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The authors thank the editor and the two reviewers for the time dedicated to reading the manuscript
and for the constructive feedbacks, which we believe contributed to improving its quality. Answers to
the two reviewers are listed in the coloured boxes and our responses in black below the boxes. The
quotation marks are used when citing the manuscript in blue, and the modifications are highlighted in
bold. We also provide a revised version of the manuscript, as well as a version with tracked changes.

1 Summary of the corrections

The main adjustments carried out in this revised version of the manuscript are the following:

• broader details on the ALADIN model (R1.2.)

• justifying our choice of attribution concerning the dust impact (R2.6.)

• addition of uncertainty tests regarding dust scavenging (R1.3.), and mass absorption efficiency
of dust (R2.7.)

• adjustment of the mass absorption efficiency (MAE) of LAPs and its justification in a detailed
analysis in section 3 of this response

2 Answers to Reviewers

2.1 Reviewer #2

R2.1. This study examines the impact of mineral dust and BC on the surface mass balance
of a glacier in the French Alps. The study uses a variety of assimilated and reanalysis data
to inform a multilayer snow model, CROCUS, which was adapted to account for LAP layer
deposition and exposure within the snowpack structure. Results show that dust contributed
significantly to water equivalent loss from the glacier over all years investigated, but especially
in 2022 when compounding effects of dust deposition during the previous season resulted in
exception melt loss. I think this study is very well structured and organized. I appreciate the
wide array of data used and the thorough discussion of methods and limitations. The Figure
and results are mostly well designed and can be clearly understood.

We thank reviewer #2 for his general comment and for the specific comments that helps clarifying
the limitations of our study. We hope that our answers help to better apprehend our choices and
results.
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2.1.1 Primary concerns

Each of those primary concerns were detailed below by reviewer #2. So we gave an answer to each of
those primary concerns directly under the linked comment below.

R2.2. My primary concern lies within the discussion associated with BC scavenging and
increased dust impact, detailed in the comments below.

We addressed this concern in the response to specific comment R2.6.

R2.3. I would also request some clarity regarding the choice of both the LAP representation
within the snow representation, [...]

We addressed this concern in the response to specific comment R2.7.

R2.4. I would also request some clarity regarding [...] the choice of CROCUS itself.

We addressed this concern in the response to specific comment R2.9.

R2.5. Overall, I think the approach in this study is great for assessing specific, well-observed
glaciers. However, I question some broader claims of scalability and transferability to other
regions.

We addressed this concern in the response to specific comment R2.13.

2.1.2 Specific comments

R2.6. Line 530, Section 4.2, Figure 8, and elsewhere: There is mention of higher dust impacts
when BC is low or highly scavenged within the snowpack. I agree that this increases the relative
impact of dust on snowmelt (compared to BC), but as I understand it, this shouldn’t directly
affect the impact that dust has in generating melt water. In other words, 1g/m2 of exposed
dust would generate X m w.e of melt, and 1 g/m2 of dust with 0.1 g/m2 black carbon would
generate X m w.e. of melt (from dust) and Y m w.e. of melt (from BC). The point being that
X m w.e. is the same in both scenarios. If this is not the case, then it is currently unclear
what the mechanism is that would drive the same amount of dust to have a greater impact on
melt in the absence of BC (because of higher scavenging). I would argue that having more BC
retained in the snowpack with dust would enhance the impact of dust indirectly, by resulting
in more rapid exposure of buried deeper dust layers from X+Y vs. just X melt. Please explain
and/or clarify.

This is indeed an interesting remark and it is a question of attribution. To clarify the situation,
we introduce Figure 1 of this document (not added in the revised manuscript) that illustrates the
difference between the two possible approaches to quantify the impact of dust: the method suggested
by reviewer #2 and the one adopted in this study.

In this study, the impact of dust was computed by comparing the simulation with [BC only] and the
simulation with [BC+dust]. In other words, only the dust is removed in order to quantify its impact, by
comparison with ’contaminated’ snow, which we consider to be closer to reality. However, as mentioned
in the manuscript in section 4.2, when using this reference, the impact of one LAP depends on the
concentration of other LAP, because albedo is a non-linear function of LAP concentration (e.g., Fig. 12
of Skiles, Painter (2017)). For instance, at a given timestep, less BC at the snow surface increase the
dust radiative forcing.

In the second method suggested by reviewer #2, our understanding is that the impact of dust
would be based on comparing the simulation [without LAP] and the simulation with [dust only].
However, this method, (i) is a comparison between 2 virtual scenarios ([no LAP] and [only dust]) and
(ii) probably lead to overestimate the impact of dust (see Fig. 1).
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Figure 1: Choice on the attribution of the dust impact ∆dust from different point-of-view. Note that
we have intentionally (i) ∆dust+∆BC � ∆LAP and (ii) ∆dust � ∆0dust, this is due (among other factors)
to the sub-linearity of the albedo decrease with respect to the LAP concentration.

Both methods have been used in the literature to quantify this impact (e.g., Flanner et al. (2007,
2012) used the first approach, and Réveillet et al. (2022) the second approach). As mentioned above,
each has advantages and limitations. Nevertheless, based on the work of Mark Flanner and others
(cited below) and considering that the potential overestimation of the impact inherent to the second
approach represents a limitation, we prefer to retain the approach described in this study.

Citations from Flanner’s work: Flanner et al. (2007): ”We calculate instantaneous radiative forc-
ing of carbon aerosols in both snow and the atmosphere at each radiative transfer time step as the
difference in absorbed radiation with all aerosols and all aerosols except carbon aerosols.” Flanner
et al. (2012): ”We calculate radiative forcing [of BC] each timestep as the instantaneous difference
in absorbed surface energy with and without BC.” In this case, adding other LAPs to the simulation
decreases the RF of the initial LAPs: ”These forcings are smaller than previous estimates (Flanner et
al., 2007, 2009), demonstrating the importance of other factors. Reasons why forcing is different in this
study are [...] (4) light absorption by dust in snow, which decreases BC forcing, was not considered
by Flanner et al. (2007)” (Flanner et al., 2012).

To clarify and better justify our approach, we added the following clarifications in section 2.5:
”The forcing ensemble was used as input to the simulation model to get the simulations considering
the impact of mineral dust (simulations named ”dust”), and the simulations without the impact of
mineral dust (simulations named ”no-dust”). Simulations without the impact of dust were obtained
without the radiative effect of dust LAP as explained in Section 2.4.2. As a result, we obtained 40
paired simulations (dust and no-dust). An important point is that BC remained present in
all simulations. An alternative could have been to use the difference between (i) the
simulation with dust and without BC, and (ii) the simulation without LAP at all as in
Réveillet et al. (2022). This would have likely lead to larger quantified impacts (Flanner
et al., 2012). However, we chose the simulation with both BC and dust as the reference
as it is closer to the observed state of the snowpack, hence avoiding an overestimation of
the dust impact and staying in line with other studies, e.g., Flanner et al. (2007, 2012)).”
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R2.7. Section 2.4.1: As I understand it, the LAP implementation and resulting modeled albedo
depends on optical properties derived from dust during previous years at the same glacier. Is
there ample evidence that the optical properties do not vary that much? Explain.

We thank the reviewer to point out this limitation of the study.
Indeed, depending on the region of origin or its size distribution, the mineral dust deposited over

the European Alps can have different optical properties (e.g., Dumont et al. (2023); Caponi et al.
(2017)). After deposition the optical properties of dust can also evolve inside the snowpack with (i)
the location of the LAP with respect to the snow grains, i.e., inside or outside of the snow grains, e.g.,
He et al. (2018), or with (ii) the aggregation of the dust particles, e.g., Bond, Bergstrom (2006).

To assess the impact of different absorption properties of dust, we did 2 additional sensitivity tests
(added in Fig. 8 of the manuscript) using a low and a high value of mass absorption efficiency (MAE) of
dust, respectively [MAEdust(�0) = 27� 10�3 m2 g�1, AAEdust = 3:3] and [MAEdust(�0) = 630� 10�3

m2 g�1, AAEdust = 3:4]. Those values are the extrema of MAE listed in Caponi et al. (2017) when
considering the regions of Sahel and Sahara, the main sources of mineral dust for European Alps
(Collaud Coen et al. (2004), or more recently Collaud Coen et al. (2025)).

The sensitivity tests show that increasing the dust MAE results in a higher dust impact, leading
to enhanced melt and consequently a decrease in glacier surface mass balance. We noted that there
was a significant difference in dust impact in 2022 between these extreme values of MAE (∆dust < 0:4
m w.e. for the low MAE and ∆dust > 1:4 m w.e. for a high MAE). However, these extreme dust
impacts are likely unrealistic since the simulations using extreme dust MAE (low and high) had lower
evaluation rates than the reference scenario used throughout the study (see Table. 3).

To address your comment and the additional sensitivity tests mentioned below, the Methods and
Results sections, as well as Figure 8, have been updated in the revised version as follows:
Method section of section 2.4.1: ”For the two uncertainty tests on the dust MAE (Fig. 2), we
used the highest and the lowest values of dust MAE considering the regions of Sahel and
Sahara of Caponi et al. (2017), respectively [MAEdust(�0) = 27� 10�3 m2 g�1, AAEdust =
3:3] and [MAEdust(�0) = 630� 10�3 m2 g�1, AAEdust = 3:4].”
We added the following sentences in a new paragraph of section 4.1: ”In addition, the temporal
variability of the absorption efficiency of dust was not represented in the model: the
MAE used in this study was constant in time. However, the absorption efficiency of
mineral dust can vary for each deposition event depending on the region of origin or
the size distribution (e.g., Dumont et al. (2023); Caponi et al. (2017)), as well as by its
location within the snowpack either inside or outside the snow grains (He et al., 2018)
and by the aggregation state of the dust particles (Bond, Bergstrom, 2006). As shown in
Fig. 2, a low and a high value of dust MAE (Section 2.4.1) strongly affects the resulting
dust impact (∆dust < 0:4 m w.e. for the low MAE and ∆dust > 1:4 m w.e. for a high
MAE). However, these extreme dust impacts are unlikely since the simulations using
extreme dust MAE (low and high) results in degraded accuracy metrics with respect
to in situ measurements compared to the reference scenario used throughout the study
(not shown).” Since this MAE remains poorly constrained and represent an interesting research
perspective, we also propose to mention this limitation in the conclusion section: ”Furthermore, large
uncertainties linked to the percolation of BC within the snowpack might lead to significantly higher
impacts of dust. Using different mass absorption efficiency for the dust particles in snow
also significantly modulated the results. Further research is needed to understand these processes
and to quantify their impacts.”

R2.8. The LAP representation could be assessed indirectly by comparison to remotely sensed
snow albedo. Why was a snow albedo comparison from Sentinel or another sensor omitted?
Remotely sensed snow albedo could also inform modeling directly and may be more scalable.
Explain why this approach was not used in this paper. If Sentinel has a pixel saturation issue
that prevents good snow albedo detection, mention this.

We thank reviewer #2 to mention this idea. Indeed, broadband albedo derived from remote mea-
sured reflectances has been increasingly used for glaciological studies. For instance, Naegeli et al.
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Figure 2: Figure 8: Impact of uncertainties relative to LAP scavenging e�ciencies and deposition

uxes on the glacier-wide annual SMB (y-axis) and dust impact � dust (x-axis) for hydrological year
2022. Reference simulation is represented by the central black dot. The 40 members of the ensemble
are represented with the orange dots.

(2019) derived ice albedo trends using remote-sensing data using the method of Liang et al. (2003).
However, we should remain cautious when comparing values of simulated broadband albedo and broad-
band albedo retrieved from remote-sensed re
ectances, here Sentinel-2. First, Sentinel-2 measures the
hemispherical-conical re
ectance at given wavelengths. Since the re
ection of snow is not isotropic
(e.g., Dumont et al. (2010)) ( i.e., depends on the observation angle, and also varies with the solar
zenith angle), a re
ectance of snow on a given surface may di�ers from the albedo (bi-hemispherical
re
ectance) of this surface. Exploiting correctly the relationship between snow re
ectance observed
from S2 and albedo would require a more complex processing,e.g., Lamare et al. (2020). The method
of Liang et al. (2003), initially developed for other land surfaces than snow, does not account for the
anisotropy of snow. Second, the uncertainties of the re
ectance retrievals in complex terrain may
be too high to estimate the accuracy of the simulated albedo, as shown in Cluzet et al. (2020) for
Sentinel-2 (S2) images. For instance, the strong dependency to the slope is illustrated for S2 derived
albedo in Fig. 3a. That is why we initially based our evaluation on surface type (snow, ice), instead
of broadband albedo values derived from S2 images.

Considering your comment, and the limitations mentioned above, we added a comparison between
the simulated albedo and the albedo derived from the observed S2 re
ectances in the Appendix of
the revised version of the manuscript (Figure 3 of this review). The method is explained in the
new section 2.2.6: "Broadband snow albedo derived from Sentinel-2 re
ectances " of the
revised manuscript: "Using all images of Table B2, we compared the simulated broadband
albedo at noon, and the observed broadband albedo derived from Liang et al. (2003),
i.e. , S2 albedo = 0 :356� RB 2 + 0 :130� RB 4 + 0 :373� RB 8 + 0 :085� RB 11 + 0 :072� RB 12 � 0:018
where RBi is the re
ectance of Sentinel-2 band i . Only the points where the surface
type (Section 2.2.3) was snow for both the model and S2 were used. Appendix Fig. 3
shows this comparison. " The precautions to be taken regarding this comparison are mentioned in
the caption of Appendix Fig.3.

It should also be noted that these results highlighted a number of limitations, particularly con-
cerning the choice of MAE, and led to additional modi�cations in the revised manuscript, detailed in
section 3 of this document.
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Figure 3: Figure B3. Comparison between simulated broadband albedo and broadband
albedo derived from S2. See section 2.2.6 for methods and limitations. (a) In
uence
of the slope. (b) Comparison for slopes < 20°. The mean of all dates, except 2, shows
less than 0.1 of di�erence between the modelled albedo and the albedo derived from S2.
This comparison of broadband albedo has to be taken with cautious. Indeed, there are
several limitations. First, the broadband albedo derived from S2 (Liang et al., 2003)
was not developed for snow, an anisotropic surface ( e.g. , Dumont et al. (2010)), i.e. , the
re
ectance depends on the observation angle. Second, the uncertainties of the re
ectance
retrievals in complex terrain may be too high to estimate the accuracy of the simulated
albedo, e.g. , Cluzet et al. (2020), or panel (a) of this �gure where the broadband albedo
derived from S2 strongly depends on the slope.

R2.9. Section 4.3: I appreciate the thorough discussion of uncertainties regarding LAPs, but
think there also needs to be more discussion of broader model uncertainties. What are the limits
of CROCUS? How would using di�erent [...] physically based snow models vary the results? If
word count is an issue, I would recommend condensing some lines from the detailed discussion
of SMB and LAPs.

This comment was initially combined with the next comment (R2.10.). Please refer to the next
comment for the uncertainties concerning the choice of the model providing the meteorological forcing.

In the initial version of the manuscript, we did not discussed the snow model choice. We used here
the SURFEX-ISBA/Crocus model because (i) it has already been widely used in the European Alps
to model glacier SMB (e.g., Gerbaux et al. (2005); Dumont et al. (2012); R�eveillet et al. (2018)), (ii)
it has a detailed representation of the physical processes governing the snowpack evolution (which is
important for our study assessing impacts in snow), and (iii) this model is one of the only models
that combined a detailed layered description of snow microstructure with an explicit representation of
the radiative e�ects of LAPs. Indeed, Crocus is coupled with the radiative transfer model TARTES
(G. Picard, Q. Libois, 2024) and this coupling has already been used in multiple studies (e.g., Tuzet
et al. (2020); Dumont et al. (2020); R�eveillet et al. (2022)). For such reasons, we think that Crocus is
our best option to quantify the impact of LAP in the Alps.

Nevertheless, Crocus, as every model, is subject to modelling uncertainties related to the physical
processes driving snow evolution, or from the radiative transfer model. This is now discussed in
section 4.3 of the revised version of the manuscript: "The uncertainties in the results can also
be related to the choice of the model and the parameters used in the model ( e.g. , Lafaysse
et al. (2017)). In this study, this primarily concerns the physical processes driving snow
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evolution and the radiative transfer model. Concerning the radiative transfer model, here
TARTES coupled with the snow model, comparisons between radiative models (SNICAR
and TARTES in G. Picard, Q. Libois (2024)) indicate that the choice of the radiative
transfer model has a signi�cantly smaller impact on the results than variations in the
optical properties of the LAP, here represented using the MAE of each LAP. Therefore,
the uncertainty related to the radiative model is accounted for in this study by varying the
dust MAE factor (Section 4.1). Concerning the snow model, an ensemble approach can
provide estimates of snow model uncertainties. R�eveillet et al. (2022) applied this method
to Crocus and reported results on the impact of the LAPs comparable to deterministic
simulations (Supplementary Fig. S10 of R�eveillet et al. (2022))."

R2.10. Section 4.3: [...] How would using di�erent NWPs [...] vary the results?

For the meteorological forcing, we used the SAFRAN reanalysis. It is indeed NWP-based, however
SAFRAN also "combines information from numerical weather prediction models (ERA-40 reanalysis
from 1958 to 2002, ARPEGE from 2002 to 2021) and the best possible set of available in situ mete-
orological observations" (Vernay et al., 2022),i.e., SAFRAN is a reanalysis and not just a numerical
weather prediction. In addition, it was the most performant meteorological reanalysis over the French
Alps given our usage. Thus, using a di�erent NWP without any assimilated observation would very
likely lead to higher uncertainties.

Nevertheless, this dataset has identi�ed errors,e.g., incoming longwave bias in R�eveillet et al.
(2018). So, we used in-situ data using 2 AWS to improve the accuracy of this forcing (section 2.3.2).
And to account for the remaining errors and to avoid using meteorological forcings from di�erent
sources, we applied stochastic perturbations on the SAFRAN data (section 2.3.6), taking into account
the errors of SAFRAN w.r.t. the AWS moraine. This way, we propagated the forcing uncertainties and
we quanti�ed their impact on the results. The median-Q10-Q90 of the results using the meteorological
ensemble are often given in the manuscript in the form of XXX [XXX, XXX]. At each point, this led to
meteorological uncertainties of around� 1 m w.e. on the annual simulated SMB, with meteorological
uncertainties on the fraction of melt due to dust varying between a few percent for the lowest impact
(e.g., at point P1) to � 10% for the highest impacts (e.g., at point P2).

Finally, our study is mostly based on relative di�erences between simulations, thus lowering the
impact of uncertainties related to the meteorological variables (except the LAP deposition 
uxes) and
to the surface model. That is actually also a reason why the di�erent result in term of dust impact do
not diverge a lot (often small standard deviation compared to the median).

Continuing the paragraph of the previous comment R2.9. on the model uncertainties, we pro-
pose to add the following sentences: "Furthermore, uncertainties related to the snow model
choice are generally smaller than those associated with the forcing ( e.g. , Etchevers et al.
(2004); G•unther et al. (2019)). To explore the uncertainties related to the meteorological
variables, we did the choice to use an ensemble of forcing produced using stochastic per-
turbations on the adjusted SAFRAN data (section 2.3.6). Ultimately, the dust impact
presented in this study is expressed as relative di�erences between simulations rather
than as absolute values, which limits the in
uence of uncertainties related to the forcing
and to the snow model choice. "

R2.11. What if there is no information about the optical properties of snow? Is CROCUS
best suited for very large glaciers? This also relates to my comment on line 623.

Concerning the optical properties of snow itself in Crocus, they are calculated from Crocus prog-
nostic variables (e.g., snow grain size, density). Thus there is no need for any information other than
the meteorological forcing to compute them. We added the following sentence in section 2.4 to clarify
this point: "Crocus simulates the evolution of the snow cover with a 15 minutes time-step representing
di�erent processes including thermal di�usion, phase change, water 
ow, snow metamorphism and
compaction. Snow optical properties (single scattering albedo and absorption cross section
for each snow layer) are calculated from the prognostic variables of the model (grain size,
density, layer thickness). In Crocus, the snowpack is discretized as a one dimensional column with
up to 50 layers, [...]."
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