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10  Abstract

The Pyrenees are experiencing an increasing frequency of atmospheric conditions
favorable to African dust transport, while black carbon (BC) deposition is expected to
decline in the coming decades. These two dominant light-absorbing impurities (LAIs)
significantly alter snowpack properties by reducing snow surface albedo, accelerating
15  melt, and disrupting mountain hydrology by modifying the surface energy balance. While
the role of LAIs in enhancing snow metamorphism and melt is well recognized,
quantifying their precise impact remains challenging due to the irregularity of deposition
events, variability in impurity type and concentration, and the snowpack heterogeneity.

To better quantify and constrain the physical impacts of LAIs on snowpack, we
20 implemented controlled field experiments using custom mini-lysimeters filled with
natural snow, artificially doped with realistic concentrations of mineral dust (2, 5,
10 g/m?) and BC (0.1, 0.2 g/m?) and exposed to environmental conditions and sunlight
for 3-4 hours in each set of experiments. Results revealed a systematic broadband albedo
reduction of 0.2-0.3, accompanied by a marked decline in specific surface area (from ~10
25  to <4 m?/kg in dust-treated samples). Seasonal mean liquid water content increased from
3.1% in clean snow to 6.2% (2 g/m* dust) and up to 10.1% (10 g/m* dust), with BC
showing intermediate responses. However, the most striking effect was observed in
meltwater production: even the lowest dust load frequently doubled melt rates relative to
controls, and in several cases induced melt when control snow remained stable. Mineral
30  dust outperformed BC in enhancing melt under comparable radiative conditions.

Overall, this study provides a simple and robust experimental framework for linking

particle concentration to measurable changes in snow metamorphism and melt. Our

results suggest that realistic concentrations of mineral dust, such as those frequently

observed in the Pyrenees due to African dust deposition, can shorten snow duration and
35  potentially reinforce the effects of ongoing climate warming.
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1. Introduction

Seasonal snow plays a critical role in Earth’s energy budget and water cycle (Flanner et
al., 2011). In mountain catchments, particularly in Mediterranean mountain regions,
accumulated snow acts as a major regulator of water availability by sustaining meltwater

40  supply through spring and summer, when demands from both ecosystems and human
activities are highest (Fayad et al., 2017; Musselman et al., 2021). However, Europe is
currently the fastest-warming continent, with temperatures increasing at nearly twice the
global average since the 1980s (Copernicus Climate Service, 2023). This warming is
driving a marked decline in snow cover across European temperate mountains,

45  particularly at mid-elevations (Bayle et al., 2025), leading to shorter snow seasons
characterized by fewer days of snow cover and snowlines moving up in elevation, trends
that are both expected to intensify in the coming decades (Vaughan et al., 2013; Beniston
et al., 2018). In addition, winter snowmelt appears to be more sensitive to temperature
increases than to precipitation changes (Gobiet et al., 2014; Beniston & Stoffel, 2014;

50 Loépez-Moreno et al., 2017; Pendergrass et al., 2017; Switanek et al., 2024), and they
exhibit strong spatial and temporal variability across mountain regions (Laternser &
Schneebeli, 2003; Valt & Cianfarra, 2010; Marcolini, 2017).

In addition to climatic factors, the role of light-absorbing impurities (LAIs) on the
physical properties of snow-covered surfaces is increasingly relevant. The effects of LAIs
55 on snow can be assessed through complementary physical and optical properties.
Broadband albedo controls the fraction of incoming solar radiation reflected by the
snowpack, whereas spectral albedo is particularly sensitive to the presence of LAIs.
Specific surface area (SSA) characterizes snow metamorphism, while liquid water
content (LWC) reflects the progression of snowmelt. It is well known that these particles,
60  such as mineral dust and black carbon (BC), cause positive radiative forcing by absorbing
radiation, reducing albedo in the visible and near infrared domains (300-2500 nm), and
accelerating surface snowmelt (Hansen & Nazarenko, 2003; Painter et al., 2012; Skiles et
al., 2018). LAIs indeed accelerate the coarsening of the snow microstructure, enhancing
solar energy absorption and intensifying the intrinsic snow albedo feedback (Dumont et
65 al., 2014; Skiles & Painter, 2018; 2019). Furthermore, LAIs are partially retained at the
snow surface during melt, progressively amplifying the reduction in albedo over time
(Sterle et al., 2013; Tuzet et al., 2020). Consequently, their impact on snow is influenced
by meteorological conditions, leading to complex interactions between LAIs and the
climatic drivers that govern snow cover evolution (Flanner et al., 2011). These
70  interactions can affect runoff timing, water availability and mountain hydrology (Skiles
et al., 2018; Revuelto et al., 2022).

Various types of LAIs can be found in alpine snowpacks, including mineral dust (Pey et
al., 2020), black and organic carbon (Hadley & Kirchstetter, 2012), volcanic ash (Liu et
al., 2014; Arnalds et al., 2016), snow algae (Remias et al., 2010), and microplastics
75  (Marin-Beltran et al., 2026). Their impact on snow has been investigated for more than a
century, beginning with the work of Jones (1913) in the United States. More recently,

2
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studies in the western United States using aerial, satellite, and ground-based observations
(Painter et al., 2012, 2013b, 2018; Skiles et al., 2012; Reynolds et al., 2014), as well as
investigations in Iceland (Dagsson-Waldhauserova et al., 2015; Wittmann et al., 2017),

80 the Himalayas (Gautam et al., 2013), Greenland and Norway (Doherty et al., 2010), the
Pyrenees (Pey et al., 2020; Bandrés et al., 2026), and the European Alps (Di Mauro et al.,
2015; Dumont et al., 2017; Tuzet et al., 2017; Greilinger et al., 2018; Réveillet et al.,
2020) have demonstrated the significant influence of LAls, particularly mineral dust, on
snow optical properties, energy balance, and snowpack evolution. In the Arctic, research

85  has also highlighted the growing importance of natural aerosols, including mineral dust
and biogenic emissions, in climate-driven changes (Schmale et al., 2021).

Europe is predominantly influenced by African dust, which accounts for around 50-70%
of the continent's annual dust load (Ginoux et al., 2001). Aerosol deposition occurs
predominantly through wet processes and is uneven, especially during African dust

90 events. In southern European mountain regions such as the Pyrenees, mineral dust and
BC are commonly found as LAIs on snow surfaces, making them key drivers of snowpack
darkening and melt acceleration (Bandrés et al., 2026).

North Africa is one of the major global source regions of atmospheric mineral dust,

contributing approximately 60% of total dust emissions worldwide (Shao et al., 2011).

95  Once emitted, mineral dust can be transported over thousands of kilometers and

episodically reaches the Mediterranean basin and southern Europe, including the

Pyrenees (Barkan et al., 2004, 2005; Klein et al., 2010). In the Pyrenees, North African

air masses are observed on approximately 15% of days each year (Pey et al., 2013;

Bandrés et al., 2026), providing recurrent opportunities for mineral dust deposition onto

100  the seasonal snowpack. The transported material is predominantly mineral and contains
elements such as Fe, Ca, Si, K, Mg, and P.

Similarly, BC is a highly efficient light-absorbing aerosol (Flanner et al., 2007; Skiles et
al.,2018) produced by the incomplete combustion of fossil fuels, biomass, and biofuels.
Primary sources include emissions from diesel engines, coal burning, forest and
105  agricultural fires, and residential wood burning (Bond et al., 2004; Bond et al., 2013).
Once emitted, BC particles can be transported over long distances before being deposited
via precipitation or dry deposition, and they are a key contributor to climate forcing,
absorbing substantial solar radiation (IPCC, 2007). Historically, BC deposition increased
across central Europe from 1850 to the 1970s due to anthropogenic activity (Painter et
110  al., 2013a; Sun et al., 2020; Grange et al., 2020; Réveillet et al., 2022). However, since
the 1980s, emissions have declined (Lim et al., 2017; Kang et al., 2020), largely due to
reduced traffic-related pollution, leading to a downward trend in BC deposition (Kutzner
et al., 2018; Gidden et al., 2019). Despite this decline, the specific impact of reduced BC
deposition on snow cover has yet to be fully quantified, and its contribution to the
115  observed snowpack decline remains uncertain, where complex interactions among BC,
radiation, clouds, and snow can have important climatic implications (Tinorua et al.,
2024). While the amount of BC deposited on snow has decreased over the last few
decades, there is a discernible increase in African dust transport events and resultant
3
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deposition in southern Europe (Varga et al., 2014; Gidden et al., 2019; Salvador et al.,
120  2022; Rostasi et al., 2022).

The aforementioned studies, mostly based on remote sensing and modeling, provide

valuable broad-scale assessments of LAIs’ impacts on snowmelt, but are limited by

assumptions and a lack of ground validation. In contrast, this study, conducted in the

Central Pyrenees, aims not only to assess the impact of mineral dust and BC on snow but
125  also to quantify their contribution to snowpack evolution.

We hypothesize that, under realistic deposition scenarios in the Pyrenees, African dust
can exert an impact on snow properties and melt dynamics comparable to, or even greater
than, that of BC. We developed field-based experiments that provide direct observations
under controlled conditions to test our hypotheses. Our approach facilitates a more
130  accurate and mechanistic understanding of how specific concentrations of dust and BC
affect snow optical properties, melt rates, and energy balance. Thus, experimental
measurements are conducted on different days across several weeks, each characterized
by varying incoming energy and snow conditions. Therefore, this research presents a
preliminary effort to experimentally quantify the role of LAIs in snow processes under
135  real-world conditions.

2. Methodology

2.1 Fieldwork site

The study area is primarily located in two sites within the Pyrenees (Fig. 1). First, the Izas
experimental catchment (Revuelto et al., 2017), situated at an altitude of approximately

140 2054 m. a. s. 1., offers optimal conditions for conducting fieldwork throughout the winter.
This catchment has been the subject of research for several years, particularly regarding
snow and hydrology, providing a solid foundation of data and prior knowledge of the
area. Secondly, two specific sectors were selected within the Formigal ski resort: one at
1800 m a.s.l. and the other in the Portalet area at 2200 m a.s.l. These areas, set apart from

145  the main slopes, offer suitable conditions for carrying out field activities without
interfering with tourist activity at the resort.
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Fig. 1. Location of the two study sites in the Central Pyrenees: Formigal and the Izas

Experimental catchment. Microsoft product screen shot reprinted with permission from

Microsoft Corporation.

Map projection: ETRS89 / UTM zone 30N

150 A total of 12 fieldwork days were carried out between January and June 2024 (Table 1).
During the peak winter months, activities took place in Formigal and Portalet, because of
their easier accessibility, while from May onwards, fieldwork was conducted in Izas due
to the presence of snow due to its higher elevation.

Table 1. Compilation of field work days in the two places for the 2024 campaign.

Site Altitude Date Total
m.a.s.l days
8,22 M
Izas 2054 o 3
4 June
31 January
Formigal 6, 13, 20 February
1800-2200 9
Portalet* 6, 14, 22 March
2%, 19 April
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155 2.2 Materials used as light absorbing impurities

Soil dust and BC were used for the experiments. Soil dust was collected in Atea (Teruel
province, Spain). The final soil sample selected displays a mineral composition like that
of the African dust recorded in the Central Pyrenees. (Table S1). The sample was then
sieved, and the <20 um fraction was retained and hereafter referred to as mineral dust.

160  Similarly, BC material was obtained from a local biomass burning incinerator in the
Pyrenees. This material was also sieved retaining the <200 um fraction.

In the laboratory, mineral dust from soil and BC were accurately prepared to run the
experiments, by weighing specific amounts using a Mettler Toledo XS105 balance and
storing them in 50 ml Falcon tubes. The selected impurity loads were based on the range

165  of mineral dust and BC deposition measured during deposition events previously
documented in the Central Pyrenees (Bandrés et al., 2026), ensuring that the experiments
represented realistic field conditions (Fig. 2). Accordingly, concentrations equivalent to
2,5, and 10 g/m? were prepared for mineral dust, and 0.1 and 0.2 g/m? for BC.

Mineral dust and black carbon in the Pyrenees
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Fig. 2. Monthly flux (in g/m’) of LAIs (mineral dust and black carbon) recompiled in the Pyrenees
170  2016-2023. Modified from Bandrés et al. (2026).

2.3 Field work

The experimental setup involved a series of custom mini-lysimeters, each composed of
two plastic trays with a surface area of 0.0651 m? (0.31 x 0.21 x 0.06 m). The first tray
was perforated with consistent spacing to allow meltwater drainage. The first tray also
175  had a lateral wall removed to facilitate sample collection (Fig. 3a). The lower tray was
not modified. A flat area with a fixed solar orientation was selected each time, and a snow
pit was dug to insert the trays. The upper tray, designated for modification, was filled with
a snow block carefully extracted directly from the snowpack. This block was collected
with minimal disturbance to preserve its natural structure and aligned with the snow pit
180  surface. The snow block was then weighed using a precision balance (Fig. 3b).
Meanwhile, the lower tray was inserted into the resulting cavity in the snow, ensuring it
remained level with the surrounding surface. Finally, the upper tray containing the snow
block was placed back on top of the lower tray on the snow surface (Fig. 3¢). The mini-

6
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lysimeters and their installation (Bandrés, 2026) are very similar to those used by Herrero
185 & Polo (2016) to measure snow evapotranspiration.

Fig. 3. (a) Twin setup of mini-lysimeters used in the experiments; (b) extraction and

weighing of the snow block prior to placement, (c) mini-lysimeters positioned in the snow
pit prior to applying the impurities with the spray technique,; and (d) experimental setup
of mini-lysimeters containing different impurity types and concentrations.

190  Once the snow samples were properly positioned along the snow pit, the doping
procedure was initiated. Each pre-weighted dose of impurities, previously stored in
Falcon tubes, was mixed with 20 ml of ethanol to facilitate homogeneous dispersion over
the snow surface using a spray bottle. Ethanol was chosen instead of water due to its high
volatility, which reduces alteration in the snow’s physical and optical properties. The

195  selected concentrations represented realistic African dust deposition events previously
recorded in the Pyrenees (2, 5, and 10 g/m’> for low, medium, and high levels,
respectively) as well as typical BC values of 0.1 and 0.2 g/m? (Fig. 2). The doping was
applied evenly across the surface of each mini-lysimeter (Fig. 3d). For control purposes,
one or two trays per session were left untreated (BLK), either completely clean or treated

200 with ethanol only. The same aerosol concentrations were also applied to adjacent
undisturbed snow surfaces (the plots), allowing parallel measurements that could not be
conducted within the trays.

When possible, on certain days, the same impurity concentrations were replicated in both
the trays and the field plots to assess potential variability. Simultaneously, meteorological

205  data were collected using a portable weather station (HOBO U30) installed next to the
experimental setup. The station continuously recorded 10-minute averaged measurements
of air temperature, relative humidity, incoming solar radiation, and wind speed and
direction, to characterize the local atmospheric conditions prevailing at the experimental
site.

210  Measurements of the snow’s optical properties began (Fig. S1), including surface
broadband albedo on clean, undisturbed snow using a ROX hyperspectral radiometer (JB
Hyperspectral Devices, Diisseldorf, Germany), which measures reflectance over the 400-
900 nm spectral range corresponding to the instrument's optimal operating range, with a
spectral resolution of approximately 1.5 nm. Surface broadband albedo was subsequently

215  measured on each of the trays and plots. Additionally, LWC was measured using an A2
7
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Photonics WISe sensor (A2 Photonic Sensors, 2019) with a well-constrained
measurement volume of 325 cm?, and SSA was assessed using the A2 Photonics IceCube
(Martin & Schneebeli, 2023) on nearby undisturbed snow.

After 3-4 h of exposure (with the exact duration recorded for each experimental date), the

220  same snowpack variables initially acquired were re-measured to assess changes over time.
Broadband albedo was assessed both on the trays and the plots, while LWC and SSA
were measured on undisturbed snow and on the plots. Snow wetness classes were defined
following the International Classification for Seasonal Snow on the Ground (ICSSG;
Fierz et al., 2009) based on volumetric LWC, distinguishing dry (0%), moist (>0-3%),

225  wet (>3-8%), very wet (>8-15%), and soaked (>15%) snow. Additionally, the total
amount of meltwater collected from each tray was recorded in grams.

A summary of the field campaigns conducted throughout the 2024 snow season, including
experimental dates, impurity treatments, replicate measurements, and deployed
instrumentation, is provided in Fig. S2.

230 2.4 Meteorological forcing, energy-balance modelling and statistical analysis

Meteorological data for the Formigal and Izas experiments were obtained from the
portable weather station and the Izas weather station (Revuelto et al., 2017), respectively.
These data were used to force the Factorial Snow Model (FSM2) developed by Essery
(2025), which simulated the surface energy balance for each experiment. Model inputs
235  included standard meteorological variables together with the initial physical state of the
snowpack, such as snow depth, albedo, grain size, LWC, and snow temperature.
Downward longwave radiation under clear-sky conditions was estimated using the
parameterization of Herrero & Polo (2012), while the remaining snow variables were
derived from field measurements and sensor observations collected during each
240  experiment.

A multiple linear regression model was used to analyze melt percentage. Incoming energy
during the experiments, initial snow temperature, LAI load (defined as the surface mass
loading of LAIs added to the snow surface, in g/m?, including both mineral dust and BC
additions, with BLK samples assigned a load of 0 g/m?), initial LWC, and initial SSA

245  were considered as candidate predictors. Predictor selection was performed using a
bidirectional stepwise procedure, with all candidate models fitted to the same complete-
case dataset. Forward and backward selection were also performed as sensitivity analyses
and retained the same final model. The predictors included in the selected model were
subsequently standardized to zero mean and unit variance to calculate standardized

250  regression coefficients and compare their relative contributions to melt variability. The
same procedure was repeated separately for the mineral dust + BLK and BC + BLK
subsets.
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Finally, to evaluate whether the responses induced by LAIls exceeded the variability
among replicate measurements, a signal-to-noise ratio (SNR) was calculated for melt,
255 albedo, LWC, and SSA. For each replicated treatment, the signal was defined as the
absolute difference between the mean treatment response and the corresponding BLK
control, while the noise was defined as the standard deviation among treatment replicates.

3. Results

3.1. Meteorological and snowpack conditions during experimental campaigns

260 The experiments were conducted under diverse meteorological and initial snow
conditions. Fig. 4 shows the daily average values of air temperature, snow depth, and
accumulated precipitation (rain or snowfall) from January 15 to June 15, 2024 in Izas
experimental catchment. Air temperatures during the experiments ranged from colder
days such as March 6 (2.3 °C) and April 2 (2.4 °C), to significantly warmer conditions

265  observed on March 22 (12.2 °C) and June 4 (12.8 °C). The greatest snow depth was
recorded on April 2, reaching approximately 2 meters following nearly a week of
continuous snowfall. Fresh snow conditions were reflected in the low snow densities
measured during that day (0.180 kg/m?), as well as on March 6 (0.210 kg/m?) and April
19 (0.210 kg/m®). In situ measurements of solar radiation also showed strong variability

270  throughout the study, with average values during the 4-hour observation periods ranging
from 337 W/m? on February 6 to peaks of 1240 W/m? on May 8 and 1160 W/m? on June
4.
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Fig. 4. Time series displaying daily average values of accumulated precipitation (mm), shortwave
radiation (W/m?), temperature (°C) and snow depth (m) during the study period in 2024. The
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275  dashed lines correspond to each of the twelve experimental dates. Above each line is set the value
of the initial snow density, measured in situ. Meteorological and snow data were obtained from
the Izas experimental catchment.

3.2. Effects of LAls on snow optical and physical properties

3.2.1. Albedo

280  Broadband albedo was derived from field measurements taken directly over each mini-
lysimeter and plot at a consistent height (0.5 m), and then averaged for the entire
wavelength range (from 400 to 900 nm). Fig. 5 illustrates the impact of LAIs on snow
broadband albedo across the different experimental days depicted by their mean incoming
energy. As expected, albedo decreases systematically with increasing impurity

285  concentration, with the most substantial reductions observed for the highest mineral dust
load (10 g/m?). Notably, in most cases, the medium mineral dust concentration (5 g/m?)
results in similar or even greater albedo reductions (0.2-0.3) than the high BC load
(0.2 g/m?), reinforcing a non-linear response: doubling the concentration of impurities
does not produce a proportional decrease in albedo. Data points associated with lower

290 incoming energy correspond to early- and mid-winter experiments, while those with
higher incoming energy values align with late-season experiments.
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Fig. 5. Relationship between snow albedo and incoming energy (W/m?) for control conditions
(BLK) and snow treated with mineral dust (2, 5, and 10 g/m?) and BC (0.1 and 0.2 g/n?’).

295  The average initial broadband albedo across all experiment days was 0.85. The addition
of impurities led to a clear and progressive decrease in spectral albedo. For mineral dust,
mean albedo values dropped to 0.75 at 2 g/m?, 0.66 at 5 g/m* and 0.57 at 10 g/m. In the
case of BC, average values were slightly higher: 0.76 at 0.1 g/m? and 0.69 at 0.2 g/m?,

10
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indicating a less pronounced reduction compared to mineral dust, despite concentrations
300 being an order of magnitude lower.

Differences in broadband albedo were observed after the initial doping of the mini-
lysimeters and after the 3-4 h experimental period (Fig. 6). LAls-treated samples show
lower albedo values and, in most cases, larger reductions than BLK, with the response
modulated by both experimental date and initial snow density (see Table S2).
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305  Fig. 6. Initial and final broadband albedo measured in mini-lysimeter experiments for clean snow
(BLK), mineral dust additions, and BC additions. Circles indicate initial albedo and triangles
final albedo; paired points are connected by lines. Point colors identify the experimental date,
while line colors indicate initial snow density classes, po < 300 kg/m’ and po > 300 kg/m’. The
mean initial-to-final albedo change for each treatment is shown below its corresponding panel.

310 Broadband albedo decreased during the 3-4 h experiments in both clean and LAlIs-treated
snow. The mean albedo reduction was -3.64% in BLK, and increased to -6.82, -8.15 and
-9.15% for the 2, 5 and 10 g/m? mineral dust treatments, respectively, and to -6.10 and -
7.60% for the 0.1 and 0.2 g/m® BC treatments. Relative to the BLK measured on the same
day, the largest additional reductions occurred on 4 June for 2 and 5 g/m? mineral dust,

315  on 31 January for 0.1 g/m* BC, and on 13 February for 10 g/m* mineral dust. The
response also depended on the initial snow state as can be observed for the two snow
density groups: 10 g/m? mineral dust produced a stronger response in less-dense snow.

11
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3.2.2  Specific surface area

A similar reduction trend is observed in the SSA when comparing control samples with
320 those affected by impurities, although the non-linear nature of the response is even more

evident. SSA tends to decrease as impurity concentrations increases; however, the

differences between concentrations and impurity types are not always clearly

distinguishable. The most perceptible pattern is the marked reduction of SSA in fresh

snow (e.g. po=0.18kg/m*> with SSA=30m%kg and po=021kg/m> with
325  SSA = 18 m%/kg) following the deposition of impurities, as illustrated in Fig. 7.
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Fig. 7. Relationship between SSA (m*/kg) and incoming energy (W/m?) for the control (BLK) and
snow treated with mineral dust (2, 5, and 10 g/m?) and BC (0.1 and 0.2 g/m’). Error bars indicate
the standard deviation of replicate measurements (n = 3), where available.

330  The average initial SSA across all field experiments was 9.18 m%*/kg. In samples doped
with mineral dust, SSA values decreased to 3.81 m%*/kg at 2 g/m?, 3.69 m*kg at 5 g/m?,
and 3.61 m%kg at 10 g/m%. For samples treated with BC, SSA values were 4.36 m*/kg at
0.1 g/m? and 3.64 m%*/kg at 0.2 g/m®. In most cases, when impurities are present in the
samples, SSA drops below 5 m?/kg. The data confirm a reduction in SSA due to the

335  presence of LAIs, especially when the snow is fresh (less dense in our case study) and
more reactive to changes, where the snow structure is more sensitive to impurity-driven
metamorphism, though the response is non-linear and depends on these initial snow
conditions.
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3.2.3 Liquid water content

340 LWC increased markedly throughout the season in all impurity-treated samples compared
to the controls (Fig. 8). Under low-energy conditions and in presence of LAls, LWC
levels reached values typically associated with late-season snowpacks. The graph reveals
that on low-incoming-energy days, LWC in control samples remains close to 1%. Once
radiation exceeds 800 W/m?, LWC in controls often surpasses 5%. Only in two cases does

345  LWC exceed 15%, both under the highest mineral dust concentration, followed by BC.
In addition, seasonal averages show a clear progression: while the control samples had an
average LWC of just 3.1%, even the lowest mineral dust concentration (2 g/m?), raised it
to 6.2%, and the highest (10 g/m?), reached 10.1%. BC treatments showed intermediate
values, 6.8% at 0.1 g/m? and 7.8% at 0.2 g/m?, confirming that mineral dust has a stronger

350 melting effect under comparable conditions. Among all measured variables, LWC
showed the highest variability across replicates, likely due to compounding uncertainties
from both the instrumentation and the snow density estimation used in its calculation.
However, a clear and consistent pattern emerges in two directions: LWC increases both
with advancing season and with higher impurity concentrations (see Fig. S3).
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Fig. 8. Relationship between LWC (% vol.) and incoming energy (W/m?) for the control (BLK)

and snow treated with mineral dust (2, 5, and 10 g/m*) and BC (0.1 and 0.2 g/m’). Error bars
indicate the standard deviation of replicate measurements (n = 3), where available.

3.2.4  Meltwater from snow samples

360  Meltwater shows that even small amounts of mineral dust can significantly accelerate
melting, often doubling melt rates and surpassing the impact of higher BC concentrations
(Fig. 9). The fitted linear trends for BLK, mineral dust 5 g/m?, and BC 0.1 g/m? highlight
this contrast. Control samples consistently exhibited the lowest melt percentages, even
13
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under high radiation levels, rarely exceeding 50% of the initial snow sample mass. In fact,

365  during many field days, the control snow remained mostly unmelted, while snow with
impurities showed substantial melt. BC treatments displayed intermediate behavior,
enhancing melt compared to controls but generally resulting in lower melt percentages
than mineral dust. However, considerable variability was observed between experiments
conducted on different days, highlighting the role of initial snow (whether fresh or

370 metamorphosed) and meteorological conditions. For example, on warmer, sunnier days,
even low doses of impurities led to rapid melt, while on colder or cloudier days, the same
concentrations had much less effect.
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Fig. 9. Effect of LAls on cumulative snowmelt. Percentage of cumulative snow mass melt,

375  measured from the mini-lysimeters, plotted as a function of incoming energy (W/m?) for the
control and for snow with mineral dust and BC additions. Dashed lines show linear trends for
BLK, dust at 5 g/m’ and BC at 0.1 g/mz. Error bars indicate the standard deviation of replicate
measurements (n = 3), where available.

Melt response showed seasonal evolution, with low values in winter and higher melt

380 fractions in spring and early summer. A summary of the melt percentages recorded
throughout the season for each impurity treatment is provided in Fig. S4. On average over
the experimental season, cumulative melt was lowest in the BLK treatment (16.7%),
increased under BC additions (28.9% for BC 0.1 g/m? and 34.0% for BC 0.2 g/m?), and
reached the highest values in the dust treatments, with 37.5%, 42.9% and 50.4% for

385  mineral dust. The BLK trend showed the lowest slope, whereas the 5 g/m* mineral dust
trend was much steeper and remained consistently above both BLK and BC 0.1 g/m?
across the observed energy range. The fitted mineral dust (5 g/m?) response was
approximately two to three times higher than BLK and about 30-50% higher than BC
(0.1 g/m?), particularly under intermediate to high energy conditions.

14
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390 3.2.5 Multiple regression analysis of melt dynamics

Multiple regression analysis was used to determine the relative influence of initial

conditions and impurity load on melt percentage. For the complete dataset, stepwise

selection retained incoming energy, initial snow temperature and LAI load, whereas

initial LWC and SSA did not improve model performance and were therefore excluded.
395  The model which shows the more accurate result was:

Melt (%) = 2.28 + 0.072 - Inc. Energy + 9.66 - Tsnow, + 3.01 - LAl load

The global model explained 81% of the variance in melt percentage (adjusted R? = 0.81,
p<0.001), and all retained predictors had positive and significant effects (Fig. 10).
Standardized coefficients showed that incoming energy was the dominant predictor

400  (Penergy = 0.70), followed by initial snow temperature (Brsnowo = 0.37) and LAI load
(BrLais = 0.35).

For the mineral dust + BLK subset, stepwise selection retained incoming energy, initial
snow temperature and dust load, yielding a model that explained 78% of the variance in
melt percentage (adjusted R?=0.78, p<0.001). Incoming energy had the largest

405  standardized effect (Benergy = 0.67), followed by initial snow temperature (Brsnowo = 0.37)
and mineral dust load (Baust = 0.32).

For the BC + BLK subset, the selected model additionally retained initial LWC and
explained 87% of the variance (adjusted R*=0.87, p<0.001). Incoming energy
remained the dominant predictor (Benergy = 0.59), followed by initial LWC (Brwc = 0.29),

410 initial snow temperature (Brsnowo =0.21) and BC load (Bsc =0.15); all effects were
positive and significant.
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Fig. 10. Observed versus predicted melt percentage for BLK, mineral dust and BC treatments
using the stepwise-selected multiple regression model. The dashed line represents the 1:1
relationship. The inset reports standardized regression coefficients for the global model and the
impurity-load coefficients obtained from the separate mineral dust + BLK and BC + BLK subset
models.

Finally, during the experimental campaign, replicate measurements were performed on
several sampling dates for selected LAI load. To assess whether the treatment-induced
responses exceeded the variability among replicates, a signal-to-noise ratio (SNR) was
calculated. Overall, replicate variability was low and substantially smaller than the
changes induced by LAIs. The resulting SNR values, therefore, indicate that the main
treatment responses, particularly with mineral dust, were robust and distinguishable from
replicate-level variability. (See 7.1 in supplementary material).

4. Discussion

Using realistic aerosol deposition scenarios (Pey et al., 2020; Bandrés et al., 2026), we
have designed an experimental approach to quantify the impacts on snow albedo, specific
surface area, liquid water content and melt in seasonal snowpacks after the exposition to
controlled amounts of two types of LAIs, mineral dust and BC, in contrasted snow and
meteorological conditions. The experimental results show that higher impurity
concentrations lead to greater reductions in albedo, although the relationship is not linear.
While increased concentrations of LAIs generally lead to lower albedo values, the extent
of the reduction varies depending on multiple factors. For instance, the same
concentration of impurities applied on different days yielded varying albedo responses,
suggesting a significant influence of intrinsic snowpack factors such as snow
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microstructure, grain morphology, internal water saturation, temperature, and other
environmental variables such as incident shortwave radiation. Notably, mineral dust
exhibited a more pronounced effect on albedo reduction compared to BC at intermediate
concentrations. This finding supports previous work (e.g., Dumont et al., 2014; Painter et
440  al., 2018), in which mineral dust under specific conditions induced greater radiative
forcing than BC. According to Skiles et al. (2018), BC is the most efficient light-
absorbing particle on a mass basis, but in many mountain regions mineral dust exerts a
stronger overall impact on snowmelt due to its much higher deposition loads and its
tendency to accumulate at the surface during the melt season. IPCC assessments identify
445  BC deposited on snow and ice as an important factor in albedo reduction and regional
radiative forcing, with an estimated forcing increase of 0.10 + 0.10 W/m? for BC in snow
(Hansen et al., 2000; Hansen & Nazarenko, 2003; IPCC AR4, Section 2.5.4). However,
in southern European mountain ranges such as the Pyrenees, African dust deposition is
magnified under certain meteorological circulation patterns giving rise to almost annual
450 large dust-deposition events. As discussed by Pey et al. (2020), the Foehn effect promotes
the wash out of dusty air masses from North Africa when encountered the Pyrenees in
their northward movement. The same mechanism could be observed in other mountains
facing the Mediterranean. This topographically enhanced deposition mechanism,
combined with the seasonal susceptibility of the snowpack, amplifies the role of mineral
455  dust over BC in modulating snow properties and melt dynamics. Consequently, in
contrast to global-scale assumptions where BC dominates, mineral dust may be the
prevailing LAIs in the Pyrenees, reinforcing the need for region-specific assessments in
our study area and beyond.

Regarding the changes observed in snow properties, a reduction in SSA and an increase
460 in LWC were consistently observed alongside decreases in albedo. These effects were
again clearly modulated by the initial snow conditions (categorized by the snow density)
and the stage of seasonal evolution. Several studies demonstrate that increasing liquid
water content alters the spectral albedo of snow (Adolph & Wang, 2024) because of
increased absorption in the near-infrared and shortwave infrared (NIR-SWIR)
465  wavelengths. While Li & Wu (2025) confirm through modeling that liquid water
significantly reduces NIR-SWIR albedo in snowpacks, particularly for smaller grain
sizes. In fresh, low-density snow, SSA exhibited a more pronounced decline after
impurity deposition due to the transition from dendritic crystals to rounded grains driven
by metamorphism (similarly to what is shown in Fig. 7 of this work). This transformation
470  not only reduces the radiative reflectivity but also increases the potential for energy
absorption, although with a delayed onset of significant melt due to initially lower internal
water saturation and snow temperature, as shown by Domine et al. (2007) and Dang et al.
(2016). In contrast, older, more evolved snow with already rounded grains, exhibited
minimal further reduction in SSA as noted by Aoki et al. (2003, 2007) and Niwano et al.
475  (2012), because the snowpack had already undergone metamorphism prior to the
experiments. In these cases, the primary impact of LAIs was more evident in increased
meltwater production and LWC, as these snowpacks were generally warmer and more
responsive to additional energy input. Hence, while changes in SSA were limited, the

albedo-driven increase in energy absorption translated more directly into meltwater
17
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480  generation. Our observations reflect the feedback described by Skiles et al. (2018), where
LAlIs-induced grain growth reduces albedo, increasing energy absorption and further
accelerating melt, a process modulated by the initial physical state of the snowpack.

The meltwater collected from mini-lysimeters highlights the strong radiative forcing
capacity of mineral dust to melt snow. Even at the lowest concentrations of mineral dust,
485  melt rates frequently doubled those of the control samples. This significant enhancement
occurred even under moderate energy input conditions, emphasizing the high efficacy of
mineral dust in accelerating snowmelt. In contrast, as happened with albedo, LWC and
SSA, BC produced significant, but more moderate changes in meltwater, typically lower
than that observed with medium or high mineral dust concentrations. Overall, beta
490  coefficients from regression analyses revealed that LAIs’ influence on snowmelt has a
similar weight to initial snow temperature of the snowpack, and meteorological
conditions that drive the snow energy balance roughly double the role of the concentration
of impurities on the snow. However, the relevance of LAIs’ impacts is clear under
isothermal conditions in denser snowpacks. The separate models indicate that the relative
495  contribution of impurity load was stronger in the mineral dust model than in the BC
model. Modeling experiments by Di Mauro et al. (2019) demonstrated that African dust
deposition can advance snowmelt by up to 38 days. Similarly, Réveillet et al. (2022)
found that the combined effects of mineral dust and BC advanced the snow melt-out date
by approximately 17 + 6 days in the French Alps and the Pyrenees over the 1979-2018
500 period, relative to simulations of clean snow without LAIs. The previous studies
mentioned above have many common findings. Looking forward, the role of LAIs in
snowmelt dynamics is expected to rise, particularly under scenarios of intensified African
dust transport to mountain regions such as the Pyrenees (Salvador et al., 2022, 2024).

Our experimental design provides valuable insights into how LAIs affect snow dynamics.
505 It enables testing of different types and concentrations of LAIs under comparable
meteorological conditions, with results obtained within a single day using relatively
portable instrumentation. This approach generates direct observational datasets that are
difficult to obtain with conventional field monitoring and provide valuable information
for cryospheric research. Nevertheless, this experimental approach involves unavoidable
510 methodological limitations inherent in fieldwork. First, the spatial and temporal
resolution is constrained: snow blocks are partially isolated from the natural snowpack in
the mini-lysimeters and manipulated, with the experiment lasting only 3-4 h.
Additionally, aerosols were dispersed using ethanol because preliminary tests showed
that water modified snow properties, particularly surface albedo and LWC. Ethanol
515  evaporates rapidly leaving impurities on the snow surface; it still introduces a non-natural
element into the experiment. Some of these limitations could be addressed in future
studies. For example, developing dry-deposition techniques to replace ethanol, testing the
experimental setup under different slope aspects, or applying the treatments directly to
the natural snow surface where meltwater collection is not required. Although our study
520  captures only short-term responses and cannot fully replicate the complexity of long-term
and deep snowpack evolution, the dataset is unique and could provide valuable
information for validating large-scale models and enhancing understanding of LAI-snow
18
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interactions under realistic impurity loads. At broader scales, airborne or satellite remote
sensing technologies are increasingly powerful tools for monitoring snow impurities and

525  melt processes across mountain regions. In this context, hyperspectral cameras mounted
on drones and high-resolution satellite products can provide promising information on
snow surface properties (Kokhanovsky et al., 2019; Sproles et al., 2020), and the presence
of impurities including dust and BC indices.

5. Conclusions

530  This study provides experimental evidence of the significant impact of light-absorbing
impurities (LAIs), particularly African dust and black carbon (BC), on snow surface
energy balance and melt dynamics in the Central Pyrenees. Using a mini-lysimeter setup
under realistic impurity deposition scenarios, our field experiments consistently showed
substantial reductions in broadband albedo (0.2-0.3), decreases in specific surface area

535  (5.5-6.5m%*kg), and increases in liquid water content (1.5-2.0%) and meltwater
production across a wide range of snow and meteorological conditions.

The experimental approach proved effective for isolating and quantifying the direct
effects of LAIs on snow properties under natural environmental conditions. Despite its
simplicity and low cost, the setup allowed controlled comparisons between impurity types

540  and concentrations, providing one of the few direct experimental datasets linking aerosol
loads to changes in snow metamorphism and melt. Such observations are important for
validating snowpack and radiative transfer models, which often ignore or rely on
assumptions regarding impurity effects.

The results revealed a clear but non-linear response of snow properties to impurity

545  loading. Higher concentrations of LAls generally produced stronger impacts, although
the magnitude of the response depended strongly on initial snow conditions, including
snow microstructure, liquid water content, metamorphic stage, and temperature, as well
as on incoming shortwave radiation. Consequently, identical impurity concentrations
could produce different responses under different environmental conditions.

550  Among all measured variables, meltwater production provided the clearest evidence of
the radiative forcing exerted by impurities. Mineral dust frequently doubled melt rates
relative to clean snow and, in several cases, induced measurable melt while control
samples remained stable. Mineral dust consistently produced stronger effects than BC
under comparable radiative conditions, even at intermediate concentrations. Considering

555  realistic deposition scenarios in the southern Pyrenees, mineral dust was approximately
50% more effective than BC in reducing albedo and enhancing melt-related processes,
including SSA reduction and LWC increase. Thus, despite the greater mass-specific
absorptivity of BC, the frequency and magnitude of African dust deposition make mineral
dust the dominant impurity affecting snowmelt in the Pyrenees, and other regions affected

560 by mineral dust.
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Finally, the dataset highlights the importance of incorporating realistic impurity loads and
snow conditions into future snowpack studies. Our efforts provide rough constraints for
simulating snowpack evolution. The relevance of these findings will only increase as
African dust intrusions are projected to increase in frequency and intensity in southern

565  Europe under climate change, while BC emissions continue to decline. Future work
should be two-part: 1) conducting controlled laboratory experiments with a similar design
to better constrain melt models, and 2) focus on scaling these observations from point
measurements to plot, catchment, and regional scales by integrating field experiments,
remote sensing observations, and physically based snow models.
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