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Abstract. Saharan dust deposits frequently color
:::
turn

:
alpine glaciers orange

:::
and

:::::::
darken

::::
their

::::::
surface. Together with other

light-absorbing particles, mineral dust reduces snow albedo, increases snow melt rate, and lowers the surface mass balance

of glaciers. Since the surface mass balance drives the evolution of alpine glaciers, assessing the impact of impurities helps to

understand their current and future evolution. The location of impurities within the snowpack and their effect on snow albedo5

can be estimated through physical modelling. In this study, we quantified the impact of dust, taking into account mineral

dust and black carbon in snow, on the Argentière Glacier over the period 2019-2022. Our results show that during the three

years preceding 2022, the contribution of mineral dust to the annual decrease in surface mass balance was between 0.19-0.28

::::::::
0.31-0.45 m w.e., while it reached the double in 2022 with 0.47

:::
0.63

:
m w.e. [0.41, 0.50

::::
0.54,

::::
0.69] (median, [Q10-Q90]), and

up to 1.00
::
1.2

:
m w.e. [0.78, 1.12

:::
0.9,

:::
1.4] at specific locations. The impact of dust in snow was unevenly distributed over the10

glacier, especially in 2022. The highest simulated impacts occurred where firn layers from previous years were exposed after

the total melt of the snowpack of the previous winter. The gravitational redistribution of the snow from avalanches was not

taken into account, which can reduce the impact of dust at specific locations. Increasing the modelled scavenging efficiency of

black carbon can double the impact of dust alone at the glacier scale. In general, the contribution of mineral dust to the melt

represents between 6 and 12
:
8
:::
and

:::
16 % of Argentière Glacier summer melt depending on the year. Hence, we recommend to15

account
::::::::
accounting

:
for impurities to simulate the distributed surface mass balance of glaciers.
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1 Introduction

In the European Alps, the surface mass balance (SMB) is a key component of the evolution of glaciers, as it controls the total

mass budget of alpine glaciers (Cuffey, Paterson, 2010). When the surface of a glacier is at the melting point, a positive surface

energy budget enables the glacier surface to melt. For alpine glaciers, the variability of this surface energy budget is mainly20

driven by shortwave radiation, e.g., Sicart et al. (2008). In mountainous areas, the incoming shortwave radiation strongly varies

with the local topography (Arnold et al., 2006; Robledano et al., 2022). At the glacier surface, the shortwave radiation budget

is modulated by the snow and ice albedo (Warren, 1982; Gardner, Sharp, 2010). The albedo of snow is determined, among

other parameters, by snow properties and light-absorbing particles (LAPs) such as mineral dust (dust) or black carbon (BC).

The evolution of LAP concentration at the glacier surface therefore modulates the glacier SMB.25

The impact of LAPs is not restricted to the European Alps. By lowering the albedo, LAPs contribute to significantly acceler-

ate snow and glacier melt around the world, e.g., Ménégoz et al. (2014); Ginot et al. (2014); Magalhães et al. (2019); Sarangi et al. (2020); Gilardoni et al. (2022); Gunnarsson et al. (2023)

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
Ménégoz et al. (2014); Ginot et al. (2014); Magalhães et al. (2019); Sarangi et al. (2020); Gilardoni et al. (2022); Gunnarsson et al. (2023); Menounos et al. (2025)

. In the Andes and High Mountain Asia, high LAP deposition fluxes and high melt impacts motivated these studies. In the Euro-

pean Alps, only a few studies quantified the impact of LAPs on glaciers, while the impact of LAPs on the melt of seasonal snow30

has been quantified by numerous studies, e.g., Di Mauro et al. (2019); Tuzet et al. (2020); Réveillet et al. (2022); Di Mauro

et al. (2024). For instance, LAPs have
::
on

::::::
average

::::
over

:::
the

::::
past

::
40

::::::
years,

:::
the

:::::::
presence

::
of

:::::
LAPs

::
in

:::::
snow

:::
has

:
advanced the snow

melt-out date on average by 18 days in the French Alpsin the past 40 years, and even more at high elevations (more than 20

days at 3,000 m a.s.l., Réveillet et al., 2022).

The radiative impact of BC has often been in the spotlight, e.g., Bond et al. (2013). However, BC emissions and depositions35

on the snowpack have decreased from the end of the 20th century in the European Alps, e.g., Sun et al. (2020); Grange et al.

(2020); Réveillet et al. (2022). Mineral dust also has a significant impact on snow melt (Skiles et al., 2018) and on glacier melt,

e.g., Sarangi et al. (2020). Regarding mineral dust depositions, Europe is mainly influenced by Saharan dust transport, which

is the main contributor that represents between 50 and 70 % of the total annual dust depositions (Ginoux et al., 2001). Above

2,000 m a.s.l. in the French Alps, the impact of dust alone has advanced the snow-melt out date by more than 10 days (Réveillet40

et al., 2022). Réveillet et al. (2022) showed that the impact of BC and dust increased with elevation, but this increase was more

pronounced for dust. Moreover, Dumont et al. (2020) also showed that the radiative forcing of dust presented large topographic

gradients. This increase in the impact of dust with elevation is due to several reasons. First, the late depositions of dust in the

European Alps with intense deposition events occurring usually after March (e.g., Moulin et al. (1998); Collaud Coen et al.

(2004)) impact less the melt at low elevations that starts earlier. Second, for the highest elevations, the melting period is longer45

and occurs in spring and summer that are period associated with higher shortwave radiation than winter (Dumont et al., 2020).

Thus the impact of dust on the overall glaciers mass balance should be accurately quantified.

Quantifying the specific contribution of LAPs to the SMB of an entire glacier could be achieved using physical modelling.

Indeed, by representing different physical processes, physically based models can simulate snow and ice evolution. Some

models directly account for the impacts of the LAPs, e.g., the snow model SURFEX/ISBA-Crocus (Vionnet et al., 2012; Tuzet50
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et al., 2017) or the Community Land Model (Flanner et al., 2007). To our knowledge, only one study modelled and quanti�ed

the time evolution of the impact of dust on the SMB of a glacier in the European Alps (Gabbi et al., 2015). The authors modelled

the SMB at two locations on the Clariden Glacier in Switzerland over a century. They quanti�ed the long-term impact of dust

and BC with the re-exposure of contaminated �rn layers and showed that Saharan dust lowered the mean annual SMB by

0.03-0.06 m w.e. and black carbon by 0.2-0.3 m w.e. They found that annual melt rates were ampli�ed by only 2 % due to the55

presence of mineral dust and by 10 % due to the presence of black carbon. However, this study did not assess the impact of dust

on the SMB over an entire glacier area despite the small surface area of this glacier. In addition, Clariden Glacier is located in

the northern part of the European Alps, which is less exposed than the southern part to Saharan dust deposition,e.g., Baladima

(2021). Hence, we do not expect these results to be directly transferable to other alpine glaciers.

This study therefore focuses on the following research question: what is the impact of mineral dust on the SMB of an alpine60

glacier? To address this question, we selected the Argentière Glacier during the period 2019-2022. Being part of the French

glacier observatory GLACIOCLIM, Argentière Glacier is closely monitored and studied (e.g., Vincent et al., 2009; Rabatel

et al., 2018; Kneib et al., 2024b). The year 2022 was characterized by a strong precipitation de�cit and heat waves in the

French Alps (Mittelberger et al., 2024; Gascoin et al., 2024), leading to an exceptional mass loss of alpine glaciers in spring

and summer (Six et al., 2023; Berthier et al., 2023; Cremona et al., 2023). In addition, a signi�cant Saharan dust deposition65

event occurred on 16 March 2022 (Gascoin et al., 2024). These events were preceded by notable Saharan dust deposition events

in February 2021 (Dumont et al., 2023).

In this context, we simulated the distributed SMB of Argentière Glacier using the snow model SURFEX/ISBA-Crocus

(Vionnet et al., 2012; Lafaysse et al., 2017; Vernay et al., 2022), which includes the Two-streAm Radiative TransfEr in Snow

(TARTES,Picard, Libois, 2024G. Picard, Q. Libois, 2024) with an explicit representation of LAPs in snow (Tuzet et al., 2017).70

This model had already been used to model alpine glacier SMB,e.g., Dumont et al., 2012; Réveillet et al., 2018. We performed

an ensemble of simulations to account for meteorological forcing uncertainties. The resulting SMB were evaluated using point

SMB measurements from in-situ surveys, glacier surface facies derived from Sentinel-2 images, and distributed SMB retrieved

from satellite observation and modelling Kneib et al. (2024b). We also performed control simulations by deactivating the effect

of mineral dust on albedo to quantify the variation of the SMB that can be attributed to dust depositions in snow.75

2 Material and Methods

2.1 Study site and topography

Argentière Glacier (45°57'N, 7°00'E) is located in the Mont-Blanc mountain range in France. The extent of the glacier is 11

km2 in 2022, ranked 19th largest glacier in the European Alps, and the studied glacier area ranges from 3,600 to 2,100 m a.s.l.

The main �owline of the glacier is 8 km long. This glacierized valley is mainly north-west facing (Fig. 1d) and surrounded80

by multiple peaks above 3,800 m a.s.l. Argentière Glacier surface can be impacted by Saharan events, as shown in Fig. 1a

which illustrates this phenomenon in August 2021, with an orange coloration observed in the glacier accumulation area. A

dark orange color was visible in August 2022 (Fig. 1b), associated with an extreme negative mass balance in 2022 (Fig. 1c).
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