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A. ANOVA equations3

The contribution (ĉ) of each parameters (px and py) to the variance of the SMOD (noted S) is computed

following the equation (1), where Nx and Ny denotes respectively the number of values taken by the

parameters and i,j the parameter value. The intersection term (ĉI) (or sequencing) is computed following

the equation (2).
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ĉ(I) = 1 − (ĉ(px) + ĉ(py)) (2)

B. Past trends4

The simulated SMOD trend is generally significant with a mean decrease of 7.7 days per decade (corre-5

sponding to a decrease of 3.9% of the snow season duration) considering all the Northern Alps and 5.76

days per decade (3.0%) for the Southern Alps. As for results presented at 2100 m a.s.l. this decrease is7

consistent with positive trends in air temperature (i.e. significant temperature trends ranges from 0.1 to8

0.3◦C per decade (Supplementary Fig. S3). The SMOD trend simulated in the Pyrenees is lower (i.e.,9

a decrease of 5.5 and 6.0 days per decades for the Northern and Southern Pyrenees respectively, corre-10

sponding to a decrease of 3.2 and 3.1% of the snow season duration) and also consistent with trends in11

air temperature.12

When accounting for BC and dust, the average SMOD trend is 5.4 days per decade for the Northern13

Alps (corresponding to a decrease of 3% of the snow season duration) 4.1 for the Southern Alps (2.4%),14

3.4 for the Northern Pyrenees (2.2%) and 5.5 for the Southern Pyrenees (3.1%) (Supplementary Fig. S3).15

The effect of the negative trend of BC deposition observed at 2100m a.s.l. is here confirmed for all the16

Alps and Pyrenees.17
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C. Model evaluation18

Observed vs simulated snow cover area19

The evaluation is done in comparing daily simulated snow cover area (SCA) to MODIS SCA for SBC+Dust),20

(Spure), and (Sbaseline), over the winter period (from November to June). Four metrics methods are used:21

R2, RMSE, bias, and Jaccard index (J). J is defined by the number of pixels that are snow covered in both22

simulation (S) and observation (O) areas, divided by the total number of pixels in the union of S and O;23

and ranges between 0 and 1, 1 meaning S=O.24

Supplementary Fig. S7 shows the scores for each massif, when comparing observed SCA (from25

MODIS) and simulated SCA (SBC+Dust, Sbaseline and Spure), computed over the period 2000–2016, con-26

sidering only the winter period (i.e., November to June). For bias and J , the mean is reported. Despite27

low and not significant differences for R2 and J between the four simulations, for both the Alps and the28

Pyrenees, the explicit representation of BC and dust (SBC+Dust) leads to a significant decrease in bias as29

well as a lower RMSE (Supplementary Fig. S7).30

Comparison to local measurements31

An evaluation is done in terms of daily snow depth variation. The daily snow depth variation ∆SDn is

defined for n days as:

∆SDn = SDn − SDn−1 (3)

Then, the evaluation is done on the snow melt. For that purpose only negative ∆SDn are kept and32

compared to the daily simulated snow melt in order to conserve only values when snow melt occurs33

(∆Mn). Finally, daily bias are computed between the observed and simulated n for each simulations (i.e.34

(SBC+Dust, Sbaseline and Spure) (Supplementary Fig. S8).35
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Supplementary figures36

Figure S1: Simulated snow melt-out date. Temporal evolution of the simulated snow melt out date
(solid lines) over the 1979–2018 period, at 2100 m a.s.l., with the standard deviation (shaded areas,
representing the spatial variability). Pure simulations are represented in blue and simulations considering
the effect of BC and dust are in red.
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Figure S2: Annual BC and dust deposition. Temporal evolution of the mean annual cumulative BC
(grey) and dust (orange) deposition from CNRM-ALADIN62 model (solid lines) and for the 1979-2018
period, at 2100 m a.s.l., with the standard deviation (shaded areas, representing the spatial variability).
Temporal evolution of the mean annual cumulative BC and dust deposition from GFDL-AM4 model for
the 1980-2014 period is reported by the points.
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Figure S3: Past trends. Trends in air temperature (at 2m above the surface), BC and dust deposition
and SMOD of temporal series computed from annual values over the period 1979–2018, as a function
of elevation. Trends are represented as the the best estimate and 90% confidence range, per area (North
Alps, South Alps, North Pyrenees and South Pyrenees). Only markers of significant trends (t-test 0.05)
are filled in. Errors bars represent the spatial variability. Only elevations with a mean SD >30 cm over
the winter period (i.e. 1st of December to 30 of April) are represented.
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Figure S4: BC and dust contribution to the snowmelt runoff. Contribution of the meteorological
conditions and BC and dust to the variance of the CMD (in days) for the North and South Alps (left),
North and South Pyrenees (right) computed over the 1979–2018 period at 2100 m a.s.l.. Larger circle
indicate contributions of the parameters considering the role of BC+Dust (brown) and smaller circle
represent the contribution of BC (grey) and dust (orange) separately. The intersection term (purple)
indicate the contribution of BC and dust and meteorological forcing, and is due to the dependence of the
BC and dust contribution to the meteorological conditions.
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Figure S5: Sensitivity to dust absorption coefficient. Shortening of the season computed as the dif-
ference in snow melt-out date (SMOD) between the pure snow simulations and simulations considering
BC and dust for different dust spectral signatures (i.e. a mass absorption efficiency at 400nm of 27 10−3

m2 g−1 (Bodele), 110 10−3 m2 g−1 (Libye, used in this study) and 630 10−3 m2 g−1(Mali)). SMOD
differences are computed at 2100 m a.s.l., considering the entire study period (i.e., 1978–2018), for the
North and South Pyrenees (left) and the North and South Alps (right). The boxes show the quartiles
of the distribution corresponding to the inter-annual and spatial variability. Minimum/maximum ranges
(excluding outliers) are indicated by the whiskers.
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Figure S6: Uncertainty in snow physic representation. Shortening of the season at 2100 m a.s.l. com-
puted as the difference in snow melt-out date (SMOD) between the pure snow simulations considering
BC and dust, as a function of the year (left), and averaged for all elevation (right), for the four studied ar-
eas (North and South Alps, North and South Pyrenees), over the 1979–2018 period. For the deterministic
simulations (brown), the boxes show the quartiles of the distribution corresponding to the spatial variabil-
ity. For the ensemble simulations (blue), the boxes show the quartiles of the distribution corresponding
to both the spatial variability and the uncertainty in snow physic representation. Minimum/maximum
ranges (excluding outliers) are indicated by the whiskers.
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Figure S7: Model evaluation using satellite images. Scores computed over the 2000–2016 period,
between the daily observed (MODIS) and simulated SCA for SBC+Dust (brown), Spure (blue) and Sbaseline

(green). Each massif of the Alps are represented by the upper panels and the Pyrenees by the lower ones.
The massif number locations are reported in the maps on the right
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Figure S8: Model evaluation using station measurements. Number of values, RMSE and bias com-
puted over the 1983–2018 period, between the daily observed corresponding to melt and simulated ∆SD
corresponding to melt for SBC+Dust (brown), Spure (blue) and Sbaseline (green). Results are presented by
elevation range for the French Alps (left) and the Pyrenees (right) separately.
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