncertainty in the ice thickness is the main driver of the overall SMB 

uncertainty, followed by the uncertainty in velocity, 𝛾 ratio, elevation change and density of elevation change signal in the 395 
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mixed zone (Fig. S9, S10). The spatially-averaged mean uncertainty resulting from the ice thickness uncertainties varies 

between 1.1 and 1.6 m w.e. yr-1, while the uncertainty resulting from the velocity uncertainty is lower than 0.3 m w.e. yr-1 for 

all modelling approaches, and the one resulting from the 𝞬 ratio is lower than 0.13 m w.e. yr-1 (Fig. S9). The uncertainty in the 

IGM SMB is driven by the ratios between the weights of the thickness, surface velocity and elevation observations (Fig. S11). 

The lowest RMSE values between the IGM SMB and the GLACIOCLIM SMB for Argentière are obtained for ratios of 400 

thickness versus velocity and elevation weights close to 100 (Fig. S11d-e). For the Tour Noir tributaries, which do not have 

any thickness measurements, the lowest RMSE values are obtained when the weights on the surface velocities are lower than 

the weights on the surface elevation (Fig. S11f). The uncertainty on the elevation change or density of elevation change in the 

mixed zone only have a very minor effect on the RMSE for Argentière, but a more important one for the Tour Noir, with 

RMSE values decreasing with increasing elevation change bias (Fig. S11g-h). 405 
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Figure 6: (a-c) Altitudinal patterns of mean annual SMB calculated with the different modelling approaches and of the mean annual 

mass balances over the period 2012-2021 from the stake measurements. (d-f) Direct comparison of mean annual SMB calculated 

with the different modelling approaches, with the mean annual mass balances over the period 2012-2021 from the stake 

measurements, at the stake locations. 410 
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3.3 Deviations from the GLACIOCLIM ETI model 

For all distributed SMB modelling approaches, we obtain on the left-hand side of Argentière Glacier higher values than 

expected using the GLACIOCLIM ETI model (Fig. S12a-b). These higher values generally coincide with avalanche deposits 

at the base of headwalls, as observed from remote sensing radar images (Fig. 7a) or using a simple snow redistribution model 

(Fig. 7b). We partitioned the survey domain into five different zones and computed the 𝑃𝑓𝑎𝑐𝑡 that would reconcile the modelled 415 

and inverted SMB (Fig. 8). All three modelling approaches lead to consistent spatial patterns and indicate similar precipitation 

factors. These are highest (between 1.6 +/- 0.5 and 1.7 +/- 1.1) on the left-hand side of the glacier at the base of the steepest 

and tallest headwalls. This is also where most modelled redistributed snow from the SnowSlide parametrization accumulates, 

leading to a 𝑃𝑓𝑎𝑐𝑡  of 1.7. Upon iterating the ETI model to account for the retroactions of adding snow to the glacier surface, 

the 𝑃𝑓𝑎𝑐𝑡  value still reaches 1.6 for this zone (Fig. S12d). All three modelling approaches also indicate similar factors, between 420 

1.2 +/- 0.5 and 1.5 +/- 0.3, in the Fond du Cirque zone, slightly less than the SnowSlide parametrization (1.6). After iteration, 

the mean 𝑃𝑓𝑎𝑐𝑡 obtained for the corrected ETI model is also 1.3 in this zone. On the main glacier trunk, where most stakes are 

located, the predicted 𝑃𝑓𝑎𝑐𝑡 are between 0.7 +/- 0.3 and 0.8 +/- 0.5, indicating a lower SMB than the GLACIOCLIM ETI 

model. All three modelling approaches consistently indicate very low SMB on the lower part of the Rognons tributary of 

Argentière Glacier, leading to 𝑃𝑓𝑎𝑐𝑡 lower than 0 for the SIA and IGM modelling approaches in this particular location (Fig. 425 

8). After iteration, the mean correction factor obtained is 0.7, highlighting the compensating influence of retroactions within 

the model. The 𝑃𝑓𝑎𝑐𝑡 are also lower than 1 (between 0.5 +/- 0.3 and 0.7 +/- 0.2) across the Améthyste and Tour Noir tributaries, 

contrary to what is predicted by the snow redistribution model (1.2). When aggregated over the entire Argentière Glacier (with 

the Améthyste and Tour Noir tributaries), the 𝑃𝑓𝑎𝑐𝑡 varies between 0.9 +/- 0.4 (SIA) and 1.0 +/- 0.6 (F2019), with a final 𝑃𝑓𝑎𝑐𝑡 

of 1.1, indicating an overall compensation of the high SMB anomalies at the base of the headwalls and the low anomalies in 430 

the Améthyste and Tour Noir tributaries and the main glacier tongue. 
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Figure 7: (a) Total number of detected avalanches on Argentière Glacier for the period 11/2016-10/2021 using Sentinel-1 synthetic 

aperture radar images at 6 days intervals, both in the ascending (red) and descending (blue) orbits. Data from Kneib et al. (2023). 

(b) Average yearly snow accumulation by avalanches predicted by the SnowSlide model for the period 2012-2021. Background image 435 
is the hillshade of the AW3D30 30 m DEM (Tadono et al., 2014).  
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Figure 8: Mean zonal precipitation correction factor (𝑷𝒇𝒂𝒄𝒕) calculated after directly differencing the GLACIOCLIM ETI model 

from the three SMB modelling approaches and the SnowSlide redistribution model for different spatial zones of Argentière Glacier 

(first four columns, Eq. 8). The last column shows the precipitation correction factor used for the forward modelling, after iteration 440 
and convergence of the 𝑷𝒇𝒂𝒄𝒕 with the GLACIOCLIM ETI model (section 2.10). 

3.4 Glacier projections 

Both the GLACIOCLIM ETI and corrected ETI models show a good agreement with the in situ SMB measurements 

(RMSE<0.71 m w.e. yr-1; R2>0.95), despite a lower than expected mass balance gradient on the Tour Noir tributary for the 

corrected ETI model (Fig. S13). The final 𝑃𝑓𝑎𝑐𝑡 used in the corrected ETI model leads to a higher variability in the distributed 445 

SMB, with relatively high values of accumulation (up to 8 m w.e. yr-1) at the base of the headwalls, and lower values than the 

GLACIOCLIM ETI for the Tour Noir and lower Rognons tributaries (Fig. S12, S13). Both SMB models used for historical 

simulations with the full Stokes model Elmer/Ice show a good agreement with the geodetic and in situ measurements over the 

period 1907-2022 (Fig. S14a), highlighting almost identical SMB and volume variations (Fig. S14). From 2020 onwards 

however, the glacier mass balance of the GLACIOCLIM ETI model becomes more negative than the corrected ETI model, 450 

under the RCP 4.5 climate scenario. This leads to a faster retreat of the Argentière main glacier trunk and 46% less volume by 

the end of the century (with Tour Noir) than for the corrected scenario (Fig. 9, S14b). This increased retreat of Argentière 

without accounting for avalanching in the GLACIOCLIM scenario is partly compensated by the Tour Noir tributary retreating 

slower than with the reduced 𝑃𝑓𝑎𝑐𝑡  prescribed in the corrected ETI SMB. When only accounting for Argentière and the 

Rognons tributary, the volume is 8%, 25% and 71% lower in 2022, 2053 and 2099, respectively, for the GLACIOCLIM 455 

scenario compared to the corrected scenario. 
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Figure 9: Distributed ice thickness evolution in the Argentière catchment for the period 2022-2099 using the RCP 4.5 climate scenario 

for the GLACIOCLIM (a-c) and Corrected (d-f) scenarios. Background is the hillshade of the AW3D30 30 m DEM (Tadono et al., 

2014). The black thickness contour lines are spaced every 50 m.  460 

4 Discussion 

4.1 Distributed SMB inversion 

The distributed SMB simulations from the three modelling approaches show consistent spatial patterns, and a good agreement 

with the in situ measurements (RMSE < 0.96 m w.e. yr-1), slightly higher than the values obtained (< 0.6 m w.e. yr-1) in the 

lower ablation zone of Morteratsch and Pers Glaciers from UAV data (Van Tricht et al., 2021) and similar to those obtained 465 

on Wolverine Glacier with in situ measurements of emergence (RMSE < 0.98 m w.e. yr-1; Zeller et al., 2023). These values 

are still higher than the uncertainty of the in situ measurements ranging between 0.15 and 0.30 m w.e. yr-1 in the ablation and 

the accumulation zone, respectively (Thibert et al., 2008; Vincent et al., 2018). We computed the mean value for the full 2012-

2021 period, but assuming that the flux divergence and firn density remain constant over ~1 decade, these could be refined to 

yearly or even seasonal time-scales using high-resolution elevation changes from the Pléiades DEMs (Jourdain et al., 2023; 470 

Zeller et al., 2023), with some additional uncertainties caused by the DEM differencing over shorter time periods (Beraud et 

al., 2023).  
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For all modelling approaches, the uncertainty in ice thickness is responsible for most of the uncertainties, especially for the 

tributaries with no ice thickness observations. This highlights the importance of these observations to constrain the mass flux 475 

(GlaThiDa Consortium, 2020; Rabatel et al., 2018). The good agreement between the three modelling approaches but larger 

SMB uncertainties at the margins indicate that, as expected, the absolute thickness has less influence on the flux divergence 

than the thickness gradient (Cuffey and Patersen, 2010). In the particular case of Argentière Glacier with well-resolved surface 

velocity from very high spatial resolution Pléiades images, the uncertainties in the velocity field have a limited influence on 

the final uncertainties, and this also helps constrain the IGM inversion (Fig. S7). To test the sensitivity of our approach to the 480 

quality of the velocity data, we conducted some runs to invert the SMB from the F2019 thicknesses obtained with the SGSs 

and using the surface velocity derived from coarser Sentinel-2 data available at global scale in Millan et al. (2022) following 

the same Monte Carlo approach, but with an uncertainty on the velocity of 10 m yr-1 (Fig. S15). This modelling approach 

shows a much weaker agreement with the GLACIOCLIM SMB, with an RMSE (R2) of 1.2 m w.e. yr-1 (0.63) and 1.3 m w.e. 

yr-1 (0.70) for the Argentière and Tour Noir stakes, respectively (Fig. S12b). This indicates that the velocity fields can in some 485 

cases become a major limitation for the calculation of the distributed SMB. The surface velocity from the Pléiades image pairs 

also indicates a limited glacier slow-down over the study period, particularly in the lower part of the main glacier tongue, 

which, given the observation bias towards the second half of the study period, could lead to a slight underestimation of the 

flux divergence in this zone for the selected study period (Fig. S16). 

 490 

In our processing we assumed that there is no significant change in firn compaction rates, and as such the influence of the 

density uncertainties on the final uncertainty are of secondary concern (Fig. S9, S10). This assumption may not hold for other 

glaciers and other time periods, for which changing firn densification may lead to surface lowering with little influence on the 

surface mass balance or flux divergence (Belart et al., 2017; Pelto et al., 2019; Réveillet et al., 2021; Vincent et al., 2020; 

Zeller et al., 2023). Firn compaction could partly explain the low SMB values relative to the Tour Noir GLACIOCLIM 495 

measurements in all three modelling approaches. To give an order of magnitude, assuming a 20 m thick firn layer, a 100 kg 

m-3 increase in mean density over the study period would explain a 0.2 m w.e. yr-1 SMB difference, which is however 

insufficient to explain the differences between observed and SIA or F2019 SMB. The SMB values over Tour Noir are 

especially low considering that these tributaries are also surrounded by relatively steep headwalls leading to a 𝑃𝑓𝑎𝑐𝑡  of 1.2 

according to the snow redistribution model (Fig. 8). The best simulations at these locations come from the IGM modelling 500 

approach, which indicates that these deviations could also partly be explained by the spatial variability of the sliding 

coefficient, which is modelled to decrease with elevation for these glaciers (Fig. S7e). Another location with high uncertainties 

in the calculated SMB is the Rognons tributary, which has high local velocities, and where the calculated SMB are very low, 

leading to a final 𝑃𝑓𝑎𝑐𝑡  of 0.7 (Fig. 8). This tributary is relatively steep compared to the main glacier trunk, and densely 

crevassed (Fig. S17). There seems to be a high variability of accumulation at this location, with some crevassed zones 505 

remaining snow free in the winter (Fig. S17c-d) and the maximum snowline elevation at the end of the melt period is on 

average 60 m higher than on the main glacier trunk (Table S2). This could indicate lower accumulation rates at these locations, 
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leading to a longer melt period than at the stake locations, thus a reduced SMB, but also enhanced ablation caused by crevasses 

and their increased surface area and turbulent fluxes (Colgan et al., 2016; Zeller et al., 2023). However, the high uncertainties 

of the calculated SMB and ice thickness at this location could also indicate a discontinuity in the bed elevation, leading to a 510 

high local flux divergence that would be difficult to capture with the inversion approaches used. 

 

We also note that an important assumption of the SMB inversion here was to take the density of the ice flux as a constant equal 

to 900 kg m-3. This is assuming that the firn layer thickness is negligible relative to the ice thickness in every point of the 

glacier, which is likely not the case, especially near the glacier margins in the accumulation area. A firn core taken at Col du 515 

Midi, located ~12 km from Argentière Glacier and at a relatively higher elevation (~3,500 m a.s.l.) indicates a firn density 

varying between 600 and 800 kg m-3 between 5 and 20 m depth (Jourdain et al., 2023). We also expect an important compaction 

at locations affected by avalanching, but assuming that half of the glacier column is composed of firn with an average density 

of 700 kg m-3, this would still lead to a systematic 10% reduction in the mass flux and could reduce our inverted precipitation 

correction factors at the base of the headwalls by a similar amount. This is however not straightforward to correct as this 520 

varying density would need to be accounted for first in the ice thickness inversions, which is currently not the case (e.g. Millan 

et al., 2022). 

 

The smoothing of the flux divergence failed the mass conservation assumption; we resolved this by redistributing the mass 

excess or shortage homogeneously across the glacier. This glacier-wide mean flux divergence before redistribution was of the 525 

order of several tens of centimetres per year for all three modelling approaches (Table S3). The mean value obtained in the 

Monte Carlo simulations ranged from 0.11 to 0.23 m yr-1 and reached 0.73 m yr-1 for a particular ice thickness of the SIA 

inversion (Table S3). Smoothing the thickness and velocity gradient prior to the flux divergence calculation, as suggested from 

a study on Morteratsch and Pers Glaciers (Van Tricht et al., 2021), resulted in higher mean values between 0.38 and 0.59 m 

yr-1, which led us to choose to apply the smoothing to the flux divergence only. Interestingly, the regularisation of the flux 530 

divergence calculated with centred differences proposed in IGM (Jouvet, 2023; Jouvet and Cordonnier, 2023) still led to mass 

conservation problems. This was an indicator that a stronger constraint on the glacier-averaged flux divergence could be 

needed, but when imposing this additional constraint, this came at the expense of increased SMB uncertainties and lower 

RMSE values (Fig. S18). In this particular case the homogeneous redistribution of mass seemed to be the better approach. 

4.2 Attribution to avalanching 535 

The advantage of the distributed SMB relative to the glaciological measurements at point locations on the glacier is that one 

can more accurately quantify the spatial variability of the SMB, even for a well-studied glacier such as Argentière (Vincent et 

al., 2018). This spatial variability is much stronger than predicted by the GLACIOCLIM ETI model calibrated with direct 

observations, especially in terms of accumulation. In fact, the variability of accumulation predicted by the three modelling 

approaches and, as a result, the corrected ETI model agree much better with the winter accumulation measured by GPR (Fig. 540 
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S8), which was also a finding of Zeller et al. (2023). One of our objectives was to use the SMB inversions to be able to constrain 

the contribution from avalanches to the SMB at the margins of the glacier. The potential hazard at these locations and the 

highly dynamic mass redistributions make the direct measurement of accumulation on the avalanche cones complicated 

(Hynek et al., 2023; Purdie et al., 2015). Using our approach, we can interpret the deviations from our GLACIOCLIM ETI 

model calibrated at the stake locations as the results of processes unaccounted for in the model. The higher precipitation 545 

correction factors at the base of the headwalls coincide with regular avalanche deposits mapped with satellite radar images 

(Fig. 7a; Kneib et al., 2023). The values obtained are similar to those obtained with the SnowSlide parametrization, for which 

the precipitation correction factor is 1.7 compared to the values between 1.6 +/- 0.5 and 1.7 +/- 1.1 (Fig. 7b, 8; Bernhardt and 

Schulz, 2010). This is however not the case for the Tour Noir tributaries, which could also be indicative of other processes 

contributing negatively to the SMB in compensation of the avalanching. In fact, there are a number of processes unaccounted 550 

for in our GLACIOCLIM ETI model which could also explain some of the observed variability. These could be related to the 

topographic shading at the base of these north-facing headwalls, to the preferential redistribution of snow by wind, to a varying 

precipitation lapse rate at high elevation along the headwalls, or to the lower albedo values caused by the snow cover lasting 

longer on the avalanche cones (Florentine et al., 2018; Olson and Rupper, 2019). Testing most of these hypotheses would 

likely require more advanced observations or modelling schemes to be able to discriminate between these different 555 

contributions (Mott et al., 2019; Voordendag et al., 2024), but our approach at least provides an estimate of their overall local 

contribution to the SMB. While the direct mass redistribution from the headwalls is likely not the only process leading to 

locally high accumulation values, the snow redistribution parametrization seems to give an appropriate order of magnitude of 

this contribution. It does not represent individual events, but it gives an overall contribution from all the snow redistribution 

processes, from snow drifts to large avalanches and serac falls, assuming that the snow and ice content on the headwalls 560 

remains constant over time during the study period (Bernhardt and Schulz, 2010; Gruber, 2007). 

 

Our precipitation correction factors are in line with the empirical correction factors set by Gilbert et al. (2023) to reach an 

agreement between modelled and observed surface velocities. In their study, a precipitation correction factor of 1.4 was applied 

to a zone similar to our headwall zone. Furthermore, our precipitation correction factors for the Rognons tributary result in a 565 

better fit between the modelled and observed surface velocity patterns and glacier extents than what had been achieved in that 

study (Gilbert et al., 2023; Fig. S19). While previous studies inferred the avalanche contribution at the scale of entire glaciers 

(Laha et al., 2017), our distributed SMB product for Argentière offers a very detailed perspective on the spatial variability of 

the accumulation. It is also directly inferred from remote sensing observations, and as such can be a useful reference for snow 

redistribution models, which have been applied in several glacio-hydrological studies (Burger et al., 2018; Mimeau et al., 2019; 570 

Ragettli et al., 2015). Specific studies on the contribution of avalanches to glacier mass balance have highlighted the importance 

of this mass redistribution for the accumulation. On Freya Glacier in Greenland, an important avalanche event in 2018 resulted 

in the 2013/14 - 2020/21 mass balance reaching +0.25 m w.e. instead of -0.30 m w.e. (Hynek et al., 2023). A modelling 

exercise for three glaciers of the central Andes also showed that considering avalanches had a similar effect on the glacier 
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evolution than adding 10 cm of debris on the glacier surface (Burger et al., 2018). These results are in line with our own 1907-575 

2100 simulations using Elmer/Ice with the GLACIOCLIM and corrected ETI SMB models. These simulations show that 

without accounting for avalanches, Argentière Glacier without the Tour Noir tributary would have 71% less volume by 2100 

with the RCP 4.5 climate scenario. In the distributed scenario, the increased accumulation at the base of the Argentière 

headwalls is partly compensated by the more negative SMB on the Améthyste and Tour Noir tributaries, which explains the 

agreement between both scenarios for the historical period. However, once these tributaries get fully disconnected from the 580 

main glacier trunk, the distributed scenario leads to more ice being maintained at the base of the headwalls (Fig. 9). This 

highlights the importance of explicitly accounting for avalanches for this particular glacier. We note that these simulations 

were conducted with a fixed 𝑃𝑓𝑎𝑐𝑡 that does not account for an upward migration of the rain/snow transition, and therefore 

likely underestimates the future relative contribution of avalanches to the glacier accumulation.  

 585 

Our estimates of the current and future avalanche contribution to the mass balance of Argentière Glacier are promising, but 

show that it remains difficult to directly account for this snow redistribution without considerable uncertainties, given the 

spatial and temporal variability of these processes (Hynek et al., 2023; Kneib et al., 2023). As such, this study calls for more 

detailed observations of mass redistribution from avalanches, on or off-glacier (Hynek et al., 2023; Sommer et al., 2015), and 

for a better representation of these processes in glacier models. More generally, our study showcases the use of the SMB 590 

inversion to identify ablation or accumulation hotspots, which may not be detectable by a network of in situ measurements, 

even on a well-known glacier such as Argentière. Such an approach can therefore provide crucial information on the variability 

of the SMB of mountain glaciers to target local processes such as avalanching or sub-debris melt (McCarthy et al., 2022; 

Rounce et al., 2018). It also has the opportunity to be expanded to the regional scale (Cook et al., 2023; Miles et al., 2021), 

with the main current limitations being the quality of the surface velocity observations, especially in the accumulation zones, 595 

followed by the availability of ice thickness measurements to constrain distributed ice thickness estimates. 

5 Conclusion 

Our study leveraged high-resolution and high quality remote sensing data to invert for the distributed SMB of Argentière 

Glacier using three different methods to estimate the ice thickness and calculate the ice flux and its divergence. These 

approaches displayed consistent patterns of SMB and showed a good agreement with measurements at stakes, with RMSE 600 

values lower than 0.96 m w.e. yr-1. They highlighted a strong spatial variability in SMB, much higher than what would be 

expected from the GLACIOCLIM ETI model that was calibrated against the stake measurements.  

 

This variability can be at least partly attributed to avalanching from the headwalls on the left-hand side of Argentière Glacier. 

This area is characterised by regular large avalanches that are visible in satellite radar images, and a simple parametrization of 605 

snow redistribution on the headwalls also indicates high accumulation rates at the base of these headwalls. Based on the SMB 
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inversions we estimated that avalanches contributed to an additional 60% mass accumulation at these locations, which was 

equivalent to an additional 20% mass accumulation at the scale of Argentière Glacier, without the Tour Noir and Améthyste 

tributaries.  

 610 

We used these distributed SMB inversions to propose a corrected SMB model which accounts for this additional mass 

accumulation. This leads to twice more mass being conserved by 2100 in an RCP 4.5 climate scenario, and to a slower retreat 

of Argentière Glacier at the base of the headwalls. Our results therefore highlight the role of avalanches for the mass balance 

and future evolution of Argentière Glacier, and the importance of accounting for this effect in glacier models. More generally, 

it showcases the potential of SMB inversions to derive key information on the spatial variability of the surface mass balance, 615 

and to attribute this variability to specific processes. 
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of the ice thickness modelling approaches: https://github.com/jouvetg/igm and the Elmer/Ice model for the forward modelling: 

https://github.com/elmercsc/elmerfem. We have also made the SnowSlide snow redistribution scheme available online: 

https://github.com/OGGM/Snowslide.  

Data availability 625 

Elevation change, velocity, ice thickness and distributed SMB products are available on the GLACIOCLIM website: 

https://glacioclim.osug.fr/Distributed-surface-mass-balance-of-an-avalanche-fed-glacier. All in situ mass-balance data are 

available in the GLACIOCLIM database at https://glacioclim.osug.fr/ and through the World Glacier Monitoring Service 

(WGMS) database.  

Competing interests 630 

The authors declare that they have no conflict of interest. 

https://github.com/MarinKneib/argentiere_pleiades_smb
https://github.com/miles916/grid_continuity_SMB
https://github.com/adehecq/argentiere_pleiades_smb
https://github.com/jouvetg/igm
https://github.com/elmercsc/elmerfem
https://github.com/OGGM/Snowslide
https://glacioclim.osug.fr/


27 

 

Acknowledgements 

This project has received funding from the Swiss National Science Foundation (SNSF) under the Postdoc.Mobility programme, 

grant agreement P500PN_210739, CAIRN, “Contribution of avalanches to glacier mass balance”. The Pléiades images used 

in this study were obtained through the Kalideos-Alpes project (https://alpes.kalideos.fr) funded by the French Space Agency 635 

(Centre National d'Etudes Spatiales, CNES) and the DINAMIS initiative through the research infrastructure DATA TERRA 

(https://dinamis.data-terra.org/). Authors from IGE acknowledge the support from the LabEx OSUG@2020 (Investissements 

d’Avenir - ANR10 LABX56). The authors thank the GLACIOCLIM monitoring service (CNRS-INSU, UGA-OSUG, IRD, 

INRAE, IPEV, Météo France) for the in situ surface mass balance measurements (https://glacioclim.osug.fr/). Finally, we 

would like to thank Dr. Van Tricht and one anonymous reviewer for their very relevant and constructive reviews. 640 

References 

Alexander, D., Shulmeister, J., & Davies, T.: High basal melting rates within high-precipitation temperate glaciers. Journal of 

Glaciology, 57(205), 789–795. https://doi.org/10.3189/002214311798043726, 2011. 

 

Belart, J. M. C., Berthier, E., Magnússon, E., Anderson, L. S., Pálsson, F., Thorsteinsson, T., Howat, I. M., Aðalgeirsdóttir, 645 

G., Jóhannesson, T., and Jarosch, A. H.: Winter mass balance of Drangajökull ice cap (NW Iceland) derived from satellite sub-

meter stereo images, Cryosphere, 11, 1501–1517, https://doi.org/10.5194/tc-11-1501-2017, 2017. 

 

Benn, D. I. and Lehmkuhl, F.: Mass balance and equilibrium-line altitudes of glaciers in high-mountain environments, 

Quaternary International, 65–66, 15–29, https://doi.org/10.1016/S1040-6182(99)00034-8, 2000. 650 

 

Beraud, L., Cusicanqui, D., Rabatel, A., Brun, F., Vincent, C., and Six, D.: Glacier-wide seasonal and annual geodetic mass 

balances from Pléiades stereo images: application to the Glacier d’Argentière, French Alps, Journal of Glaciology, 1–13, 

https://doi.org/10.1017/jog.2022.79, 2022. 

 655 

Bernhardt, M. and Schulz, K.: SnowSlide: A simple routine for calculating gravitational snow transport, Geophys Res Lett, 

37, https://doi.org/10.1029/2010GL043086, 2010. 

 

Berthier, E. and Vincent, C.: Relative contribution of surface mass-balance and ice-flux changes to the accelerated thinning of 

Mer de Glace, French Alps, over1979-2008, Journal of Glaciology, 58, 501–512, https://doi.org/10.3189/2012JoG11J083, 660 

2012. 

 

https://alpes.kalideos.fr/
https://dinamis.data-terra.org/
https://glacioclim.osug.fr/
https://doi.org/10.3189/002214311798043726


28 

 

Berthier, E., Cabot, V., Vincent, C., and Six, D.: Decadal Region-Wide and Glacier-Wide Mass Balances Derived from Multi-

Temporal ASTER Satellite Digital Elevation Models. Validation over the Mont-Blanc Area, Front Earth Sci (Lausanne), 4, 

https://doi.org/10.3389/feart.2016.00063, 2016. 665 

 

Berthier, E., Floriciou, D., Gardner, A. S., Gourmelen, N., Jakob, L., Paul, F., Treichler, D., Wouters, B., Belart, J. M. C., 

Dehecq, A., Dussaillant, I., Hugonnet, R., Kääb, A., Krieger, L., Pálsson, F., and Zemp, M.: Measuring glacier mass changes 

from space—a review, Reports on Progress in Physics, 86, 036801, https://doi.org/10.1088/1361-6633/acaf8e, 2023. 

 670 

Bisset, R. R., Dehecq, A., Goldberg, D. N., Huss, M., Bingham, R. G., and Gourmelen, N.: Reversed Surface-Mass-Balance 

Gradients on Himalayan Debris-Covered Glaciers Inferred from Remote Sensing, Remote Sens (Basel), 12, 1563, 

https://doi.org/10.3390/rs12101563, 2020. 

 

Le Brocq, A. M., Payne, A. J., and Siegert, M. J.: West Antarctic balance calculations: Impact of flux-routing algorithm, 675 

smoothing algorithm and topography, Comput Geosci, 32, 1780–1795, https://doi.org/10.1016/j.cageo.2006.05.003, 2006. 

 

Brun, F., Wagnon, P., Berthier, E., Shea, J. M., Immerzeel, W. W., Kraaijenbrink, P. D. A., Vincent, C., Reverchon, C., 

Shrestha, D., and Arnaud, Y.: Ice cliff contribution to the tongue-wide ablation of Changri Nup Glacier, Nepal, central 

Himalaya, Cryosphere, 12, 3439–3457, https://doi.org/10.5194/tc-12-3439-2018, 2018. 680 

 

Burger, F., Ayala, A., Farias, D., Thomas, |, Shaw, E., Macdonell, S., Brock, B., Mcphee, J., and Pellicciotti, F.: Interannual 

variability in glacier contribution to runoff from a high-elevation Andean catchment: understanding the role of debris cover in 

glacier hydrology, https://doi.org/10.1002/hyp.13354, 2018. 

 685 

Buri, P., Miles, E. S., Steiner, J. F., Ragettli, S., and Pellicciotti, F.: Supraglacial Ice Cliffs Can Substantially Increase the Mass 

Loss of Debris‐Covered Glaciers, Geophys Res Lett, 48, https://doi.org/10.1029/2020GL092150, 2021. 

 

Buri, P., Fatichi, S., Shaw, T. E., Miles, E. S., McCarthy, M. J., Fyffe, C. L., Fugger, S., Ren, S., Kneib, M., Jouberton, A., 

Steiner, J., Fujita, K., and Pellicciotti, F.: Land Surface Modeling in the Himalayas: On the Importance of Evaporative Fluxes 690 

for the Water Balance of a High‐Elevation Catchment, Water Resour Res, 59, https://doi.org/10.1029/2022WR033841, 2023. 

 

Cogley, J. G., Hock, R., Rasmussen, L. A., Arendt, A. A., Bauder, A., Braithwaite, R. J., Jansson, P., Kaser, G., Möller, M., 

Nicholson, L., and Zemp, M.: Glossary of Glacier Mass Balance and Related Terms, Paris, 2011. 

 695 



29 

 

Colgan, W., Rajaram, H., Abdalati, W., McCutchan, C., Mottram, R., Moussavi, M. S., and Grigsby, S.: Glacier crevasses: 

Observations, models, and mass balance implications, https://doi.org/10.1002/2015RG000504, March 2016. 

 

Cook, S. J., Jouvet, G., Millan, R., Rabatel, A., Zekollari, H., and Dussaillant, I.: Committed Ice Loss in the European Alps 

Until 2050 Using a Deep‐Learning‐Aided 3D Ice‐Flow Model With Data Assimilation, Geophys Res Lett, 50, 700 

https://doi.org/10.1029/2023GL105029, 2023. 

 

Cox, L. H. and March, R. S.: Comparison of geodetic and glaciological mass-balance techniques, Gulkana Glacier, Alaska, 

U.S.A., Journal of Glaciology, 50, 363–370, https://doi.org/10.3189/172756504781829855, 2004. 

 705 

Cuffey, C. and Paterson, W. S. B.: The Physics of Glaciers, edited by: Elsevier, 2010. 

DeBeer, C. M. and Sharp, M. J.: Topographic influences on recent changes of very small glaciers in the Monashee Mountains, 

British Columbia, Canada, Journal of Glaciology, 55, 691–700, https://doi.org/10.3189/002214309789470851, 2009. 

 

Dehecq, A., Gourmelen, N., Gardner, A. S., Brun, F., Goldberg, D., Nienow, P. W., Berthier, E., Vincent, C., Wagnon, P., and 710 

Trouvé, E.: Twenty-first century glacier slowdown driven by mass loss in High Mountain Asia, Nat Geosci, 12, 22–27, 

https://doi.org/10.1038/s41561-018-0271-9, 2019. 

 

Farinotti, D., Huss, M., Fürst, J. J., Landmann, J., Machguth, H., Maussion, F., and Pandit, A.: A consensus estimate for the 

ice thickness distribution of all glaciers on Earth, Nat Geosci, 12, 168–173, https://doi.org/10.1038/s41561-019-0300-3, 2019. 715 

 

Florentine, C., Harper, J., Fagre, D., Moore, J., and Peitzsch, E.: Local topography increasingly influences the mass balance 

of a retreating cirque glacier, Cryosphere, 12, 2109–2122, https://doi.org/10.5194/tc-12-2109-2018, 2018. 

 

Gagliardini, O., Zwinger, T., Gillet-Chaulet, F., Durand, G., Favier, L., de Fleurian, B., Greve, R., Malinen, M., Martín, C., 720 

Råback, P., Ruokolainen, J., Sacchettini, M., Schäfer, M., Seddik, H., and Thies, J.: Capabilities and performance of Elmer/Ice, 

a new-generation ice sheet model, Geosci Model Dev, 6, 1299–1318, https://doi.org/10.5194/gmd-6-1299-2013, 2013. 

 

Gilbert, A., Gimbert, F., Gagliardini, O., and Vincent, C.: Inferring the Basal Friction Law From Long Term Changes of 

Glacier Length, Thickness and Velocity on an Alpine Glacier, Geophys Res Lett, 50, https://doi.org/10.1029/2023GL104503, 725 

2023. 

 

GlaThiDa Consortium: Glacier Thickness Database 3.1.0., 2020. 

 



30 

 

Goovaerts, P.: Geostatistics for Natural Resources Evaluation, New York: Oxford University Press, 1997. 730 

 

Gruber, S.: A mass-conserving fast algorithm to parameterize gravitational transport and deposition using digital elevation 

models, Water Resour Res, 43, https://doi.org/10.1029/2006WR004868, 2007. 

 

Hock, R. and Holmgren, B.: A distributed surface energy-balance model for complex topography and its application to 735 

Storglaciären, Sweden. Journal of Glaciology, 51(172), 25–36. https://doi.org/10.3189/172756505781829566, 2005. 

 

Hubbard, A., Willis, I., Sharp, M., Mair, D., Nienow, P., Hubbard, B., and Blatter, H.: Glacier mass-balance determination by 

remote sensing and high-resolution modelling, Journal of Glaciology, 46, 491–498, 

https://doi.org/10.3189/172756500781833016, 2000. 740 

 

Huss, M.: Density assumptions for converting geodetic glacier volume change to mass change, Cryosphere, 7, 877–887, 

https://doi.org/10.5194/tc-7-877-2013, 2013. 

 

Huss, M., Bauder, A., Linsbauer, A., Gabbi, J., Kappenberger, G., Steinegger, U., and Farinotti, D.: More than a century of 745 

direct glacier mass-balance observations on Claridenfirn, Switzerland, Journal of Glaciology, 67, 697–713, 

https://doi.org/10.1017/jog.2021.22, 2021. 

 

Hynek, B., Binder, D., Citterio, M., Larsen, S. H., Abermann, J., Verhoeven, G., Ludewig, E., and Schöner, W.: Accumulation 

by avalanches as significant contributor to the mass balance of a High Arctic mountain glacier, The Cryosphere Discuss. 750 

[preprint], 2023. 

 

Jourdain, B., Vincent, C., Réveillet, M., Rabatel, A., Brun, F., Six, D., Laarman, O., Piard, L., Ginot, P., Sanchez, O., and 

Berthier, E.: A method to estimate surface mass-balance in glacier accumulation areas based on digital elevation models and 

submergence velocities, Journal of Glaciology, 1–16, https://doi.org/10.1017/jog.2023.29, 2023. 755 

 

Jouvet, G.: Inversion of a Stokes glacier flow model emulated by deep learning, Journal of Glaciology, 69, 13–26, 

https://doi.org/10.1017/jog.2022.41, 2023. 

 

Jouvet, G. and Cordonnier, G.: Ice-flow model emulator based on physics-informed deep learning, Journal of Glaciology, 1–760 

15, https://doi.org/10.1017/jog.2023.73, 2023. 

 

https://doi.org/10.3189/172756505781829566


31 

 

Kamb, B. and Echelmeyer, K. A.: Stress-Gradient Coupling in Glacier Flow: I. Longitudinal Averaging of the Influence of Ice 

Thickness and Surface Slope, Journal of Glaciology, 32, 267–284, https://doi.org/10.3189/S0022143000015604, 1986. 

 765 

Kneib, M., Miles, E. S., Buri, P., Fugger, S., McCarthy, M., Shaw, T. E., Chuanxi, Z., Truffer, M., Westoby, M. J., Yang, W., 

and Pellicciotti, F.: Sub-seasonal variability of supraglacial ice cliff melt rates and associated processes from time-lapse 

photogrammetry, Cryosphere, 16, 4701–4725, https://doi.org/10.5194/tc-16-4701-2022, 2022. 

 

Kneib, M., Dehecq, A., Brun, F., Karbou, F., Charrier, L., Leinss, S., Wagnon, P., and Maussion, F.: Mapping and 770 

characteristics of avalanches on mountain glaciers with Sentinel-1, EGUsphere [preprint], 2023. 

 

Laha, S., Kumari, R., Singh, S., Mishra, A., Sharma, T., Banerjee, A., Nainwal, H. C., and Shankar, R.: Evaluating the 

contribution of avalanching to the mass balance of Himalayan glaciers, Ann Glaciol, 58, 110–118, 

https://doi.org/10.1017/aog.2017.27, 2017. 775 

 

MacKie, E. J., Schroeder, D. M., Zuo, C., Yin, Z., and Caers, J.: Stochastic modeling of subglacial topography exposes 

uncertainty in water routing at Jakobshavn Glacier, Journal of Glaciology, 67, 75–83, https://doi.org/10.1017/jog.2020.84, 

2021. 

 780 

Maussion, F., Butenko, A., Champollion, N., Dusch, M., Eis, J., Fourteau, K., Gregor, P., Jarosch, A. H., Landmann, J., 

Oesterle, F., Recinos, B., Rothenpieler, T., Vlug, A., Wild, C. T., and Marzeion, B.: The Open Global Glacier Model (OGGM) 

v1.1, Geosci Model Dev, 12, 909–931, https://doi.org/10.5194/GMD-12-909-2019, 2019. 

 

McCarthy, M., Miles, E., Kneib, M., Buri, P., Fugger, S., and Pellicciotti, F.: Supraglacial debris thickness and supply rate in 785 

High-Mountain Asia, Commun Earth Environ, 3, 269, https://doi.org/10.1038/s43247-022-00588-2, 2022. 

 

Miles, E., McCarthy, M., Dehecq, A., Kneib, M., Fugger, S., and Pellicciotti, F.: Health and sustainability of glaciers in High 

Mountain Asia, Nature Communications 2021 12:1, 12, 1–10, https://doi.org/10.1038/s41467-021-23073-4, 2021. 

 790 

Miles, E. S., Willis, I., Buri, P., Steiner, J. F., Arnold, N. S., and Pellicciotti, F.: Surface Pond Energy Absorption Across Four 

Himalayan Glaciers Accounts for 1/8 of Total Catchment Ice Loss, Geophys Res Lett, 45, 10, 410–464, 473, 

https://doi.org/10.1029/2018GL079678, 2018. 

 



32 

 

Millan, R., Mouginot, J., Rabatel, A., Jeong, S., Cusicanqui, D., Derkacheva, A., and Chekki, M.: Mapping Surface Flow 795 

Velocity of Glaciers at Regional Scale Using a Multiple Sensors Approach, Remote Sens (Basel), 11, 2498, 

https://doi.org/10.3390/rs11212498, 2019. 

 

Millan, R., Mouginot, J., Rabatel, A., and Morlighem, M.: Ice velocity and thickness of the world’s glaciers, Nat Geosci, 15, 

124–129, https://doi.org/10.1038/s41561-021-00885-z, 2022. 800 

 

Mimeau, L., Esteves, M., Zin, I., Jacobi, H.-W., Brun, F., Wagnon, P., Koirala, D., and Arnaud, Y.: Quantification of different 

flow components in a high-altitude glacierized catchment (Dudh Koshi, Himalaya): some cryospheric-related issues, Hydrol 

Earth Syst Sci, 23, 3969–3996, https://doi.org/10.5194/hess-23-3969-2019, 2019. 

 805 

Mishra, N. B., Miles, E. S., Chaudhuri, G., Mainali, K. P., Mal, S., Singh, P. B., and Tiruwa, B.: Quantifying heterogeneous 

monsoonal melt on a debris-covered glacier in Nepal Himalaya using repeat uncrewed aerial system (UAS) photogrammetry, 

Journal of Glaciology, 1–17, https://doi.org/10.1017/JOG.2021.96, 2021. 

 

Mott, R., Wolf, A., Kehl, M., Kunstmann, H., Warscher, M., and Grünewald, T.: Avalanches and micrometeorology driving 810 

mass and energy balance of the lowest perennial ice field of the Alps: a case study, Cryosphere, 13, 1247–1265, 

https://doi.org/10.5194/tc-13-1247-2019, 2019. 

 

Mouginot, J., Rabatel, A., Ducasse, E., & Millan, R.: Optimization of Cross Correlation Algorithm for Annual Mapping of 

Alpine Glacier Flow Velocities; Application to Sentinel-2. IEEE Transactions on Geoscience and Remote Sensing, 61, 1–12. 815 

https://doi.org/10.1109/TGRS.2022.3223259, 2023. 

 

Nuimura, T., Sakai, A., Taniguchi, K., Nagai, H., Lamsal, D., Tsutaki, S., Kozawa, A., Hoshina, Y., Takenaka, S., Omiya, S., 

Tsunematsu, K., Tshering, P., and Fujita, K.: The GAMDAM glacier inventory: a quality-controlled inventory of Asian 

glaciers, Cryosphere, 9, 849–864, https://doi.org/10.5194/tc-9-849-2015, 2015. 820 

 

Oerlemans, J.: Glaciers and climate change., CRC Press, 2001. 

 

Olson, M. and Rupper, S.: Impacts of topographic shading on direct solar radiation for valley glaciers in complex topography, 

Cryosphere, 13, 29–40, https://doi.org/10.5194/tc-13-29-2019, 2019. 825 

 

Pelto, B. M. and Menounos, B.: Surface Mass-Balance Gradients From Elevation and Ice Flux Data in the Columbia Basin, 

Canada, Front Earth Sci (Lausanne), 9, https://doi.org/10.3389/feart.2021.675681, 2021. 

https://doi.org/10.1109/TGRS.2022.3223259


33 

 

 

Pelto, B. M., Menounos, B., and Marshall, S. J.: Multi-year evaluation of airborne geodetic surveys to estimate seasonal mass 830 

balance, Columbia and Rocky Mountains, Canada, Cryosphere, 13, 1709–1727, https://doi.org/10.5194/tc-13-1709-2019, 

2019. 

 

Purdie, H., Rack, W., Anderson, B., Kerr, T., Chinn, T., Owens, I., and Linton, M.: The impact of extreme summer melt on 

net accumulation of an avalanche fed glacier, as determined by ground‐penetrating radar, Geografiska Annaler: Series A, 835 

Physical Geography, 97, 779–791, https://doi.org/10.1111/geoa.12117, 2015. 

 

Rabatel, A., Sanchez, O., Vincent, C., and Six, D.: Estimation of Glacier Thickness From Surface Mass Balance and Ice Flow 

Velocities: A Case Study on Argentière Glacier, France, Front Earth Sci (Lausanne), 6, 

https://doi.org/10.3389/feart.2018.00112, 2018. 840 

 

Ragettli, S., Pellicciotti, F., Immerzeel, W. W., Miles, E. S., Petersen, L., Heynen, M., Shea, J. M., Stumm, D., Joshi, S., and 

Shrestha, A.: Unraveling the hydrology of a Himalayan catchment through integration of high resolution in situ data and remote 

sensing with an advanced simulation model, Adv Water Resour, 78, 94–111, https://doi.org/10.1016/j.advwatres.2015.01.013, 

2015. 845 

 

Réveillet, M., Vincent, C., Six, D., and Rabatel, A.: Which empirical model is best suited to simulate glacier mass balances?, 

Journal of Glaciology, 63, 39–54, https://doi.org/10.1017/jog.2016.110, 2017. 

 

Réveillet, M., Vincent, C., Six, D., Rabatel, A., Sanchez, O., Piard, L., and Laarman, O.: Spatio-temporal variability of surface 850 

mass balance in the accumulation zone of the Mer de Glace, French Alps, from multitemporal terrestrial LiDAR measurements, 

Journal of Glaciology, 67, 137–146, https://doi.org/10.1017/jog.2020.92, 2021. 

 

Rounce, D. R., King, O., McCarthy, M., Shean, D. E., and Salerno, F.: Quantifying Debris Thickness of Debris-Covered 

Glaciers in the Everest Region of Nepal Through Inversion of a Subdebris Melt Model, J Geophys Res Earth Surf, 123, 1094–855 

1115, https://doi.org/10.1029/2017JF004395, 2018. 

 

Rounce, D. R., Hock, R., and Shean, D. E.: Glacier Mass Change in High Mountain Asia Through 2100 Using the Open-

Source Python Glacier Evolution Model (PyGEM), Front Earth Sci (Lausanne), 7, 331, 

https://doi.org/10.3389/feart.2019.00331, 2020. 860 

Schuster, L., Rounce, D. R., and Maussion, F.: Glacier projections sensitivity to temperature-index model choices and 

calibration strategies, Ann Glaciol, 1–16, https://doi.org/10.1017/aog.2023.57, 2023. 



34 

 

 

Sommer, C. G., Lehning, M., and Mott, R.: Snow in a Very Steep Rock Face: Accumulation and Redistribution During and 

After a Snowfall Event, Front Earth Sci (Lausanne), 3, https://doi.org/10.3389/feart.2015.00073, 2015. 865 

 

Tadono, T., Ishida, H., Oda, F., Naito, S., Minakawa, K., and Iwamoto, H.: Precise Global DEM Generation by ALOS PRISM, 

ISPRS Annals of the Photogrammetry, Remote Sensing and Spatial Information Sciences, II–4, 71–76, 

https://doi.org/10.5194/isprsannals-II-4-71-2014, 2014. 

 870 

Thibert, E., Blanc, R., Vincent, C., and Eckert, N.: Glaciological and volumetric mass-balance measurements: error analysis 

over 51 years for Glacier de Sarennes, French Alps, Journal of Glaciology, 54, 522–532, 

https://doi.org/10.3189/002214308785837093, 2008. 

 

Turchaninova, A. S., Lazarev, A. v., Marchenko, E. S., Seliverstov, Yu. G., Sokratov, S. A., Petrakov, D. A., Barandun, M., 875 

Kenzhebaev, R., & Saks, T.: Methods of snow avalanche nourishment assessment (on the example of three Tian Shan glaciers). 

Ice and Snow, 59(4), 460–474. https://doi.org/10.15356/2076-6734-2019-4-438, 2019. 

 

Van Tricht, L., Huybrechts, P., Van Breedam, J., Vanhulle, A., Van Oost, K., and Zekollari, H.: Estimating surface mass 

balance patterns from unoccupied aerial vehicle measurements in the ablation area of the Morteratsch–Pers glacier complex 880 

(Switzerland), Cryosphere, 15, 4445–4464, https://doi.org/10.5194/tc-15-4445-2021, 2021. 

 

Verfaillie, D., Déqué, M., Morin, S., and Lafaysse, M.: The method ADAMONT v1.0 for statistical adjustment of climate 

projections applicable to energy balance land surface models, Geosci Model Dev, 10, 4257–4283, https://doi.org/10.5194/gmd-

10-4257-2017, 2017. 885 

 

Vernay, M., Lafaysse, M., Monteiro, D., Hagenmuller, P., Nheili, R., Samacoïts, R., Verfaillie, D., and Morin, S.: The S2M 

meteorological and snow cover reanalysis over the French mountainous areas: description and evaluation (1958–2021), Earth 

Syst Sci Data, 14, 1707–1733, https://doi.org/10.5194/essd-14-1707-2022, 2022. 

 890 

Vincent, C., Soruco, A., Six, D., and Le Meur, E.: Glacier thickening and decay analysis from 50 years of glaciological 

observations performed on Glacier d’Argentière, Mont Blanc area, France, Ann Glaciol, 50, 73–79, 

https://doi.org/10.3189/172756409787769500, 2009. 

 

Vincent, C., Soruco, A., Azam, M. F., Basantes‐Serrano, R., Jackson, M., Kjøllmoen, B., Thibert, E., Wagnon, P., Six, D., 895 

Rabatel, A., Ramanathan, A., Berthier, E., Cusicanqui, D., Vincent, P., and Mandal, A.: A Nonlinear Statistical Model for 

https://doi.org/10.15356/2076-6734-2019-4-438


35 

 

Extracting a Climatic Signal From Glacier Mass Balance Measurements, J Geophys Res Earth Surf, 123, 2228–2242, 

https://doi.org/10.1029/2018JF004702, 2018. 

 

Vincent, C., Gilbert, A., Jourdain, B., Piard, L., Ginot, P., Mikhalenko, V., Possenti, P., Le Meur, E., Laarman, O., and Six, 900 

D.: Strong changes in englacial temperatures despite insignificant changes in ice thickness at Dôme du Goûter glacier (Mont 

Blanc area), Cryosphere, 14, 925–934, https://doi.org/10.5194/tc-14-925-2020, 2020. 

 

Vincent, C., Cusicanqui, D., Jourdain, B., Laarman, O., Six, D., Gilbert, A., Walpersdorf, A., Rabatel, A., Piard, L., Gimbert, 

F., Gagliardini, O., Peyaud, V., Arnaud, L., Thibert, E., Brun, F., and Nanni, U.: Geodetic point surface mass balances: a new 905 

approach to determine point surface mass balances on glaciers from remote sensing measurements, Cryosphere, 15, 1259–

1276, https://doi.org/10.5194/tc-15-1259-2021, 2021. 

 

Voordendag, A., Goger, B., Prinz, R., Sauter, T., Mölg, T., Saigger, M., and Kaser, G.: A novel framework to investigate wind-

driven snow redistribution over an Alpine glacier: combination of high-resolution terrestrial laser scans and large-eddy 910 

simulations, Cryosphere, 18, 849–868, https://doi.org/10.5194/tc-18-849-2024, 2024. 

 

Wagnon, P., Brun, F., Khadka, A., Berthier, E., Shrestha, D., Vincent, C., Arnaud, Y., Six, D., Dehecq, A., Ménégoz, M., and 

Jomelli, V.: Reanalysing the 2007–19 glaciological mass-balance series of Mera Glacier, Nepal, Central Himalaya, using 

geodetic mass balance, Journal of Glaciology, 67, 117–125, https://doi.org/10.1017/jog.2020.88, 2021. 915 

 

Westoby, M. J., Rounce, D. R., Shaw, T. E., Fyffe, C. L., Moore, P. L., Stewart, R. L., and Brock, B. W.: Geomorphological 

evolution of a debris‐covered glacier surface, Earth Surf Process Landf, 45, 3431–3448, https://doi.org/10.1002/esp.4973, 

2020. 

 920 

Zekollari, H., Fürst, J. J., and Huybrechts, P.: Modelling the evolution of Vadret da Morteratsch, Switzerland, since the Little 

Ice Age and into the future, Journal of Glaciology, 60, 1155–1168, https://doi.org/10.3189/2014JoG14J053, 2014. 

 

Zeller, L., McGrath, D., Sass, L., O’Neel, S., McNeil, C., and Baker, E.: Beyond glacier-wide mass balances: parsing seasonal 

elevation change into spatially resolved patterns of accumulation and ablation at Wolverine Glacier, Alaska, Journal of 925 

Glaciology, 69, 87–102, https://doi.org/10.1017/jog.2022.46, 2023. 

 

Zhao, C., Yang, W., Miles, E., Westoby, M., Kneib, M., Wang, Y., He, Z., and Pellicciotti, F.: Thinning and surface mass 

balance patterns of two neighbouring debris-covered glaciers in the southeastern Tibetan Plateau, Cryosphere, 17, 3895–3913, 

https://doi.org/10.5194/tc-17-3895-2023, 2023. 930 



36 

 

  

 


