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Abstract High-elevation observatories are crucial for monitoring atmospheric aerosols, which play a key role in the
climate system due to their effects on radiation, cloud, and snow albedo. We present the first measurements of aerosol
size distribution and absorption coefficient at a 1-hour time resolution collected at the Testa Grigia Observatory (3,480 m
asl) in the Italian Alps. This dataset spans from September 2021 to May 2023. We identified three distinct aerosol
population types reaching the observatory, reflecting distinct transport pathways. The coarse particle population is
indicative of long-range transport air masses from Sahara. Conversely, the fine particle population is linked to mesoscale
circulations and boundary layer dynamics (from the Po Valley and local alpine valleys), and broader continental flows.
Finally, periods of generally low particle number correspond to the influence of clean air from the free troposphere and
the Mediterranean basin. The upper bound of the frequency of boundary layer influence is equal to 28%. Conversely,
Sahara Dust Events (SDE), identified as periods characterized by coarse aerosol population transported from the Sahara
region, are observed for 6% of the time. These events are predominantly recorded during spring and early summer and
show strong correspondence with reanalysis data provided by CAMS (Copernicus Atmosphere Monitoring Service)

ensemble model. The seasonal variability of PM10 concentration associated to SDE is explained by the sensitivity to dust

(ha limi

emission regions, dust mobilization over source region, and efficiency of dust transport mechanisms.

1. Introduction

Atmospheric aerosols play a crucial role in the climate system due to their ability to absorb and scatter shortwave radiation
and to their impact on cloud microphysical properties. Aerosol-radiation and aerosol-cloud interaction represent
significant sources of uncertainty in climate models (Flato et al., 2014; Fyfe et al., 2021; Regayre et al., 2018). Notably,
the radiative forcing resulting from aerosol-cloud interaction stands as one of the primary contributors to the variability

in climate sensitivity estimates and the associated radiative forcing uncertainty has not decreased during the last four
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IPCC cycles (Houghton et al., 2001; Chen et al., 2021). To effectively reduce the uncertainty surrounding aerosol radiative
forcing, it is essential to obtain high-quality observational data that can accurately constrain the microphysical properties
of aerosols and map their vertical distribution throughout the atmosphere (Seinfeld et al., 2016).

Understanding and quantitatively describing aerosol properties at high elevations is essential for assessing their radiative
impact and climate feedback. First, the vertical distribution of aerosols influences the atmospheric thermal profile
(Ramanathan and Carmichael, 2008; Wilcox et al., 2016) and controls the availability of particles that can condense water
to form cloud droplets or nucleate ice crystals at high altitudes (Rosenfeld et al., 2008; Kanji et al., 2017; Burrows et al.,
2022). Second, aerosols in the free troposphere have a longer atmospheric lifetime compared to those in the lower
troposphere due to limited removal rate (Williams et al., 2002) . The higher wind speeds in the free troposphere facilitate
long-distance transport, extending the impact of aerosols on climate and air quality far from their emission sources (Laing
et al.,, 2016; Igel et al., 2017). Finally, in mountain regions, light-absorbing aerosols at high elevations can deposit on
snow, accelerating snowmelt and altering planetary albedo (Skiles et al., 2018; PoRtner et al., 2019).

Mountaintop observatories represent an essential tool for the continuous monitoring of aerosol properties and composition

variability at high elevations (Andrews et al., 2011; Collaud Coen et al., 2020)enabling the analysis of daily (Nyeki et

(ha liminato: filling knowledge gaps on
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al., 1998a; Shaw, 2007), seasonal (Nicolas,et al., 2018; Gallagher et al., 2011; Singh et al., 2020; Sellegri et al., 2010),

and long-term atmospheric composition changes (Collaud Coen et al., 2013). They also allow the detection of long-term

trends in natural and anthropogenic emissions at the hemispheric scale (Collaud Coen et al. 2020). ,

Furthermore, observatories located at high elevations provide a unique opportunity to sample the free troposphere,

allowing for the investigation of long-range transport dynamics, frequency, and potential trends, For instance,

(ha eliminato: (

measurements of particle number size distribution at Monte Cimone, in the northern Apennines, allowed the analysis of
long-term impact of Saharan dust transport events over distances greater than 1000 km and revealed that the frequency
of dust transport days in the study region ranged from 15% to 20% over the past 20 years, with no significant trend
observed over time (Vogel et al., 2025; Duchi et al., 2016). Similarly, aerosol optical properties measured at Jungfraujoch,
in the western Alps, indicated that Sahara dust transport episodes reached the Alps between 30 and 150 times per year
during the last 23 years (2001-2024) (Collaud Coen et al., 2025). In addition to dust, high-elevation observatories allowed

the study of transport of wildfire plumes occurring in the upper troposphere and lower stratosphere at hemispheric scale,

(Masoom et al., 2025; Dzepina et al., 2015; Laj et al., 2009).

High-elevation observatories are spatially more representative than boundary layer measurements, and this makes these
sites extremely useful for the evaluation of aerosol model performance and for the validation of satellite products (Laj et
al., 2009; Gilardoni et al., 2011).

The northern edge of the European Alps is home to three mountaintop observatories that monitor continuously aerosol
microphysical and optical properties at high time resolution at elevations ranging from 2,600 m to 3,600 m: Jungfraujoch,
situated on the northern edge of the Swiss Alps at an altitude of 3,580 m above sea level (Nyeki et al., 1998a), the
Environmental Research Station Schneefernerhaus, located at the Zugsptize mountain on the border between Germany
and Austria at 2,650 m above sea level (Sigmund et al., 2019), and the Sonnblick Observatory, in the Austrian Alps at an
altitude of 3,106 m above sea level (Grasserbauer et al., 1994).

This study presents the first continuous, highly time-resolved measurements of aerosol microphysical and optical
properties at high elevation in the southern edge of the western Alps, spanning a 21-month period. Observations were
conducted at the Testa Grigia observatory (3480 m a.s.1.), located on the border between Italy and Switzerland (Apadula
etal., 2019). We begin by characterizing the aerosol microphysical properties observed at Testa Grigia and their temporal

variability. We then apply an unsupervised classification approach and model back trajectory analysis to identify the

ha eliminato: Mountain observatories allow for continuous
monitoring of several aerosol variables,
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ha eliminato: investigated long-term trend in aerosol optical
properties across 54 observatories, including 16 mountain
sites. At these sites, the manuscript reports a decreasing trend
in aerosol absorption and scattering coefficient during the last
10 to 20 years in Europe and North America, reflecting the
decrease in anthropogenic aerosol and aerosol precursor
emissions, not just at local scale but at regional and
hemispheric scale.
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wildfire plumes occurring in the upper troposphere and lower
stratosphere at hemispheric scale can also be detected, with
in-situ measurements providing new insights into aerosol
composition, microphysical processes, and the effects of
atmospheric aging
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aerosol populations reaching the observatory and their transport mechanisms. Finally, we investigate episodes of Saharan

dust transport, assessing their impact on aerosol microphysical properties and their temporal variability.

2. Materials and Methods
2.1 Testa Grigia Observatory

Aerosol measurements are performed continuously at the Testa Grigia Observatory (45.93436° N, 7.70778° E, 3480 m
asl), near Plateau Rosa glacier, in the north-western Italian Alps (Fig. Sla). The observatory hosts the Plateau Rosa
monitoring station of greenhouse gases, which is part of the Global Atmospheric Watch (GAW) network and is one of the
highest stations in the program (Apadula et al., 2019). Due to its remote and high-altitude location, the observatory is

often above the boundary layer and gas and aerosol-phase yneasurements are representative of background conditions.

Local potential contamination sources could affect Testa Grigia during daytime and include snowmobiles for ski-area
maintenance and a nearby mountain hut. In addition, during part of the investigated period, construction activities for
building of a new cable car station nearby the observatory and involving the employment of diesel-fueled machinery and
local soil resuspension must be reported. The construction site was operative between 6:00 and 18:00 during weekdays.
Potential contaminated periods were removed from our analysis (see section 2.2).

Windrose from 1-minute time resolution data (Fig. S1b) indicates that the prevailing local wind circulation is from south-

west and from north-east, with no specific day/night pattern, Wind speed higher than 8 m/s was recorded for 35% of the

(ha limi measurements )
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measurement period;, within this subset, the prevailing,direction was from North to East. No significant differences in

wind pattern are observed among seasons. Temperature at Testa Grigia is characterized by a clear seasonality, with higher
values in summer (June - August average was equal to 3.3°C + 3.3°C_SD) and lower in winter (December - February

average was equal to -9.8°C + 5.0°C _SD), while the diurnal temperature range does not show significant seasonal

differences, with annual average equals to 6.6°C +2.3°C SD (Fig. Slc).

2.2 Aerosol measurements

The particle number size distribution is measured in the range of 0.25 um to 35 pm, using an Optical Particle Counter
(OPC, model Grimm EDM 264). The OPC operates at a flow rate of 1.2 liters per minute and categorizes individual
particles by their optical diameter across 31 channels. This classification is based on the intensity of light scattered by
particles when illuminated by a laser diode (Kulkarni et al., 2011). In this study, fine particles are defined as having an

optical diameter between 0.25 um and 1 pum, whereas coarse particles have diameters greater than 1 pm.
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The OPC unit is equipped with a cabinet for outdoor installation and is characterized by a p-Sigma-2 inlet equipped with
a 50 cm heated probe that allowed the operation at temperature as low as -20°C and windspeed up to 40 m/s. The inlet

efficiency is estimated to be larger than 99% up 9 um and to decrease to 92% at 10 um (Von Der Weiden et al., 2009).

Relative humidity (RH) is continuously monitored inside the sampling line and measurement corresponding to RH larger

than 40% were discarded from analysis (1.8% of datapoints) to prevent inaccuracy caused by the detection of wet particles.

Measurements were not filtered for low-level clouds, so during cloudy periods the measured aerosol included both

interstitial particles and cloud residuals from the evaporation of small cloud droplets. To ensure that measurements were

representative of background atmospheric composition, we excluded potential contamination from local sources in the

OPC data at 1-minute time resolution according to the algorithm developed by Beck et al,(2022), Briefly, local pollution -

was identified by an increase in the first derivative of the data series that exceeded 1.7 times the running interquartile

range calculated over 24 hours. Following, a filter on the median was applied to flag measurements that were 1.4 times

3

ha eliminato: . To exclude potential contamination from local
sources, the OPC data at 1-minute time resolution were
corrected according to Beck et al.

number size distribution measurements collected at a high

ha eliminato: using the same parameters applied to particle ‘
elevation site
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higher than the running median calculated over one hour. This criterion identified 13% of data points as potentially

affected by local pollution sources. Hourly concentrations were calculated from 1-minute time resolution data.

Absorption coefficient of total suspended particles has been yneasured at seven wavelengths (370, 470, 520, 590, 660,

880, and 950 nm) since February 2022 by an acthalometer (AE33, Magee Scientific) at 1-minute time resolution using a

sampling flow rate of 3 Ipm. Aerosol is sampled through a heated sampling head with no size cut. The stainless-steel

sampling line has a half-inch diameter, resulting in an inlet efficiency greater than 99% for particles smaller than 3 pm

which decreases to 90% at 8 um (Von Der Weiden et al., 2009), i.e. well above the mode of long-range transported dust.

The aethalometer derives the aerosol absorption coefficient by measuring the increment of light attenuation produced by
aerosol deposited continuously onto a filter tape, based on the following equation (Drinovec et al., 2015):

_dATN S 1 1 .
@s= T4 F (1-k-ATN) C ()

Where dATN is the attenuation increment observed during time interval dt, S is the aerosol deposition area on the filter,
and F is the sampling flow rate. The terms 1/C and (1 — k ATN) are introduced in the formula to correct for measurement
artifacts related to light multiple scattering and loading effect, respectively. Multiple scattering artifacts depend on the
filter tape and on the optical properties of collected acrosol. In this study we used wavelength-dependent C-values derived
by Yus-Diez et al. (2021) for filter tape M8060 and for the mountain site. Loading artifacts depend on accumulation of
aerosol on the filter (and thus on attenuation ATN) and can lead to an absorption coefficient underestimation due to
particles embedded in the filter or hidden by other particles (Weingartner et al. 2003). To correct for this effect, the AE33
collects aerosol particles on two filter spots at different flow rates, and the comparison of the attenuation between the two
spots allows the calculation of the correction parameter k (Drinovec et al., 2015).

To reduce noise of absorption coefficient measurements, especially for values close to the detection limit, the absorption
coefficient was calculated applying formula (1) over a time increment of 20 minutes. Following, measurements affected
by local contamination were identified and removed (Beck et al., 2022). Aerosol absorption coefficients are reported at

standard temperature and pressure.

2.3 Meteorological and aut ted lidar ceil ter rements

To investigate local and regional circulations, we analyzed wind speed, wind direction, and specific humidity
measurements collected at 30-min time resolution at four stations: Maen, Breuil, Cime Bianche (located in the
Valtournenche Valley) and Donnas (in the main Aosta Valley). The coordinates and altitudes of these stations are reported
in Table S2, while their locations are shown in Fig. S2b. All meteorological data are available on the Aosta Valley regional
webpage (Ravda).

Information on the evolution of the aerosol boundary layer over the valley, reflecting the combined influence of turbulent
mixing and thermally driven slope and valley winds, was derived from measurements collected by an Automated Lidar
Ceilometer (ALC) located at Saint-Christophe (45.75°N, 7.21°E, 560 m a.s.l.), approximately 40 km west of Testa Grigia.
The station is equipped with a Lufft CHM15k ALC, a single channel, bistatic instrument operating at 1064 nm that
continuously probes aerosol vertical profiles with high vertical (15 m) and temporal (15 s) resolution up to 15 km altitude.
To trace the aerosol boundary layer dynamics, we used the height of the Continuous Aerosol Layer (CAL) as a proxy

metric. The CAL is operationally identified as the layer where the total backscatter, retrieved from ALC measurements as

described by Bellini et al. (2024), exceeds the molecular-only backscatter for at least 98% of'its vertical extension (Bellini
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et al., 2025). Above this altitude, the signal drops to molecular levels, enabling the separation of boundary layer aerosols

ha elimi Derived from the ALC profiles, the CAL is

from free tropospheric conditions,,

2.4 Cluster analysis

The average particle volume size distribution was calculated on an hourly basis, assuming spherical shape for

computational simplicity. We acknowledge that this assumption may introduce uncertainties in dust-dominated

populations where irregular particle shapes prevail. For each size bin, the particle volume concentration is determined

using the following formula, where Dp is the geometric mean of the upper and lower size limits of each bin:

s
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while total volume concentration is the sum of particle volume concentrations over multiple size bins, as follows:

22
T 3
V= gbz Dy pin nN(Dp bin)) S
1
For cluster analysis, we focused solely on particle numbers measured in the first 22 size bins, which correspond to optical

diameters smaller than 9.4 pm. This size cut was selected because it most closely approximates a 10 pm diameter.

Additionally, the instrument's inlet efficiency drops below 90% for larger particles, and the low abundance of these

particles makes their counting not representative of real ambient conditions, especially when measurements are performed

at high-time resolution. Volume size distribution data were analyzed using k-means cluster analysis. Hourly volume size
distributions were first normalized relative to the integrated volume to ensure that the analysis focused solely on the shape
of the size distribution curves rather than on the absolute volume concentration. Then, for each size, volumes were
standardized (mean equal to zero and standard deviation equal to 1) to give equal importance to all particle size bins. We
used Euclidean distance as the measure for clustering (Hartigan-Wong algorithm). The optimal number of clusters was

determined by maximizing the similarity among the elements within each cluster, We used the Silhouette index to measure

defined as the layer extending from the surface marked by a
continuous presence of aerosols throughout its depth, above
which the atmosphere is predominantly aerosol-free (Bellini
et al., 2025). This enables
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the similarity and dissimilarity of each object within the same cluster and between different clusters. In contrast, the total

within-cluster sum of squares serveed,as an indicator of the similarity among objects within each group.

ha eliminato: while keeping the total number of clusters as
low as possible
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2.5 Analysis of synoptic scale transport

Seven-day back trajectories were calculated using LAGRANTO (Sprenger and Wernli, 2015; Wernli, 1997). Trajectory
were calculated every 6 hours and initialized at the Testa Grigia exact position and at 4 additional positions around the
observatory, corresponding to + 0.5 degrees latitude and longitude. Per each position, 4 pressure levels were considered:

surface pressure and 10 hPa, 30 hPa, and 50 hPa below surface pressure. The analysis integrates all the calculated

trajectories to mitigate the uncertainty derived from the relatively coarse resolution of the model. Input meteorological

data for trajectory calculation were ERAS data with a horizontal resolution of 0.5° x 0.5° and a vertical resolution of 137
levels up to 1 hPa. The duration of seven days was selected in agreement with atmospheric residence time of fine
anthropogenic aerosol as well as traveling time of dust particle from north Africa (Collaud Coen et al., 2004). Although
the complex alpine terrain orography is poorly resolved in ERAS5, the back trajectory analysis still offers a first guidance
about the air mass origin.

To calculate the time that back trajectories spend over land and water we used a land-sea mask at 0.1° x 0.1° from NASA

(Nasa) that was re-sampled at 0.5x0.5 degree resolution to match back trajectory spatial resolution.
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Potential Source Contribution Function (PSCF) maps (Ashbaugh et al., 1985) were created for the latitude range of 20°
N to 60° N and the longitude range of 20° W to 30° E, with a resolution of 0.5° x 0.5°. These maps were generated by
calculating the number of hours (or passes) that back trajectories spent in each grid cell when the total and coarse particle
number exceeded the 75th percentile and the trajectory was in the lower troposphere (trajectory pressure within 150 hPa
from surface pressure). This value was then divided by the total number of passes per each cell. PSCF values were adjusted

using a weight function to minimize the impact of grid cells that had a limited number of passes (Sun et al., 2015).

2.6 CAMS ensemble model

To support the analysis and to complement the in-situ observations at Testa Grigia, surface-level concentrations of PMio
and dust were extracted from the CAMS European Air Quality Reanalyses dataset (Cams, 2021). In this dataset, dust
represents the mineral dust fraction of total PMuo, provided as a separate model output field. The CAMS reanalysis dataset
covers the entire European domain with horizontal resolution of 0.1° x 0.1° and delivers hourly three-dimensional fields
of the main atmospheric pollutants. It is generated from an ensemble of eleven regional air-quality modelling systems
developed in Europe, all driven by the same operational meteorology from the European Centre for Medium-Range
Weather Forecasts (ECMWF). In addition, the individual models within the ensemble apply consistent chemical boundary
conditions derived from the global CAMS system, use CAMS-based European emission inventories, and assimilate the

same set of surface air-quality observations (Marécal et al., 2015).

The ensemble median product was selected, given that ensemble statistics generally provide a more accurate
representation of pollutant concentrations over Europe than any single model member (Peuch et al., 2022). The high-
resolution CAMS ensemble is recognized for its performance and representativeness in long-term aerosol and dust
assessments across Europe, as supported by several recent studies (Tositti et al., 2022; Ramesh et al., 2025; Yadav et al.,

2025; Bellini et al., 2025).

3. Results
3.1 Microphysical aerosol properties

Figures 1a and 1b present the time series of hourly fine (particles with optical diameter between 0.25 um and 1 pm) and
coarse (particles with optical diameter between 1 um and 10 um) particle number, respectively, along with monthly data
capture (which represents the number of available hourly data points normalized by the total number of hours in the
month). Overall, data capture was generally higher than 60%, except for January (40%) and November 2022 (45%).
During the entire investigation period, the median of the total particle number concentration (PNC) (optical diameter
larger than 0.25 um) was 4.53 particles/cm?®, with an interquartile range (IQR) of 1.27-18.34 particles/cm?®. The median
fine particle number concentration was 4.46 particles/cm® (IQR 1.24 -18.05 particles/cm?®), while the coarse particle
number concentration was 0.03 particles/cm® (IQR 0.01-0.09 particles/cm?®). The seasonal statistics of total, fine, and
coarse PNC are provided in Table S1. The highest concentration of fine particles was recorded in summer (June-August),
while coarse particles peaked in spring (March-May), primarily due to a significant dust event that took place in March
2022, as reported by observations and models (Wmo, 2023; Cuevas-Agull6 et al., 2024). This event caused the coarse
PNC at Testa Grigia to reach values as high as 83 particles/cm®. Throughout all seasons, fine particles consistently
dominated the particle number concentration.

The average concentration of PNC at Testa Grigia and its seasonality (Table S1) are similar to those observed in

comparable size ranges at other high-altitude stations. At Monte Cimone (2165 m asl), in the Italian Apennines, the

6
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average concentration of fine with an optical diameter between 0.3um and 1 um) and coarse particles (with an optical
diameter larger than 1 pm) over multiple years were 26.15 +37.64 ¢cm™ and 0.17 + 0.59 ¢cm™, respectively (Marinoni et
al., 2008). Xu et al. (Xu et al., 2013) reported that seasonal average PNC in the range 0.25 pm — 32 pum at Qilian Shan
Station (Qinghai-Xizang Plateau, 4180 m asl) varied between 34 + 41 cm™ in summer and 17 + 28 cm in fall. Nyeki et

al. (Nyeki et al., 1998b) investigated PNC at Jungfraujoch (3580 m asl), where the monthly average concentration of

coarse particles yanged from 0.01 to 0.14 cm™ in free tropospheric conditions and from 0.01 to 0.24 ¢cm™ in planetary O‘a liminato: (with an optical diameter above 1 pum) )
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Figure 1. Time series of fine (panel a) and coarse (panel b) hourly PNC together with hourly aerosol absorption coefficient

at 880 nm (panel c); right axis of panel a and c report the data capture of PNC and absorption coefficient measurements,

respectively.
Acrosol light absorption coefficient measurements began in February 2022, As black carbon time series is characterized (ha limi March )
by several gaps due to instrumental failure, seasonal variability is not discussed. Nevertheless, in the following section, ha eliminato: but experienced breaks due to instrumental
. . . . . e . . failure...
where absorption coefficient measurements overlap with particle number size distribution observations, the absorption
. . . i . ha eliminato: data capture exceeded 50% in only a limited
data are used to support the discussion of aerosol population types identified solely based on OPC data. number of months

3.2 Classification of aerosol population types
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As previously outlined, we analyzed hourly particle volume size distribution using cluster analysis. The optimal
classification was achieved by setting the number of clusters to three, a configuration that maximized the average
Silhouette index while minimizing the total within-cluster sum of squares. Box-whisker plot in Fig. 2 (panels a to ¢)
reports the variability of particle volume size distribution calculated for the three identified clusters, while Fig. 2d shows

their monthly occurrence probability.
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Figure 2. Particle volume size distribution corresponding to the three clusters (a is cluster 1, b is cluster 2, and c is cluster
3): lines indicate 5"-95" percentile ranges, bars correspond to 25%-75" percentile ranges, while markers indicate median
values; black dotted line in panel a is the average median size distribution corresponding to the intense dust event of

March 2022.

The first cluster is the one characterized by the highest internal similarity (i.e. highest silhouette index, equal to 0.40), and
the smaller fraction of datapoints (27%). The size distribution of particle volume concentration of this cluster shows the
highest values between 3 and 10 um. This cluster corresponds to the periods when the largest concentration of coarse
mode particles was observed. The average number of coarse particles was 0.4 + 1.2 particles/cm® which is about 6 times
higher than the mean values recorded for cluster 2 and 3. This cluster likely corresponds to long-range dust transport
events. To support this interpretation, we observed that in spring 2022, an intense Saharan dust transport episode affected

Europe, reaching Italy from March 15 to March 18 (Wmo, 2023; Diémpz et al., 2025). During this event, the coarse

particle number concentration at Testa Grigia averaged 7.5 + 3.6 particles/cm?, approximately 70 times higher than the
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campaign average. Concurrently, particle depolarization ratios measured by a polarization-sensitive ALC in Saint-
Christophe increased from 5% to 35% in the 2000-4000 m a.s.1. layer, clearly indicating the presence of non-spherical
mineral dust particles. The dust intrusion caused the sky to take on shades of orange, which was clearly visible in images
captured by the live webcam nearby the observatory (Fig. S3). The average particle volume size distribution observed
during the March dust event is represented by a black dashed line in Fig 2a and resembles that of cluster 1, with a peak
in volume concentration around 3 pm, in agreement with previously reported size distribution of long-range transport of
Saharan dust (Kahn et al., 2009; Schwikowski et al., 1995). This cluster is observed during all seasons, with seasonal
average contributions ranging between 24% and 31%. The presence of dust during periods identified by cluster 1 is
confirmed by a relatively high values of the average absorption coefficient (Babsssonm = 0.64 +0.75 Mm™") and Absorption
Angstrom Exponent (AAEs70.050 = 1.6,% 0.3).

(ha liminat

The second cluster exhibits a relatively high internal silhouette index of 0.39 (high cluster internal similarity) and accounts
for 35% of datapoints. Its average volume size distribution is marked by the highest values in the submicron range, with
concentrations increasing as the optical diameter decreases. This cluster represents aerosol population whose volume size
distribution is dominated by accumulation mode particles rather than coarse mode particles, and the corresponding
average fine particle number concentration was 31 + 38 particles/cm?’. Cluster 2 dominates summer observations (June —
August), with a seasonal average contribution equal to 58%. This cluster is associated with the highest average aerosol

absorption coefficient (Babssso = 0.98 + 0.90 Mm'') and the lowest AAE (AAEs70.950 = 1.5, 0.2), which are indicative of
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slightly higher absorbing particles_enriched in black carbon. Nevertheless, the limited availability of aerosol optical

measurements during the investigated period prevents the analysis of optical properties seasonal changes.

48

(ha eliminato:

4

(ha eliminato:

and darker

The third cluster is characterized by the highest internal variability, reflected in a low silhouette index of 0.26. This cluster
comprises the largest share of data points (37% of the total) and, on average, is characterized by low concentration of
both accumulation and coarse mode particles, although a slight increase in particle number concentration is still observed

around 3 um. Cluster 3 is observed mainly in winter months (December — February), when its occurrence frequency was

about 50%, The average concentrations of fine and coarse particles number associated with cluster 3 were 5.8 + 10.4
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particles/cm® and 0.1 + 0.1, respectively. Cluster 3 is the one characterized by the lowest average aerosol absorption

coefficient (Babssso = 0.35 + 0.37 Mm™"), in agreement with the lowest aerosol loading,, Based on ALC measurements,
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with an average share of 52% )

71% of the time when the particle size distribution is classified into cluster 3, the observatory is outside the continuous

aerosol layer.

4. Discussion
4.1 Aerosol transport mechanisms
4.1.1 Boundary layer influence

Mountain observatories can be impacted by the vertical transport of aerosols from lower altitudes, which is influenced by
the development of the boundary layer and by thermally driven mountain slope winds (Collaud Coen et al., 2018). These

thermally driven circulations are gffective at transporting air masses from the boundary layer up to high elevations,

particularly in spring and summer (Zardi and Whiteman, 2012). On fair weather days, solar radiation heats the surface at
sunrise, warming the air in the valley and triggering pressure gradients between the valley and the plain (upvalley flow)
and between the valley floor and the surrounding slopes (upslope flow). Conversely, at sunset, the valley and the mountain

slopes cool more rapidly than the air over the plain and valley floor, causing downvalley and downslope winds. This type
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of atmospheric circulation results in a distinct diurnal pattern in the concentration of aerosols, trace gases, and water vapor
at mountain observatories, with higher concentrations observed in the late morning and afternoon (Andrews et al., 2011;
Baltensperger et al., 1997).

Figure 3 shows the daily cycle of the occurrence frequency of the three clusters for each month. The specific humidity
ratio (i.e. the ratio between Testa Grigia and Donnas specific humidity) is also reported as a proxy for the transport of
moist, boundary layer air masses to the observatory. During the colder months—January, February, November, and
December—when atmospheric stability prevents convective motions in the lower troposphere, Cluster 3 (clean air
masses) is the most frequently observed cluster throughout the day. In contrast, during the warmer months (July, August,
and September), Cluster 2 (characterized by an aerosol population dominated by accumulation mode particles) is the most
prevalent, due to atmospheric instability favoring vertical mixing, and to mesoscale and long range-transport of polluted
air masses. In the remaining months, clean air masses tend to be more frequent in the night and morning hours, while
accumulation mode particles are more frequently observed in the afternoon. In particular, in March, April, and June, the
diurnal profiles of cluster 2 and 3 frequency mirror each other and cluster 2 becomes prominent when the specific humidity
ratio starts to increase, indicating that in the transition season the mountain slope winds have a discriminating role in

controlling the timing of accumulation aerosol population transport to high elevations in the Alps.
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Figure 3. Monthly diurnal variability of cluster occurrence frequency (cluster 1 in orange, cluster 2 in gray, and cluster 3
in blue) together with diurnal variability of the specific humidity ratio (black line corresponds to the average while shaded

area is the standard deviation range).

To further assess the influence of boundary layer dynamics on cluster 2, Fig. 4 reports the variability of particle number
concentration for the three clusters as a function of the continuous aerosol layer height (calh) measured at Saint
Christophe. Panels a-c shows that the aerosol population type corresponding to cluster 2 is the most frequently observed
(48% of the time) when the observatory is located within the continuous aerosol layer. In such condition, the particle
number concentration of this cluster reaches highest values compared to the other two clusters. Furthermore, during
periods of high aerosol anomaly (panels d-f), the average particle number concentration for clusters 1 and 3 remain
consistent regardless of the continuous aerosol layer height, while for cluster 2 the number of particles increases on

average by 25% when the observatory is within the continuous aerosol layer.
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Figure 4. Average particle number concentration as a function of continuous aerosol layer height (calh) for the three
different clusters during the entire observation period (panels a — ¢) and when particle number concentration exceeded
the 75" percentile (panels d -f); the shaded areas indicate the 25"-75" percentile range, the number close to each marker
indicate the number of observations corresponding to each altitude bin, while the red line indicates the altitude of the

Testa Grigia observatory.
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These findings collectively suggest that during the warmer months, boundary layer air masses influence the diurnal
variability of aerosol particle concentrations and contribute to the enhancement of the accumulation-mode aerosol
population at Testa Grigia. If we assume that boundary layer influence corresponds to periods when the observatory was
situated within the continuous aerosol layer, and that the associated aerosol population aligns with cluster 2, we can infer
that boundary layer air masses impacted the observatory for approximately 28% of the study period. However, this
estimate should be regarded as an upper bound, as the contribution from long-range transport has not been excluded.
Ongoing analyses using a new 3-d-version of the model employed by Baltensperger et al. (1997) aim to disentangle the

respective influences of local and remote aerosol sources.

4.1.2. Regional and synoptic scale transport

The analysis of the air mass history prior to reaching the observatory helped us characterize the effects of regional scale
(less than 100 km around Testa Grigia) and synoptic scale (around 1000 km around Testa Grigia) transport on the aerosol
population types observed at Testa Grigia. Figure 5 presents the Potential Source Contribution Function (PSCF) maps
calculated for the three clusters when aerosol particle concentrations exceeded the 75th percentile, using both 24-hour
and 7-day back trajectories. Only trajectory points within a 150 hPa deep layer above the surface were retained for map
calculation, to account for the influence of surface processes and emissions (Collaud Coen et al., 2004). The analysis of
the 24-hour air mass history (panels a-c) allows us to identify the impact of nearby source areas via regional scale
transport, while the longer back trajectories (panels d-f) provide insights into the effects of synoptic scale transport from

remote sources.
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Figure 5. PSCF maps of 24-hours back trajectories (a to ¢) and 7-days back trajectories (d to f) for cluster 1 (a and d),
cluster 2 (b and e), and cluster 3 (c and f), when total particle number concentration was larger than the 75" percentile.

The white circle indicates the position of the Testa Grigia observatory.
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At the regional scale, the PSCF map for cluster 2 exceeded 25% over the Po Valley and northern Switzerland, indicating
that aerosol and aerosol precursors emitted from these regions likely contribute to the population of accumulation mode
particles observed at Testa Grigia within a time frame shorter than 24 hours. Clusters 1 and 3, on the other hand, show no
specific regional origin in the considered domain, pointing towards the potential impact of long-range transport.

The influence of the Po Plain outflow on the aerosol population, particularly the accumulation mode particles at Testa
Grigia, is further supported by the analysis of the prevailing wind patterns in the southern valley. Figure S2 illustrates that
higher particle number concentrations in cluster 2 are more frequently observed at Testa Grigia when air masses move
from south to north and when the wind direction favors the transport from the Po Plain. Notably, during wind conditions
that favor transport from the Po Plain, the particle number concentration linked to cluster 2 was 60% higher than the
campaign average.

At the synoptic scale, the PSCF map of cluster 1 shows relatively higher values over northern Africa, confirming that this
cluster is representative of an aerosol population affected by long-range transported dust. Nevertheless, the function values
in this region are generally below 10%, likely due to the variability of dust source strength (Knippertz and Todd, 2012).
In contrast, the map of cluster 2 indicates the larger PSCF values over northern Italy, central and eastern Europe,
highlighting the contribution of European continental emissions to the accumulation mode aerosol population observed
in the high-altitude Alps. Finally, the map of cluster 3 shows higher values over the western Mediterranean Sea, indicating
transport of marine air masses. The link between cluster 3 aerosol population and air masses less affected by pollution
sources is confirmed by the fact that back trajectories associated to this cluster spent 13% of the time over water and 63%
in the free troposphere.

To summarize, we observe that emissions from the Po Valley can affect Testa Grigia aerosol population dominated by
accumulation mode particles within a time frame of less than 24 hours, while transport from central and eastern Europe
can have an impact on longer time scale. Conversely, the occurrence of aerosol population dominated by coarse particles,

represented by cluster 1, is primarily driven by the transport of air masses from northern Africa at a synoptic scale.

4.2 Saharan Dust Events (SDE)

The analysis of aerosol microphysical properties and their origin confirms that Testa Grigia is affected by Saharan dust
transports. To assess the impact of Saharan dust transport in the high elevation Alps, we first identify Saharan Dust Events
(SDE) periods, we then discuss their impact on the aerosol concentration and optical properties, and finally we investigate
variability of dust transport events based on synoptic scale dynamics.

Previous works discriminated SDE at mountain sites combining air mass history with aerosol size distribution data (Vogel
et al., 2025; Duchi et al., 2016) or aerosol optical properties (Collaud Coen et al., 2004). In this work we identified SDE
as those periods when the aerosol size distribution was dominated by coarse particles (i.e. period falls into cluster 1) and
air masses passed over the Sahara Desert, at low altitudes (trajectory pressure within 150 hPa from surface pressure),

during the 7 days prior the arrival at Testa Grigia. This alternative approach avoids the need for defining an arbitrary

(ha eliminato: Sharan

concentration threshold for coarse particles, thereby reducing potential subjectivity in SDE identification.

Overall, Testa Grigia experienced Saharan dust transport for 754 hours over 21 months (6% of the measurement time),
corresponding to 62 SDE with a duration of at least 4 hours. This number of events is comparable with that reported for
Jungfraujoch during a similar time span in the early 2000s’ (67 events) (Collaud Coen et al., 2004). Most of the episodes

had a duration shorter than 10 hours, but from March to June we observed a few events lasting from 24 up to 46 hours,
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in agreement with long time series observations in the Apennines, reporting more frequent multi-day’s events in summer
(Vogel et al., 2025).

The identification of SDE based on observations was compared with the output of the ensemble CAMS model (Fig. 6).
‘We estimated PMo mass concentration during the SDE from particle size distribution assuming a spherical shape and a
size dependent density (Wittmaack, 2002). CAMS reported non-zero dust concentrations for most of the investigated
period (97%), therefore CAMS dust events were defined as periods when the ensemble dust concentration (ENS_dust)
exceeded the third quartile plus 1.5 times the interquartile range (i.e. 1.20 pg/m?®). Dust periods coincided in model and
observations (orange markers in Fig. 6a) during the most intense events, when PM10 exceeded 10 pg m, although CAMS

consistently underestimated observed PMio levels by about 33%. Hourly data points classified as SDE in the observations

(ha li

but associated with lower PM10 were not correctly identified by CAMS (green markers in Fig. 6a), due to the limitation

of the criteria used to identify CAMS dust events, Nevertheless, observed SDE datapoints showed PMo values that

In contrast,

(ha eliminato: h

correlated reasonably with CAMS predictions (r = 0.48). Conversely, approximately 760 hours were classified as dust-
affected by CAMS but not recognized as SDE in the observations (black markers in Fig. 6a). In these cases, CAMS
overestimated PMio, likely due to the coarse spatial resolution of the model that might include local sources actually not
affecting the observatory. In fact, the relatively high PMi to PMio ratio (Fig. 6b) indicate that dust, if present, was mixed
with other aerosol types, including anthropogenic and secondary sources, and therefore not attributed to SDE by

observations.
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Figure 6. Panel a: comparison between hourly PM10 concentration reconstructed from particle volume size distribution
(Obs PMio) and modeled by CAMS (CAMS PMio) (in orange when dust presence is identified by both model and
observations, in green when dust is identified exclusively by the observations, and in black when only CAMS detect dust
transport); panel b: frequency distribution of the PMi to PMio ratio estimated from particle size distribution and

corresponding to the types of events.

4.2.1 Aerosol properties during SDE

The median of the hourly PMio concentration during Saharan dust transport was equal t0 9.2 pg/m?® (IQR: 1.9-25.6 pg/m?).

Except for the intense dust episode of March 2022, PMo ranged from less than 1 pg/m® up to 80 pg/m’, in agreement
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with previous observations in the Alps and in the Apennines (Brunner et al., 2021; Tositti et al., 2013). Between March
15 and March 19 severe dust episode was observed at Testa Grigia and the hourly PM10 concentration reached a peak of
526 pg/m?, while average PMio concentration over the entire event was equal to 165 pg/m®. In the same period, similar
PMio levels were recorded at Col Margherita (Barbaro et al., 2024), in the eastern Alp, indicating comparable effects of
this event on atmospheric composition across the entire Alpine range. At Jungfraujoch, on the northern edge of the Alps,
the events was observed with the exact same timing, although with lower PM10 values (Nabel), likely due to deposition
along transport.

To evaluate the dust impact on daily PMio, we isolate all days when dust transport was observed for at least 4 hours and
the resulting dataset, composed by 74 days, was characterized by daily PMio values ranging from 0.2 pg/m? to 300 pg/m?
(on March 16, 2022). 10% of the dust days showed PMio concentration higher than the limit set by the new European air
quality directive of 40 pg/m?, highlighting the detrimental effect of dust transport on air quality even in high elevation
mountain regions.

Data on aerosol optical properties were available for a shorter duration compared to the size distribution dataset analyzed
in this study (Fig Ic), and only during 34% of the hours when SDEs were identified. Table 1 presents the corresponding
statistics for aerosol absorption coefficients, along with estimates of dust mass absorption coefficients (MAC), derived
from the ratio of absorption coefficients to PMio mass. These MAC estimates assume that PMio mass during dust events
is predominantly attributable to mineral dust. Statistics for months with greater optical data coverage during SDEs—
specifically April, May, July, August, and December, when data availability exceeded 50%—are shown in brackets. These

months exhibit mean and median values consistent with those observed across the entire campaign.
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1st quartile Median Mean 3rd quartile
Absyo - Mm™! 0.21 (0.13) 0.85 (0.64) 2.83 (2.68) 5.52(5.17)
Absszo - Mm™! 0.14 (0.08) 0.63 (0.51) 1.52 (1.44) 291 (2.83)
Abssgo- Mm'! 0.08 (0.06) 0.35(0.29) 0.72 (0.68) 1.35(1.35)
MAC370 - m? g! 1.14 (0.12) 0.22 (0.22) 0.26 (0.26) 0.32(0.37)
MACs20 - m? g'! 0.08 (0.08) 0.13 (0.13) 0.16 (0.17) 0.19 (0.22)
MACsso - m? g! 0.03 (0.03) 0.06 (0.06) 0.08 (0.09) 0.10 (0.12)
AAE370-950 1.1 (1.1 1.4 (1.4), 1.4 (1.4), 1.6 (1.6), (ha liminato: 1.15 (1.09)
AAE370-500 1.1(1.1) 1.5 (1.5), 1.5 (1.5), 1.9 (1.9), - (ha eliminato: 1.41 (1.26)
AAEs00.950 1.0 (1.0), 1.1(1.1), 1.1 (1.1), 1.2 (1.2), Cha eliminato: 1.38 (1.33)

Table 1. Statistics of aerosol optical properties during SDE and between brackets the statistics corresponding to months

when optical data coverage was larger than 50%.

Mineral dust absorption is primarily driven by the presence of iron-bearing minerals such as hematite and goethite (Alfaro
et al., 2004), which absorb light at wavelengths below 600 nm. However, the optical properties of mineral dust aerosol
populations are influenced by multiple factors, including particle size, morphology, and the distance from emission
sources, due to microphysical transformations during atmospheric transport (Ryder et al., 2013; Patterson, 1981). As dust
travels over long distances, it can mix with other light-absorbing particles such as black carbon (BC), altering both the

mass absorption cross section and the absorption Angstrdm exponent (AAE) (Scarnato et al., 2015).
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At Testa Grigia, the median MAC values for dust were 0.22, 0.12, and 0.06 m?/g at 370, 520, and 880 nm, respectively.
These values exceed the upper bounds reported in previous experimental and modeling studies. For example, aerosols
generated from resuspended soil dust from the Sahara, Sahel, and Gobi deserts exhibited MAC values between 0.01 and
0.02 m*g at 660 nm (Alfaro et al., 2004). Similarly, MAC values for dust samples from northern Sahara and Morocco
averaged 0.02 and 0.06 m?/g at 530 nm, respectively (Linke et al., 2006). Radiative transfer model simulations suggest
that dust MAC at 520 nm typically ranges from 0.03 to 0.06 m?/g (Samset et al., 2018). The elevated MAC values observed
in this study likely result from the mixing of dust with BC-rich air masses during transport.

Further evidence of BC contamination is provided by the AAE values measured during SDEs. The observed mean and

median AAEs0—s0 values (equal to 1.4) are significantly lower than those reported for resuspended Saharan dust (2.5—

(ha eliminato: .38 and 1.41

3.2) (Caponi et al., 2017) or for transported dust unaffected by BC (=2) (Denjean et al., 2016) but are consistent with
values associated with BC-contaminated dust (1-1.5) (Drinovec et al., 2020). Likely regions contributing to BC
contamination along the dust transport pathway include the northern African coast and continental Europe (Ren et al.,
2025). The higher AAE at shorter wavelengths observed during SDEs indicates a steeper absorption spectrum of aerosol

in the UV region, in agreement with the dust absorption enhancement below 600 nm.

4.2.2 Variability of dust transport

Figure 7a reports the monthly frequency of SDE hours observed during the investigated period at Testa Grigia, together
with the monthly PMio medians derived from particle number concentration. The frequency of SDE hours varied between
1% and 18%. The largest frequency of SDE were observed from March to June and in October and November. Although
the time frame investigated in this study is quite limited, the observed seasonality agrees with multi-year observations at
Jungfraujoch, located at similar altitude in the Swiss Alps. From 2017 to 2023 this site experienced on average more than

100 SDE hours in February, March, April and June and more than 75 hours in October (Collaud Coen et al., 2025). In

March, May and June, when SDE hourly frequency at Testa Grigia varied between 7% and 18%, the medians PMio were
about 20 pg m?, while in October and November, although dust transport frequency was larger than 8%, PMio
concentration was 2 to 3 times lower, indicating that spring and summer events were associated to a larger transport of

aerosol mass.
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Figure 7. Monthly probability of SDE observed at Testa Grigia, together with the monthly medians of PM1o concentration

(panel a); maps of average geopotential heights (contour lines; every 20 dam), wind speeds (color; in m/s) and averaged
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wind arrows over Europe and north Africa during SDE periods in March, May, and June (panel b) and in October and

November (panel c).

Saharan dust emissions rate and source spatial distribution vary significantly with season. Saharan dust emissions peaks
between February and July, when emission rates are about two times higher compared to the rest of the year (Laurent et
al., 2008; Song et al., 2021). Winter and fall dust emissions are limited to Chad, Niger, Mali, and Mauritania, while
summer source area extends to the north-western Sahara, leading to significant dust optical depth also over Libya and
Algeria (Prospero et al., 2002; Ginoux et al., 2012; Gherboudj et al., 2017).

To explain the transport of dust and the observed variability of PMio mass concentration, fig. 7b and 7¢ report the maps
of the geopotential height and wind speed at 850 hPa during dust events at Testa Grigia in March-May-June and October-
November time frames, respectively. The spring and summer events are characterized by the presence of a high-pressure
system over the central Mediterranean Sea and Libya and strong northerly winds over Chad, Niger, and Algeria, which
favors the transport of dust from the Sahara regions characterized by the highest dust emissions. In fall, dust events are
associated with a high-pressure system that extends from Libya further west over Algeria, resulting in intense wind
circulation limited to the regions of the Atlas Mountains over northern Morocco and the coasts of Algeria. In this area and
during colder months, dust emissions are lower and controlled by land-use activities (Ginoux et al., 2012). Supplementary

Fig S4,reports the maps of back trajectory frequency distribution over the Sahara region during the two considered periods

in agreement with the results of the average circulation system here described.

Previous research on Saharan dust export to the Mediterranean, spanning ten to over seventy years, has characterized the
associated synoptic-scale dynamics (Pey et al., 2013; Salvador et al., 2014; Salvador et al., 2022). Our findings show that
the two circulation systems dominating SDE at Testa Grigia during spring/summer and fall closely resemble the
circulation types identified by Salvador et al. (2014; 2022) as driving the largest fraction of dust transport events toward
the Iberian Peninsula. This similarity strongly suggests that comparable atmospheric dynamics control the transport of
Saharan dust toward both the high-altitude Western and Central Mediterranean. Furthermore, Salvador et al. (2022)
reported a significant increase in the occurrence frequency of these circulation types associated with dust outbreaks over
the 1948-2020 period (0.77 days per year). Critically, the specific circulation type corresponding to the spring/summer
geopotential height maps at Testa Grigia (Fig. 7b) exhibits the largest increasing trend in time, particularly in summer
(1.04 days per year).

Another factor that can explain the temporal changes of dust PMio at Testa Grigia is the variability of dust transport
efficiency. Particles that move in the middle and upper troposphere are transported more efficiently and over longer

distances because they are less affected by removal through cloud scavenging, The maps depicting geopotential heights

(ha limi

and wind speeds at different pressure levels (500 hPa, 700 hPa, and 850 hPa, Fig. S5), along with dust concentration maps

and gravitational deposition

(Fig. S6), indicate that during the warmer months (March, May, and June) the SDE are linked to a significant geopotential

(ha limi

4

trough over the eastern Atlantic. This trough extends up to 500 hPa (corresponding to an altitude of about 5 kilometers
a.s.l.), enabling dust plumes to ascend to high elevations over northern Africa and western Europe. In contrast, in October
and November, dust plumes are observed only up to 700 hPa and are characterized by lower concentrations. These
findings align with the satellite retrieval analysis of dust spatial distribution, which shows that in the Mediterranean region,
the concentration of dust decreases with altitude above 2 kilometers, following this seasonal order: summer (June to
August), spring (March to May), fall (September to November), and winter (December to February) (Song et al., 2021).

Hence, in addition to the geographical variability of dust source regions and dust mobilization over the source region, the
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higher dust PMio concentration observed at Testa Grigia in spring and early summer are due to more effective transport

pathways.

5. Conclusions

This paper presents the first continuous high-time-resolution, measurements of aerosol optical and microphysical

properties at a high elevation observatory in the southern slope of the European alpine range. Aerosol particle number
and size distribution are consistent with values previously reported in the Alps and in the northern Apennines, and indicate

that particles smaller than 500 nm, which dominate total particle number, are more efficiently transported to higher
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elevations during the warmer season. The median of fine particle number concentration in summer (30.7 particles/cm™)

was about 20 times larger than the winter median (1.3 cm™). TThe largest coarse particle number concentration was

(ha liminato: On the contrary,

observed in summer (seasonal median equal to 0.1 pg m™).

The aerosol population types reaching the observatory were identified using cluster analysis relying on the normalized
particle volume size distribution. This choice ensured the classification was independent of the absolute particle
concentration. Three aerosol populations were identified. The first aerosol cluster was observed when coarse particle
concentration was higher (0.4 + 1.2 cm® on average) and was mainly observed during periods influenced by air masses

from long-range transport. ;Lhe second aerosol cluster corresponded to a population dominated by fine particles (31 £ 38

cm™ on average) and was linked to transport of boundary layer aerosols by mesoscale winds and large scale transport
from continental Europe. Finally, the third observed aerosol cluster emerged when the particle number was generally low.
This finding agrees with back trajectory analysis, which showed the influence of relatively clean air masses traveling in
the free troposphere and passing over the Mediterranean Sea.

The unsupervised classification of aerosol population and model back trajectories enabled us to identify SDEs as those

time periods characterized by a larger contribution of coarse particles (cluster 1) and linked to synoptic transport from the

(ha eliminato: t

N/

Cha eliminato: On the contrary,

(ha eliminato: t

NN

(ha liminato: type

Sahara region. This approach, although similar to those adopted by previous studies, does not rely on the definition of a

threshold, thereby mitigating the potential for subjective or arbitrary criteria. This yjneans that even a limited number of

events would be recognized as SDE because the associated aerosol size distribution would significantly be different from
the rest of the database, even if such events would not be able to impact the site statistics. Overall, during the investigated
period, Testa Grigia experienced 62 SDE with a duration of at least 4 hours. The good correlation between PM10
concentration derived from particle number size distribution and from CAMS ensemble model during these events
demonstrate the representativeness of the Testa Grigia observatory to investigate long range dust transport events and the
potential for model validation.

Aerosol absorption coefficient measurements, available for only part of the observational period, clearly indicate that the

dust reaching the observatory is mixed with black carbon (BC). Nevertheless, evidence is insufficient to conclude whether

dust is internally or externally mixed with BC and the regions where this mixture formed. Given that significant BC

emission fluxes originate from both the northern coast of Africa and continental Europe, this critical dust-BC mixing can
occur either proximal to the dust emission areas or closer to the receptor site. The effect of this mixing is a significant
enhancement of the dust's light absorption capacity, which has profound implications for snow melting in mountain areas
(Di Mauro et al., 2019). In fact, the deposition of mineral dust on snow already triggers the snow albedo feedback by
inducing surface darkening (Skiles et al., 2018); this surface radiative forcing is fundamental in determining the timing
and total amount of meltwater available for ecosystems and society. Enhanced light absorption resulting from the black

carbon mixture significantly accelerates the contribution of dust to snowmelt. This finding is particularly salient within
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the context of climate change, where reduced solid winter precipitation heightens the risk of summer drought, making the
accelerated release of meltwater a crucial variable for water resource management.

Despite the relatively limited duration of our 21-month measurement record, the synoptic-scale circulation characterizing
SDE at Testa Grigia aligns with patterns reported for dust outbreaks across the Western Mediterranean. These established
circulation patterns have shown an increasing frequency of occurrence over the last 70 years. Conversely, no statistically
significant trend has been detected in long-term (10- to 20-year) in-situ measurements of dust outbreaks at mountain
observatories in the Alps and the Apennines (Vogel et al., 2025; Collaud Coen et al., 2025; Petroselli et al., 2024). This
discrepancy might be driven by the substantial interannual variability of dust concentration, which complicates the robust
detection of trends over decadal timescales (Collaud Coen et al., 2025). Ultimately, this difference underscores the need
for an integrated approach—combining in-sifu observations, transport modeling, and meteorological re-analysis
products—to accurately predict how changes in atmospheric circulation driven by climate change are going to impact
regional air quality and climate.

In summary, the dataset here presented from Testa Grigia establishes this high-altitude site as a critical new sentinel for
monitoring large scale atmospheric composition and transport dynamics in the European Alps. Our findings not only
affirm the consistency of observed aerosol microphysics with long-term observations from high-altitude observatories in
Europe but also underscore the urgent need for an integrated monitoring and modeling strategy to accurately predict and

mitigate the evolving impact of long-range dust transport on European climate, air quality, and alpine snow.
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