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Abstract.

This work evaluates the impact of trans-regional aerosol transport from the polluted Po basin on particulate matter levels

(PM10) and physico-chemical characteristics in the northwestern Alps. To this purpose, we exploited a multi-sensor, multi-

platform database over a 3-year period (2015–2017) accompanied by a series of numerical simulations. The experimental

setup included operational (24/7) vertically resolved aerosol profiles by an Automated LiDAR-Ceilometer (ALC), vertically5

integrated aerosol properties by a sun/sky photometer, and surface measurements of aerosol mass concentration, size distribu-

tion and chemical composition. This experimental set of observations was then complemented by modelling tools, including

Numerical Weather Prediction (NWP), Trajectory Statistical (TSM) and Chemical Transport (CTM) models, plus Positive Ma-

trix Factorisation (PMF) on both the PM10 chemical speciation analyses and particle size distributions. In a first companion

study, we showed and discussed through detailed case studies the 4-D phenomenology of recurrent episodes of aerosol transport10

from the polluted Po basin to the northwestern Italian Alps. Here we draw more general and statistically significant conclusions

on the frequency of occurrence of this phenomenon, and on the quantitative impact of this regular, wind-driven, aerosol-rich

“atmospheric tide” on PM10 air quality levels in this alpine environment. Based on an original ALC-derived classification, we

found that an advected aerosol layer is observed at the receptor site (Aosta) in 93% of days characterized by easterly winds

(i.e., from the Po basin) and that the longer the time spent by air masses over the Po plain the higher this probability. Frequency15

of these advected aerosol layers was found to be rather stable over the seasons with about 50% of the days affected. Duration of

these advection events ranges from few hours up to several days, while aerosol layer thickness ranges from 500 up to 4000 m.

Our results confirm this phenomenon to be related to non-local emissions, to act at the regional scale and to largely impact both

surface levels and column-integrated aerosol properties. In Aosta, PM10 and AOD values increase respectively up to a factor

of 3.5 and 4 in dates under the Po Valley influence. Pollution transport events were also shown to modify the mean chemical20

composition and typical size of particles in the target region. In fact, increase in secondary species, and mainly nitrate- and

sulfate-rich components, were found to be effective proxies of the advections, with the transported aerosol responsible for at

least 25% of the PM10 measured in the urban site of Aosta, and adding up to over 50 µg m−3 during specific episodes, thus

exceeding alone the EU established daily limit. From a modelling point of view, our CTM simulations performed over a full

year showed that the model is able to reproduce the phenomenon, but markedly underestimates its impact on PM10 levels. As25
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a sensitivity test, we employed the ALC-derived identification of aerosol advections to re-weight the emissions from outside

the boundaries of the regional domain in order to match the observed PM10 field. This simplified exercise indicated that an

increase of such “external” emissions by a factor of 4 in the model is needed to halve the model PM10 maximum deviations

and to significantly reduce the PM10 normalised mean bias forecasts error (from -35% to 5%).

1 Introduction5

Mountain regions are often considered pristine areas, being typically far from large urban settlements and strong anthropogenic

emission sources, and thus relatively unaffected by remarkable pollution footprints. However, atmospheric transport of pollu-

tants from the neighbouring foreland is not uncommon, owing to the synoptic and regional circulation patterns. For example,

in several regions of the world, thermally-driven flows represent a systematic characteristic of mountain weather and climate

(Hann, 1879; Thyer, 1966; Kastendeuch and Kaufmann, 1997; Egger et al., 2000; Ying et al., 2009; Serafin and Zardi, 2010;10

Schmidli, 2013; Zardi and Whiteman, 2013; Wagner et al., 2014a; Giovannini et al., 2017; Schmidli et al., 2018) favouring

regular exchange of air masses between the plain and the highland sites (Weissmann et al., 2005; Gohm et al., 2009; Cong

et al., 2015; Dhungel et al., 2018), with likely consequences on human health (Loomis et al., 2013; EEA, 2015; WHO, 2016),

ecosystems (e.g., Carslaw et al., 2010; EMEP, 2016; Bourgeois et al., 2018; Burkhardt et al., 2018; Allen et al., 2019; Rizzi

et al., 2019), climate (Ramanathan et al., 2001; Clerici and Mélin, 2008; Philipona, 2013; Pepin et al., 2015; Zeng et al., 2015;15

Tudoroiu et al., 2016; Samset, 2018) and, not least, local economy, through loss of tourism revenues (de Freitas, 2003; Keiser

et al., 2018). These phenomena have worldwide relevance, since nearly one quarter of the Earth’s land mass can be classified

as mountainous areas (Blyth, 2002).

Among them, the Alpine region (Fig. 1a) is of particular interest, due to both its sensitive environment and its proximity to

the Po Valley (Tampieri et al., 1981; Seibert et al., 1998; Wotawa et al., 2000; Dosio et al., 2002; Campana et al., 2005; Kaiser,20

2009; Finardi et al., 2014). In fact, the Po basin represents a major pollution hotspot in Europe, with large emissions from highly

populated urban areas (about 40% of the Italian population lives in this region, WMO, 2012), intense anthropogenic activities,

such as industry and agriculture, combined to a local topography promoting atmospheric stability (Chu et al., 2003; Barnaba

and Gobbi, 2004; Schaap et al., 2004; Van Donkelaar et al., 2010; Bigi and Ghermandi, 2014; Fuzzi et al., 2015; EMEP, 2016;

Belis et al., 2017; EEA, 2017). Despite the efforts to decrease the number of particulate matter (PM) exceedances, Italy is25

still failing to comply with the European air quality standards (EU Commission, 2008, 2018), the Po Valley being the major

responsible for this situation.

In a first companion paper (Diémoz et al., 2019), we investigated the phenomenology of the aerosol-rich air mass advections

from the Po basin to the northwestern Alps, and specifically to the Aosta Valley (Fig. 1b). This was introduced and thoroughly

described by means of three specifically-selected case studies, each of them lasting several days and monitored by a large set of30

instruments. That investigation evidenced clear features of this phenomenology, and notably: 1) the aerosol transported to the

northwestern Alps is clearly detectable and discernible from the locally-produced aerosol. Detection of such polluted aerosol

layers over Aosta was primarily driven by remote-sensing profiling measurements (Automated LiDAR Ceilometers, ALCs),
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Figure 1. True colour corrected reflectance from MODIS Terra satellite (http://worldview.earthdata.nasa.gov) on 17 March 2017. (a) Italy,

with indication of the Alpine and Po Valley regions, of the Aosta Valley FARM regional domain (light blue rectangle), and the COSMO-I2

domain (orange rectangle, approximately corresponding to the boundaries of the national inventory). (b) Zoom over the Aosta Valley. The

circle markers represent the sites of 1) Aosta–Downtown; 2) Aosta–Saint-Christophe; 3) Donnas; 4) Ivrea. A thin aerosol layer over the Po

basin starting to spread out into the Alpine valleys is visible in both figures.

these showing recurrent arrival of thick and elevated aerosol-rich layers. Good correspondence was found between the presence

of these layers aloft, changes of column-averaged aerosol properties, and variations of PM surface concentrations and chemical

composition; 2) the advected particles are small (accumulation mode), mainly of secondary origin, weakly light-absorbing and

highly hygroscopic compared to the locally-produced aerosol. Clouds are frequently observed to form within these layers

during the night; 3) the air masses associated with the observed elevated layers are found to originate from the Po basin and5

to be transported to the northwestern Alps by up-valley diurnal wind systems and synoptic winds; 4) the chemical transport

model (FARM, Flexible Air quality Regional Model) currently used by the local Environment Protection Agency (ARPA

Valle d’Aosta) is able to reproduce this transport from a qualitative point of view and was usefully employed to interpret

the observations. However, it fails at quantitatively estimating the PM mass contribution coming from outside the boundaries

of the regional domain (approximately corresponding to the Valle d’Aosta region), likely due to deficiencies in the emission10

inventories therein and to unaccounted aerosol processes in the model (e.g., those related to hygroscopicity/aqueous-phase

chemistry triggered by high relative humidities).

The present work analyses the same phenomenon, but with a long-term perspective. Main aim of this study is to establish

frequency of occurrence of aerosol transport from the Po Valley to the northwestern Alps and its impact on local air quality,

depending on the interplay between frequency and severity of the episodes. In particular, this paper addresses the following15

questions:
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1. How frequently does advection from the Po plain to the northwestern Alps occur? What are the most common meteoro-

logical conditions favouring it?

2. What are the average properties of the advected aerosol both at the surface and in the layers aloft?

3. How much does transport from the Po basin impact the air quality EU-regulated metrics in the northwestern Alps?

4. Can we effectively predict the arrival of aerosol-polluted air masses to the northwestern Alps? How can we improve our5

air quality forecasts?

To answer these questions, we took advantage of long-term (2015–2017) and almost uninterrupted series of measurements

carried out in the Aosta region. The experimental dataset, thoroughly described by Diémoz et al. (2019), included measure-

ments of vertically-resolved aerosol profiles by an ALC, vertically-integrated aerosol properties by a sun/sky photometer and

surface measurements of the aerosol mass concentration, size distribution and chemical composition, most of these series10

encompassing a time period of several years. Indeed, a great number of intensive, short-term campaigns employing cutting-

edge research instruments and techniques was already performed in the Po basin, mainly focussing on its central, eastern and

southern parts (Nyeki et al., 2002; Barnaba et al., 2007; Ferrero et al., 2010, 2014; Saarikoski et al., 2012; Landi et al., 2013;

Decesari et al., 2014; Costabile et al., 2017; Bucci et al., 2018; Cugerone et al., 2018). However, continuous and multi-year

datasets, especially from ground-based stations, are necessary to assess the influence of pollution transport on a longer term15

(e.g., Mélin and Zibordi, 2005; Clerici and Mélin, 2008; Kambezidis and Kaskaoutis, 2008; Mazzola et al., 2010; Bigi and

Ghermandi, 2014, 2016; Putaud et al., 2014; Arvani et al., 2016). In this context, local environmental agencies operate stable

networks for continuous monitoring of air quality and meteorological parameters, and use standardised methodologies and

universally recognised quality control procedures.

The study is organised as follows: the investigated area is presented in Sect. 2, together with the experimental setup, and the20

modelling tools (Sect. 3). Results are presented in Sect. 4 and include a) a first, original classification framework based on ALC

data and meteorological variables; b) a long-term, statistical analysis of the phenomenon and its impacts on surface/column

aerosol properties and c) comparison between observations and CTM simulations. Conclusions are drawn in Sect. 5.

2 Study region and experimental setup

We provide here a brief overview of the region of interest and of the experimental setup, this latter being described with full25

details in the companion paper (Diémoz et al., 2019).

The Aosta Valley, located at the northwestern Italian border (Fig. 1a), is the smallest administrative region of the country,

being only 80 km by 40 km wide and hosting 130000 inhabitants. The most remarkable geographical feature of the region,

whose mean altitude exceeds 2000 m a.s.l., is the main valley, approximately oriented in a SE to NW direction and connecting

the Po basin (about 300 m a.s.l, at the southeast side of the Aosta Valley region) to the Mont Blanc chain (4810 m a.s.l.,30

separating Italy and France). Several tributary valleys depart from the main valley. The topography of the area triggers some of
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the most common weather regimes in the mountains, such as thermally-driven, up-valley (daytime) and down-valley (nighttime)

winds, up-slope (daytime) and down-slope (nighttime) winds, “Foehn” winds (Seibert, 2012) from the west, and frequent

temperature inversions during wintertime anticyclonic days. Quite obviously, those meteorological phenomena are responsible

of most of the variability of the atmospheric constituents (e.g., pollutants concentrations, Agnesod et al. (2003), and water

vapour Campanelli et al. (2018)).5

The air quality network of the regional Environmental Protection Agency is designed trying to capture the topographical

and meteorological heterogeneity of the investigated area. In this study, we mainly used data from four sites belonging to

this network (Fig. 1b): Aosta–Downtown (580 m a.s.l., urban background), Aosta–Saint-Christophe (560 m a.s.l., semi-rural),

Donnas (316 m a.s.l., rural) and Ivrea (243 m a.s.l., urban background). The first two measuring stations, located 2.5 km apart,

are situated respectively in the centre and in the suburbs of Aosta (45.7◦N, 7.4◦E), the main urban settlement of the region10

(36000 inhabitants). Car traffic, domestic heating and a steel mill are the main anthropogenic emission sources within the city,

whose pollution levels are generally moderate (e.g., yearly average PM10 concentration of about 20 µg m−3, with summertime

and wintertime averages of 13 and 31 µg m−3, respectively). Donnas is closer to the border with the Po basin (Fig. 1b) and

is expected to be strongly impacted by pollution from outside the region. In fact, the PM10 concentration in this rural site is

about 18 µg m−3 on a yearly average, i.e. only slightly lower than the concentration in Aosta. We also consider in our analysis15

the PM10 records collected in the city of Ivrea, a site in the Po Plain (31 µg m−3 average PM10 in 2017) located just outside

the Aosta Valley, in the Italian Piedmont region (Fig. 1b). This was done to check if and how much inaccuracies of the model

in reproducing the aerosol loads over the Aosta Valley are due to difficulties in simulating the wind field in such a complex

terrain. In fact, the city centre of Ivrea (24000 inhabitants) is approximately in the middle between the measurement site (south

of the city) and the nearest cell of our model domain (north of the city), the distance between these two points being only 220

km. The altitude of the cell (from the digital elevation model used in our simulations) is 241 m a.s.l., i.e. approximately the

real one.

Aosta–Downtown hosts a monitoring station for continuous measurements of the aerosol concentration and composition.

PM10 and PM2.5 daily concentrations are available from two Opsis SM200 Particulate Monitor instruments. An estimate of

the PM10 hourly variability is furthermore provided by a Tapered Element Oscillating Microbalance (TEOM) 1400a monitor25

(Patashnick and Rupprecht, 1991), though not compensated for mass loss of semi-volatile compounds (Green et al., 2009), such

as ammonium nitrate (e.g., Charron et al., 2004; Rosati et al., 2016). Moreover, the collected PM10 samples are chemically

analysed on a daily basis. Ion Chromatography (AQUION/ICS-1000 modules) is employed for determining the concentration

of water-soluble anions and cations (Cl−, NO−3 , SO2−
4 , Na+, NH+

4 , K+, Mg2+, Ca2+), based on the CEN/TR 16269:2011

guideline. Elemental/organic carbon (EC/OC), using the thermal-optical transmission (TOT) method (Birch and Cary, 1996)30

and following the EUSAAR-2 protocol (Cavalli et al., 2010) according to the EN 16909:2017, are analysed alternatively

to metal concentrations (Cr, Cu, Fe, Mn, Ni, Pb, Zn, As, Cd, Mo and Co), by means of inductively coupled plasma mass

spectrometry (ICP-MS) after acid mineralisation of the filter in aqueous solution (EN 14902:2005). In accordance with this

laboratory schedule (i.e., metal analyses on two consecutive days, EC/OC on the following two days, followed by two se-

quences metal-metal-EC/OC), over a 10 days period EC/OC concentrations are routinely provided on 4 days on average and35
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metal concentrations on 6 days. Particle-bound polycyclic aromatic hydrocarbons (PAHs) are detected continously in real-time

by a photoelectric aerosol sensor (EcoChem PAS-2000). Gas-phase pollutants, such as NO and NO2 are also continuously

monitored and were used in the present work to help identification of urban combustion sources (mainly traffic and residential

heating).

The atmospheric observatory in Aosta–Saint-Christophe (WIGOS ID 0-380-5-1, Diémoz et al., 2011, 2014a) is located5

on the terrace of the ARPA building. At this site, advanced instrumentation is continuously operated, daily checked and main-

tained. Vertically-resolved measurements of aerosols and clouds are performed by a commercially-available Automated LiDAR

Ceilometer (ALC, Lufft CHM15k-Nimbus) running since 2015 in the framework of the Italian Alice-net (http://www.alice-net.

eu/) and the European E-PROFILE (https://e-profile.eu) networks. The ALC emits in the atmosphere 8 µJ laser impulses at a

single wavelength of 1064 nm with a frequency of 7 kHz and collects their backscatter by aerosol and molecules from ground10

up to an altitude of 15 km, with a vertical resolution of 15 m. This return signal is averaged over 15 s and saved by the firmware

as range-, overlap- and baseline-corrected raw counts (βraw). To convert the backscatter signal in SI units, a Rayleigh calibra-

tion (Fernald, 1984; Klett, 1985; Wiegner and Geiß, 2012) is necessary. This is accomplished by the operator based on data

sampled during clear-sky nights. This allows to derive the particle backscatter coefficient (βp) and the scattering ratio (SR, e.g.

Zuev et al., 2017), which is the primary, ALC-derived parameter used in this work to quantify the aerosol load. It is defined as:15

SR =
βp +βm
βm

(1)

βm being the molecular backscattering coefficient (thus SR=1 indicates a purely molecular atmosphere while SR increases

with aerosol content).

At the same station, a POM-02 sun/sky photometer operates since 2012 as part of the European ESR-SKYNET network

(http://www.euroskyrad.net/). The instrument collects the direct light coming from the sun (every 1 min) to retrieve the aerosol20

optical depth (AOD, τ(λ)) and its spectral dependence, calculated by fitting the Ångström (1929) law to the measurements in

the 400–870 nm range:

τ(λ) = bλ−a (2)

a being the Ångström exponent. Other aerosol optical and microphysical properties are retrieved from the light scattered

from the sky in the almucantar plane (every 10 min) at 11 wavelengths (315-2200 nm) using the SKYRAD.pack version 425

code. The sun photometer is calibrated in situ with the improved Langley technique (Campanelli et al., 2007) and was recently

successfully compared to other reference instruments (Kazadzis et al., 2018). Accurate cloud screening is achieved using the

Cloud Screening of Sky Radiometer data (CSSR) algorithm by Khatri and Takamura (2009). Special care is needed to retrieve,

among the other parameters, the aerosol single scattering albedo (SSA). In fact, it is known that the SSA retrieval by the

SKYRAD.pack version 4 is problematic and sometimes unnaturally close to unity (Hashimoto et al., 2012), irrespectively of30

the AOD. Although improvements are expected in the next versions of SKYRAD.pack, data collected within the European
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ESR-SKYNET network are still processed with version 4. Therefore, only SSA lower than 0.99 at all wavelengths were

retained in our analysis.

Finally, a Fidas 200s Optical Particle Counter (OPC) is used in Aosta–Saint-Christophe to yield an accurate estimation of the

aerosol size distribution (0.18–18 µm) in proximity of the surface (Pletscher et al., 2016). This instrument, although not directly

measuring the aerosol mass, obtained the certificate of equivalence to the gravimetric method by TÜV Rheinland Energy GmbH5

on the basis of a laboratory and a field test. A PM10 comparison with the gravimetric technique was additionally performed in

Aosta–Saint-Christophe and provided satisfactory results (29 days; slope 1.08±0.04; intercept−3.8±1.4 µg m−3; R2 = 0.96).

Further instruments to monitor trace gases (Diémoz et al., 2014b) are employed at the station and the corresponding datasets

will be investigated in future studies.

Some of the air quality parameters monitored in Aosta–Downtown are also measured at the Donnas station, i.e. PM1010

daily concentrations (Opsis SM200) and nitrogen oxides (Horiba APNA-370 chemiluminescence monitor). Finally, the three

stations are equipped with instruments for tracking the standard meteorological parameters, such as temperature, pressure,

relative humidity (RH) and surface wind velocity.

The station of Ivrea features, among other instruments, a TCR Tecora Charlie/Sentinel PM10 sampler. PM10 concentrations

are then determined by a gravimetric technique.15

A list of all measurements with relevant operating period and subset considered in this study is presented in Table 1.

3 Modelling tools

Numerical models and statistical techniques were used to interpret and complement the observations described above. A nu-

merical weather prediction model (COSMO, Consortium for Small-scale Modeling, www.cosmo-model.org) was employed to

drive a chemical transport model (FARM, Flexible Air quality Regional Model) and a lagrangian model (LAGRANTO). These20

tools were thoroughly described by Diémoz et al. (2019) and are only briefly recalled here (Sect. 3.1). Trajectory Statistical

Models (TSMs) and Positive Matrix Factorisation (PMF), adopted to interpret the long-term series of measurements used in

this work, are fully described in Sects. 3.2 and 3.3, respectively.

3.1 Numerical atmospheric models

COSMO is a non-hydrostatic, fully compressible atmospheric prediction model working on the meso-β and meso-γ scales25

(Baldauf et al., 2011). The forecasts, inclusive of the complete set of parameters (such as the 3-D wind velocity used here) for

eight time steps (from 00 to 21 UTC), are disseminated daily in two different configurations by the meteorological operative

centre – air force meteorological service (COMET): a lower-resolution version (COSMO-ME, 7 km horizontal grid and 45

levels vertical grid, 72 hours integration), covering central and southern Europe, and a nudged, higher-resolution version

(COSMO-I2 or COSMO-IT, 2.8 km, 65 vertical levels, 2 runs/day), covering Italy (orange rectangle in Fig. 1a). Owing to the30

complex topography of the Aosta Valley, and the consequent need to resolve as much as possible the atmospheric circulation
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Table 1. Observation sites, measurements and instruments employed in this study.

Station Elevation

(m a.s.l.)

Measurement Instrument Data

availability

Used in this

study

Aosta–Downtown 580 PM10 hourly concentration TEOM 1400a 1997–now 2015–2017

PM10 and PM2.5 daily

concentrations

Opsis SM200 2011–now 2015–2017

Water-soluble anion/cation

analyses on PM10 samples

Dionex Ion Chromatography

System

2017–now 2017

EC/OC analyses on PM10

samples

Sunset thermo-optical analyser 2017–nowa 2017

Metals on PM10 samples Varian 820 MS 2000–nowb 2017

Total PAHs EcoChem PAS-2000 1995–now 2017

NO and NO2 Horiba APNA-370 1995–now 2017

Standard meteorological

parameters

Vaisala WA15 (wind) 1995–now 2015–2017

Aosta–Saint-

Christophe

(ARPA

observatory)

560 Vertical profile of attenuated

backscatter and derived

products

CHM15k-Nimbus ceilometer 2015–now 2015–2017

Aerosol columnar properties POM-02 sun/sky radiometer 2012–nowc 2015–2017

Surface particle size

distribution

Fidas 200s optical particle

counter

2016–now 2016–2017

Aosta–Saint-

Christophe

(weather station)

545 Standard meteorological

parameters

Micros (wind) 1974–now 2015–2017

Donnas 316 PM10 daily concentration Opsis SM200 2010–now 2015–2017

NO and NO2 Teledyne API200E 1995–now 2015–2017

Ivrea 243 PM10 daily concentration TCR Tecora Charlie/

Sentinel PM

2006–now 2017

a The analysis is performed on 4 out of 10 days according to the laboratory schedule.
b The analysis is performed on 6 out of 10 days according to the laboratory schedule.
c Underwent major maintenance in the second half of 2016 and January 2017.

at small spatial scales, we used the latter version in the present work (cf. Sect. 4.5 for a discussion about possible effects of the

finite model resolution in complex terrain).
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FARM version 4.7 (Gariazzo et al., 2007; Silibello et al., 2008; Cesaroni et al., 2013; Calori et al., 2014) is a four-dimensional

Eulerian model for simulating the transport, chemical conversion and deposition of atmospheric pollutants with 1 km spatial

grid, 1-hour temporal resolution and 16 different vertical levels (from the surface to 9290 m). FARM can be easily interfaced

to most available diagnostic or prognostic NWP models, as done with COSMO in the present work. Pollutants emission from

both area and point sources can be simulated by FARM, taking into account transformation of chemical species by gas-phase5

chemistry, dry and wet removal. Particularly interesting for our study is the aerosol module (AERO3_NEW), coupled with

the gas-phase chemical model and treating primary and secondary particle dynamics and their interactions with gas-phase

species, thus accounting for nucleation, condensational growth and coagulation (Binkowski, 1999). Three particle size modes

are simulated independently: the Aitken mode (diameter, D< 0.1 µm), the accumulation mode (0.1 µm< D< 2.5 µm) and the

coarse mode (D> 2.5 µm). FARM is only run over a small domain (light blue rectangle in Fig. 1a,b), roughly corresponding to10

the Aosta Valley. A regional emission inventory (“local sources”, updated to 2015) is supplied to the CTM over the same area

to accurately assess the magnitude of the pollution load and its variability in time and space. Data from a national inventory

and CTM model (QualeAria, here referred to as “boundary conditions”, outer rectangle in Fig. 1a), taken along the border of

the inner (light blue) rectangle, are also used to estimate the mass exchange from outside the borders of the FARM domain.

3.2 Trajectory Statistical Models15

The forecasted wind velocity profile from COSMO was here used as an input parameter into the publicly-available LA-

GRANTO Lagrangian analysis tool, version 2.0 (Sprenger and Wernli, 2015), to numerically integrate the 3-D wind fields

and to determine the origin of the air masses sampled by the ALC over Aosta–Saint-Christophe. We set up the program to start

an ensemble of 8 trajectories in a circle of 1 km around the observing site and at 7 different altitudes from the ground to 4000

m a.s.l., for a total of 56 trajectories per run. A backward run time of 48 hours was considered sufficient, on average, to cover20

most of the domain of the meteorological model, while minimising the numerical errors.

Back-trajectories calculated with LAGRANTO were then employed in Trajectory Statistical Models (TSMs) to provide

a general picture of the geographical distribution of the probable aerosol sources. In this broadly used technique, the NWP

domain is divided in grid cells (i and j indices), and air parcels arriving to a specific receptor site are analysed. When a cell

ij is crossed by a back-trajectory l, the tracer concentration cl measured at the arrival point of that trajectory (receptor) is25

considered. Finally, for each cell, a weighted average Pij is calculated as follows to yield a map of the possible source areas

(e.g., Kabashnikov et al., 2011):

Pij =

∑L
l=1F (cl)τij(l)∑L

l=1 τij(l)
(3)

where L is the total number of trajectories and τij the time spent by the trajectory l in the grid cell ij. F (cl) is a function

of the concentration at the receptor, and, depending on the chosen technique, can be the concentration itself (Concentration30

Weighted Trajectories (CWT) method, e.g, Hsu et al., 2003), the logarithm of the concentration (Concentration Field (CF)

method, Seibert et al., 1994) or the Heaviside step function H(cl− cT ), where cT is a concentration threshold (Potential
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Source Contribution Function (PSCF) method, e.g., Ashbaugh et al., 1985), generally the 75th percentile of the concentration

series. In this last case, Pij can be statistically interpreted as the conditional probability that concentrations above the threshold

cT at the receptor site are related to the passage of the relative back-trajectory through the location ij (e.g., Squizzato and

Masiol, 2015). Additional iterative methods exist to reduce trailing effects and to better identify pollution hotspots (e.g., Stohl,

1996). Moreover, the obtained field Pij can be further weighted as a function of the number of trajectories passing through5

each cell, thus reducing the impact of cells with limited statistics (Zeng and Hopke, 1989).

Any series of atmospheric measurements can be used as the concentration variable cl in Eq. 3. In this work, we achieved

especially meaningful results employing the scores from the PMF decomposition (Sect. 3.3), i.e. the contributions of the

identified sources to the PM10 daily concentration measured at Aosta–Downtown. The same approach, coupling PMF and

TSMs, was employed in other recent studies (e.g., Bressi et al., 2014; Waked et al., 2014; Zong et al., 2018). However, since10

only daily average information is available from the chemical speciation, the PMF output was repeated 8 times per day in order

to allow correspondence with the 8 back-trajectories per day issued by COSMO and LAGRANTO. We present here (Fig. 13)

results obtained with CF, having checked that application of CWT and PSCF methods provide similar outcomes. The COSMO-

I2 domain was thus divided in 130x90 grid cells and 48h back-trajectories were considered. Only points of the back-trajectories

at altitudes lower than 2000 m a.s.l. were taken into account, this being the approximate average height of the mixing layer in15

the Po basin (Diémoz et al., 2019, and Fig. 20f in the present paper). Similarly, since the arriving air parcels should be able

to impact surface PM levels, only trajectories ending close to the surface over Aosta were examined (i.e. altitudes < 1500 m

a.s.l., the model surface altitude in the Aosta area being about 900 m a.s.l.). To reduce statistical noise, every value Pij of the

resulting map was then multiplied by a weighting factor, wij , linearly varying from 0 (for Nij ≤ 20 end points in a cell) to

1 (for Nij ≥ 200), i.e. wij = min{1, max{0,Nij−20}
180 }. To provide an idea of the effect of this weighting procedure, TSM maps20

without any weighting (i.e., wij = 1) have been included in the Supplement (Fig. S7).

3.3 Positive Matrix Factorisation

The Positive Matrix Factorisation (PMF, Paatero and Tapper, 1994; Paatero, 1997) technique, as implemented in the US EPA

PMF5.0 software (Norris and Duvall, 2014), was employed to study the 2017 series of aerosol chemical analyses and air

quality measurements in Aosta–Downtown. The method allowed us to identify the possible emission sources of the observed25

aerosol, and notably to discriminate its local and non-local origin. PMF requires a long multivariate series of chemical analyses,

matrix X (the n rows being the samples and m columns representing the chemical species) and decomposes it into the product

of two positive-definite matrices, i.e. G (n× p, matrix of factor contributions, p being the number of factors chosen for the

decomposition) and F (p×m, matrix of factor profiles) plus residuals (matrix E):

X = GF+E (4)30

A solution is found by minimizing the so-called objective function Q, i.e. the squared sum of E, weighted by the mea-

surement uncertainties. A total of 100 runs were performed in this work for each dataset to find an optimal solution. Here
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we considered three different datasets X: a) the overall dataset of anion/cation analyses (data available almost every day in

2017, n= 360, “PMF-dataset a”), b) a subset of dataset a), selecting those measurements also having coincident EC/OC anal-

yses (n= 132, “PMF-dataset b”) and c) a subset of a), selecting those measurements also having coincident metal speciation

(n= 209, “PMF-dataset c”). To make the decomposition of the three series comparable, an “unidentified” contribution, corre-

sponding to the carbonaceous species only included in PMF-dataset b, was added to PMF-datasets a and c. This was done in the5

following way: we first estimated the total mass of crustal elements using the measured water-soluble calcium concentration

as a proxy, with an empirical conversion factor of 10 (e.g., Waked et al., 2014, note that a more rigorous estimate for the soil

component was obtained from the PMF analysis itself and confirmed this factor); we then subtracted the sum of the available

chemical components (including the estimated mass from soil components) from the total measured PM10 concentration, thus

closing the mass balance. This difference was then added in PMF-datasets a and c as the “unidentified” source.10

Finally, NO, NO2 and total PAHs measured at the same site (Aosta–Downtown) were included in the PMF to help iden-

tification of local pollution sources. The number of factors for each dataset was chosen based on physical interpretability of

the resulting factors (Sect. S4) and on the Q/Qexp ratio. The latter is the ratio between the objective function obtained with

the selected number of factors (Q, introduced before) and its expected value (Qexp). Elevated (i.e., > 2) Q/Qexp ratios could

indicate that some samples and/or species are not well modelled and could be better explained by adding another source (Norris15

and Duvall, 2014). The measured PM10 concentration was selected as the total variable to determine the contribution of each

mode to the PM10 concentration.

PMF was additionally performed on volume size distributions measured by the Fidas OPC in Aosta–Saint-Christophe

(Sect. 4.3.3), the m columns representing particle sizes, instead of chemical species.

4 Results20

4.1 Daily classification schemes based on ALC measurements or meteorology

Information on the vertical dimension obtained by the ALC was a key factor in identifying the events of aerosol pollution

transport over the northwestern Alps (e.g., Diémoz et al., 2019). Therefore, a first step of our analysis was to set up a classifica-

tion scheme of those advection dates based on ALC measurements. To this purpose, we used the longest ALC record available

(2015–2017) and coupled it to meteorological measurements/forecasts. Since, to our knowledge, no previous ALC-based clas-25

sification method is available in the scientific literature, we defined an original, daily-resolved classification scheme based on

ceilometer measurements to group dates according to specific ALC-observed conditions. A graphical overview with examples

for each class identified is given in Fig. 2. Overall, we identified six classes (A–F) of days:

– days “A”: no aerosol layer or only low (i.e., < 500 m from the ground) aerosol layers visible for the whole day. These

days are intended to represent unpolluted conditions or cases only affected by local sources, since aerosol transport from30

remote regions generally manifests as more elevated layers, as found by Diémoz et al. (2019);

11



Figure 2. Example of ALC images representative of each category (A-F) described in Sect. 4.1. Corresponding dates are 1 December 2015,

19 October 2016, 20 April 2016, 11 April 2015, 1 November 2017 and 27 January 2017. The dashed lines for categories C–F identify the

sigmoid interpolation to the SR=3 envelope using the automated algorithm as explained in Sect. 4.2.

12



Figure 3. Frequency distribution of the aerosol layers observed in Aosta–Saint-Christophe based on the ALC classification described in

Sect. 4.1. A=no layer, B=short episodes, C=layer detected in the afternoon, D=leaving layer, E=layer dissolving in the morning and a

separated structure in the afternoon, F=persistent layer.

– days “B”: only brief episodes of layers developing from the surface to altitudes > 500 m a.g.l. observed during the 24

hours. The origin of the aerosol layers of this intermediate class is uncertain, since they could either result from weak

(not completely developed) advections from outside the investigated region or from puffs of locally-produced aerosol.

For this reason, data in class “B” were used only as a transitional level, but not to draw definitive conclusions;

– days “C”: detection of an elevated, well-developed aerosol layer (usually, in the afternoon) and persistent during the5

night;

– days “D”: detection of the aerosol layer from the previous day dissolving during the morning hours. No layers in the

afternoon;

– days “E”: detection of a first aerosol layer from the previous day dissolving (or strongly reducing) in the morning and

appearance of a separated structure in the afternoon;10
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Table 2. Classification of weather regimes used in the study, based on wind speed (|v|), wind direction, daily duration of the condition (∆t)

and other measured meteorological variables.

Primary

classification

Secondary

classification

Definition

Easterly winds Channelled synoptic flow from the east |v|> 1 m s−1, ∆t >12 h, wind direction 0–180 ◦

Diurnal wind systems (east)


Night (19–8 UTC)a: calm wind (|v|< 1 m s−1)

or low westerly wind (|v|< 1.5 m s−1)

Day (8–19 UTC)a: easterly wind (|v|> 1.5 m s−1), ∆t >4 h

Westerly winds Foehn (west) |v|> 4 m s−1, ∆t >4 h, wind direction < 25◦ or > 225◦ b,

RH< 40%

Channelled synoptic flow from the west no Foehn, |v|> 1 m s−1, ∆t >12 h, wind direction 180–360 ◦

Wind calm – |v|< 1 m s−1, ∆t >20 h

Other Precipitation Accumulated daily precipitation > 1 mm, ∆t >4 h

Unclassified Every day that does not fall in the previous categories

a Both conditions must be met in order to discriminate such diurnal wind systems (inactive at night) from synoptic winds.
b The directional range for the Foehn cases was determined experimentally by comparison with manual classification from a trained weather observer.

– days “F”: thick aerosol layer persisting all day long.

Note that, although we also developed automatic recognition algorithms for classification purposes, we finally chose a

classification based on visual inspection (for a total of 928 daily images over the 3-year period) to ensure the maximum quality

of the flagging and avoid further sources of error.

The ALC classification described above was used to derive the seasonal frequency distribution of each aerosol advection5

class. Relevant results are shown in Fig. 3. Days not falling in those classes (e.g. complex-shaped layers, presence of low

clouds or heavy rain hiding the aerosol layer, etc.) or including other kind of aerosol layers (e.g., Saharan dust) were flagged

as “Other” and were not considered for further analyses (this accounting for a maximum 26% of days, in summer). The results

reveal that clearly-detected aerosol advections (cases C to F) occur half (50%) of the days in summer and autumn and with

a slightly lower frequency (45%) in winter and spring. A higher percentage of clear days (A) occurs in winter and spring,10

persistent layers (F) are mostly found in winter, while cases E are more frequent in summer.

To assess how the ALC classification described above is related to the circulation patterns, we used the surface meteoro-

logical observations in Aosta–Saint-Christophe as drivers of a second, independent classification scheme as summarised in

Table 2. Seasonal frequency distributions from this meteo-based scheme are displayed in Fig. 4. These show that weather cir-

culation types are remarkably variable during the year and help in interpreting the ALC-based results (Fig. 3). In fact, winter15

is mostly characterised by wind calm (53% of the days), which sometimes favours stagnation and persistent aerosol layers

(F). Plain-to-mountain diurnal winds gradually increase from winter (only 11% of the days in that season, which reflects the
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Figure 4. Frequency distribution of circulation conditions in Aosta–Saint-Christophe based on the meteorological classification described

in Table 2. Easterly winds (diurnal wind systems and channelled synoptic flow from the east) are represented as orange slices, wind calm

conditions in yellow and westerly winds (Foehn and channelled synoptic flow from the west) in blue. Precipitation and unclassified days are

represented as grey slices and are not used further in the study.

highest percentage of clear days (A)) to summer (68% of the days), when the thermally-driven regional circulation represents

the main mechanism contributing to transport of polluted air masses (E). Foehn winds are fundamental processes, especially in

spring (22% of the days), leading to the removal of pollutants and frequent occurrence of clear days (A) in that season. Finally,

channelled synoptic flow from the east (or from the west) are also partly responsible for pushing polluted air masses towards

(or away from) the Aosta Valley, although they are markedly less frequent compared to the thermal winds mechanism.5

The association between the ALC- and meteo-based classification schemes was explored using contingency tables (Fig. 5a).

To this aim, the ALC classification (A–F) was further simplified and reduced to two main cases: presence of an arriving or

stationary aerosol layer (classes C, E and F) and absence of any thick aerosol layer (class A). Classes B (short and uncertain

episodes) and D (layer leaving during the morning) were not used for the next considerations to avoid confunding conditions.

Figure 5a shows that the presence of a thick aerosol layer is strongly connected to the wind direction, as expected. In fact, this10
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Figure 5. (a) Contingency table showing occurrences of the aerosol layer seen by the ALC and wind direction. The blue boxes represent

cases when the aerosol layer is not visible (day types A) and pink boxes cases when an arriving or stationary aerosol layer is revealed by

the ALC (day types C, E and F). The numbers inside the boxes refers to the frequency and the number of occurrences for each couple of

wind/layer classes. (b) Occurrence of the aerosol layer seen by the ALC and residence time of 48h back-trajectories in the Po plain.

scheme reveals that the layer appearance can be easily explained using the wind direction as the only information: when air

masses come from the east, the probability of detecting an aerosol layer over the Aosta Valley is of 93%, confirming the Po

basin as an heavy aerosol source for the neighbouring regions, irrespectively of the day and period of the year. Conversely, this

probability reduces to only 2% of the cases when the wind blows from the west. In the period addressed, we thus detected few

exceptions to the perfect correspondence (100% and 0%), which can however still be explained. For cases of easterly winds5

and no aerosol layer found (7%), possible reasons are:

– the diurnal wind, although clearly detected by the surface network, was of too short duration or too weak to transport the

polluted air masses from the Po basin to Aosta–Saint-Christophe (at least ∼40 km must be travelled by the air masses

along the main valley). In our record, this was for example the case of 14 and 18 September 2015, and 17 June 2016;

– back-trajectories were indeed channelled along the central valley, however they did not come from the Po basin, but10

rather from the other side of the Alps. This was the case, for instance, of 20 August 2015, in which air masses came from

the Divedro Valley (north-east of the Aosta Valley) after crossing the Simplon pass (between Switzerland and Italy).

These exceptions also help understand why, in summer, about 70% of the days feature breeze systems (Fig. 4) while aerosol

layers are detected only about 50% of the days (Fig. 3). Indeed, some part (7%, Fig. 5a) of this 20% discrepancy can be

attributed to the above events, the remaining 13% being likely associated with days with a complex aerosol structure (not15
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classified in Fig. 2) or to days affected by low clouds and/or desert dust events. These days were therefore labelled as “Other”

in Fig. 3.

There are few cases (2%, Fig. 5a) in our record in which, conversely, an aerosol layer was associated with westerly, rather

than easterly, winds. These are as follows:

– on 5 February 2016 and 15 March 2016, the prevalent wind was from the west and the days were correctly identified5

as “‘Channelled synoptic flow from the west” and “Foehn”, respectively. However, as soon as the wind turned and the

valley-mountain diurnal circulation started, the aerosol layer arrived;

– on 24 March 2016, a real case of transboundary/transalpine advection occurred and an aerosol-rich air mass was trans-

ported from the polluted French valleys on the other side of the Mont Blanc chain to the Aosta Valley. Although heavy

pollution episodes can occur also on the French side of the Alps (e.g., Chazette et al., 2005; Brulfert et al., 2006; Bon-10

valot et al., 2016; Chemel et al., 2016; Largeron and Staquet, 2016; Sabatier et al., 2018), it is very rare to clearly spot

an aerosol layer transported from that region to Aosta, since in those cases air masses coming from the west must have

crossed the Alps and are almost always mixed with clean air from the uppermost layers, therefore only a dim aerosol

backscatter signal is usually noticed from the ALC.

Overall, the good correspondence between the measured wind regimes and the aerosol layer detection by the ALC (Fig. 5a)15

suggests that the same association could be employed to forecast the arrival of an advected aerosol layer based on the predicted

wind fields. As an example of simple forecasting capabilities of this phenomenon, Fig. 5b illustrates a contingency table relating

the occurrence of an aerosol layer in Aosta–Saint-Christophe to the residence time over the Po Valley of the 48-hours back-

trajectories arriving to the Aosta–Saint-Christophe observing site. Again, a direct, clear connection between both variables can

be seen, with a 100% correspondence for residence times of air masses over the Po basin >10 hours.20

Finally, it is worth mentioning that the proven high correlation between the circulation patterns (observed and/or simulated)

and the presence of advected polluted layers in the Aosta area may be exploited in the future to reconstruct the impacts of

aerosol transport on air quality over the Alpine region back to previous periods not covered by the ALC measurements (a

40-year-long meteorological database is available in the region).

4.2 Vertical and temporal characteristics of the advected aerosol layer25

The 2015–2017 ALC time series in Aosta–Saint-Christophe is summarised in Fig. 6, showing 1-hour resolved monthly average

scattering ratios of the SR daily evolution. A data screening was preliminary performed by removing cloud periods with less

than 30-minute measurements per hour and points < 1 week of measurements per month. The plot clearly shows that the

maximum aerosol backscatter is generally found in the early morning and in the late afternoon, likely due to coupling between

aerosol transport and hygroscopic effects (Diémoz et al., 2019), and not, as usual for plain sites, in correspondence of the30

midday development of the mixing boundary layer. Also, the altitude of the layer varies with season. Incidentally, months

affected by exceptional events can be sharply distinguished: the frequent Saharan dust events in June and August 2017, and

the forest fire plumes from Piedmont in October 2017, this latter again affecting the Aosta site in the afternoon, because of the
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Figure 7. (a) Aerosol layer top altitude for the classified days. Marker colour represents the type of the advection, while the marker shape

represents the time of the day: morning (a.m.), afternoon (p.m.) or all day (applicable to cases F only). (b) Overall duration of the aerosol

layer in a day (morning and afternoon durations were summed up in case E). The boxplots at the right represent synthetic information for

each day type (same y-scale as the relative charts at the left). Missing measurements in summer 2015 are due to the replacement of the ALC

laser module.

thermally-driven circulation. A similar climatology, showing the results in terms of average PM concentration profiles retrieved

by the ALC is given in Fig. S1 of the Supplement. In that case, the conversion from backscatter to PM10 was obtained using

the methodology described by Dionisi et al. (2018).

To quantitatively explore the spatial and temporal characteristics of the ALC-detected aerosol layer over the long term, we

developed an automated procedure, described in detail in the Supplement (Sect. S2), to identify and fit with a sigmoid curve5

the space-time region of the ALC profiles affected by the aerosol advection (using SR≥ 3 as threshold value). This allowed

to objectively determine, for example, the height and the duration of these advections. The long-term statistics of these two
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variables is summarised in Fig. 7. The altitude of the polluted aerosol layer (Fig. 7a) displays, as expected, a clear seasonal

cycle, with minimum in winter and maximum, up to 4000 m a.g.l., in summer. The overall cycle mimics the variability of the

convective boundary layer (CBL) height found in the Po basin by other studies (Barnaba et al., 2010; Decesari et al., 2014;

Arvani et al., 2016), with somewhat higher values that reflect the modification of the boundary layer structure in mountainous

areas (De Wekker and Kossmann, 2015; Serafin et al., 2018). Notably, stronger, multi-scale thermally-driven flows (e.g. the5

ones developing on the slopes of the valley) further redistribute the aerosol particles in the vertical direction, thus pushing the

upper limit of the CBL to the ridge height. Average values of the different classes, represented as box plots in Fig. 7, are clearly

impacted by the season of their maximum frequency over the year (Fig. 3). In fact, minimum altitude of the layer top was found

in days F owing to their maximum occurrence in winter, while top altitude maximum was found in days E being these mostly

summertime events. Great variability was also found for the duration of the advection (Fig. 7b), ranging from few hours in the10

weakest events to 24 hours/day in the extreme cases (full day, by definition, for cases F). The coupling between the duration

of the events and their absolute aerosol load determines the impact of the investigated phenomenon on surface air quality, as

discussed in the following paragraphs.

4.3 Impact of Po Valley advections on northwestern Alps surface-level PM loads and physico-chemical characteristics

To quantify the impact of the aerosol layers detected by the ALC on the air quality at ground level, we first investigated15

how the PM concentration daily evolution measured by the surface network changes depending on the ALC-identified classes

(Sect. 4.3.1). We then used the Positive Matrix Factorisation of the multivariate dataset of chemical analyses to explore the

chemical markers associated with the transport from the Po basin (Sect. 4.3.2). The effectiveness of the identified markers and

the coupling between chemistry and meteorology were also confirmed by the use of Trajectory Statistical Models. Finally, a

link between aerosol chemical and physical properties was investigated in Sect. 4.3.3, where particle chemical composition20

is coupled to measurements of aerosol particle size. Finally, a preliminary assessment of the effect of the investigated advec-

tions on surface pollutants other than particulate matter (e.g., NOx partitioning) was also performed and is reported in the

Supplement (Sect. S5).

4.3.1 Surface PM variability in relation to the ALC profiles classification scheme

We started investigating the effect of aerosol transport on the Aosta Valley surface air quality by analysing the variations of the25

daily mean PM concentrations measured by the ARPA surface network as a function of the ALC classes introduced in Sect. 4.1.

Figure 8a shows the relevant results, resolved by season. It is quite evident that PM10 concentrations in Aosta–Downtown are

in fact highly correlated with the presence/strength of the aerosol layers seen by the ALC. PM10 on days with a persistent

aerosol layer (class F) was found to be 2 to 3.5 times higher, on average, than on non-event days (class A, this difference being

statistically significant for all seasons, p-value < 0.05 from the Mann and Whitney (1947) test. Similar behaviour was seen in30

PM2.5 concentrations measured at the same station (Fig. S2a) and in the PM2.5/PM10 ratio (Fig. S2b), this latter indicating

that aerosol particles are smaller, on average, on days when the ALC detects a thick aerosol layer compared to non-event

days. Causality between the presence of an elevated layer and variations of the PM surface concentration, however, cannot be

20



Figure 8. Daily-averaged surface concentrations (2015–2017) of PM10 (a), nitrogen oxides (b) and polycyclic aromatic hydrocarbons (c) in

Aosta–Downtown as a function of the ALC classes and season. (d) PM10 surface concentration at the Donnas station. The EU-established

PM10 daily limit of 50 µg m−3 and the NO2 hourly limit of 200 µg m−3 are also drawn as references (horizontal dashed lines).
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Figure 9. Comparison between daily PM10 anomalies (Eq. 5) registered in Aosta–Downtown and Donnas (40 km apart), relative to a

monthly moving average. Circles colour represents the ALC classification, see legend, the “X” symbol represents the unclassified days. The

1:1 and the best fit line are also represented on the plot. The Pearson’s correlation index between the two series is ρ= 0.73.

rigorously inferred at this point, since, in principle, common environmental conditions affecting both PM at ground and the

aerosol in the layers aloft could originate the observed correlation. Nevertheless, it is interesting to note that this effect is less

detectable for other pollutants measured by the network. In fact, concentrations of typical locally-produced pollutants such

as NOx and PAHs (Figs. 8b and c) do not change as much as PM among the ALC classes, with only rare exceptions (e.g.,

class A, which is slightly influenced by Foehn winds, and class F, in which temperature inversions/low mixing layer heights5

may enhance the effect of local surface emissions). These results point towards excluding that the correlation (Fig. 8a) trivially

originates from common weather conditions or from the uneven distribution of the ALC classes among the seasons.

Furthermore, large correlation was also found between the ALC classification only available in Aosta–Saint-Christophe

and the surface PM10 concentration recorded in Donnas (Fig. 8d). Since the two stations are located at 40 km distance, this

result suggests that a major role is played by large-scale dynamics rather than by local sources and that the phenomena under10

consideration have at least a regional-scale extent. As a further test, we correlated the daily PM10 concentrations measured

in Donnas to those measured in Aosta. To this purpose, we considered the anomaly (∆PM10, Eq. 5) with respect to the

monthly moving average (〈PM10〉m), in order to avoid large, fictitious correlations due to the same yearly cycle (maximum PM

concentration in winter and minimum in summer), and only focus on the short-term dynamics:

∆PM10(t) = PM10(t)−〈PM10〉m(t) (5)15
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Figure 10. (a) Daily PM10 cycle sampled by the OPC in Aosta–Saint-Christophe during non-event days (class A) and days with arriving

and leaving aerosol layers (classes C and D), plotted together with the daily evolution of PAH as a proxy of the local sources (dashed line,

right vertical axis, in ng m−3). (b) Same as (a) using the TEOM in Aosta–Downtown.

where t is a specific day. The scatterplot of these anomalies is shown in Fig. 9. It highlights the good correlation between

the ∆PM10 at the two sites (ρ= 0.73 when considering all classes and ρ= 0.76 only considering advection cases, i.e. classes

C to F). Clustering of these results using the ALC classification (circle colours) further shows: the different ∆PM10 associated

with the different classes and the good correspondence of this effect at both sites. Notably, in the most severe cases (E and F),

the anomalies in Donnas are generally larger than in Aosta–Downtown (the best fit line being y = 1.1x+ 0.8 for cases E and5

F only), which is compatible with this site being closer to the Po basin (Fig. 1).

The advected aerosol layers were also found to impact the daily evolution of surface PM concentrations. To investigate this

aspect, we used hourly and sub-hourly PM10 data from both the Fidas 200s OPC in Aosta–Saint-Christophe and the TEOM

in Aosta–Downtown. Figure 10 shows the PM10 daily cycles for cases A (no advection), C and D, for both Aosta–Saint-

Christophe (Fig. 10a) and Aosta–Downtown (Fig. 10b). Despite the instruments limitations described in Sect. 2, the figure10

shows that local effects play an important role on the PM10 daily evolution, as visible from the morning and afternoon peaks.

In fact, these maxima, common to most pollutants, are the results of the coupled effect of varying local emissions and boundary

layer height during the day. The daily cycle of PAH concentrations is added to the plot as a proxy of diurnal cycle from local

sources (dashed line, right y-axis). This cycle is similar to the PM10 one for case A. Conversely, the influence of the advections

(C and D) is clearly visible on the corresponding PM10 cycles. In fact, Fig. 10 shows the PM10 concentration to markedly15

increase in the afternoon of days C (by 1.0 and 0.7 µg m−3 h−1 in Aosta–Saint-Christophe and Aosta–Downtown, respectively)

and to markedly decrease in days D (by -1.3 and -0.7 µg m−3 h−1). This effect is similar at the two sites although less marked

in Aosta–Downtown, especially at night. This is probably due to TEOM loss of volatile species in the advected aerosol (see

also the PMF results on chemical analysis in the following section). Similar results (not shown) were obtained when splitting

the data on a seasonal basis, which excludes that the observed behaviour originates from the seasonal cycle.20
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Figure 11. Percentage of aerosol mass concentration carried by each mode for the three PMF-datasets considered in the analysis (PMF-

dataset a: anion/cation only; PMF-dataset b: anion/cation together with EC/OC; PMF-dataset c: anion/cation together with metals), and their

respective confidence intervals from the BS-DISP test. Details are provided in Sect. S4.

4.3.2 Chemical species within the advected aerosol layers

As a further step to adequately discriminate local and non-local sources, we took advantage of the one-year-long (2017)

chemical aerosol characterisation dataset in the urban site of Aosta–Downtown and applied the PMF to the three datasets

described in Sect. 3.3 (PMF-datasets a, b, c, i.e., anion/cation only, anion/cation with EC/OC and anion/cation with metals,

respectively). Results of this analysis show the main factors shaping the composition of PM10 at the investigated site are those5

given in Fig.11, all details on this outcome being given in Sect. S4. The question addressed here is, however, how aerosol

transport from the Po valley affects the chemical properties of PM10 sampled in Aosta. In the preliminary analysis of three

cases studies reported in the companion paper, we found that the advected layers were rich of nitrates and sulfates (accounting,

together with ammonium, for 30-40% of the total PM10 mass). This kind of secondary inorganic aerosol was indeed found

in high concentrations in the Po basin by previous studies (e.g., Putaud et al., 2002; Carbone et al., 2010; Putaud et al., 2010;10

Larsen et al., 2012; Saarikoski et al., 2012; Gilardoni et al., 2014; Curci et al., 2015). Here we further tested on a longer dataset

if the sum of the nitrate- and sulfate-rich factors (i.e. secondary aerosols) could in fact represent a good chemical marker of

aerosol transport from the Po basin (e.g., Kukkonen et al., 2008; Tang et al., 2014). In this respect, it is worth highlighting

that these PMF modes are not correlated with typical locally-produced pollutants such as NOx and PAHs (this is revealed

by the low percentage contribution of NOx and PAHs in nitrate-rich and sulfate-rich modes in Figs. S3–S5), which therefore15
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Figure 12. (a) Temporal chart of the contribution of secondary (nitrate-rich and sulfate-rich) modes to the total PM10. The shaded area

represents the estimated local production of secondary aerosol. The difference between each dot and this baseline can thus be read as the

non-local contribution to the aerosol concentration in Aosta–Downtown. Since ions chemical speciation started in 2017, only one year of

overlap with the ALC is available at the moment (see Table 1). (b) Boxplot of the contribution of secondary (nitrate-rich and sulfate-rich)

modes to the total PM10 concentration as a function of the day type. PMF-dataset “a” was used for both plots.

excludes their local origin. We then combined the chemical information (the sum of the secondary components) with the ALC-

classification. This was done for year 2017, which is the only overlapping period between anion/cation analyses and ALC

profiles (see Table 1). Results are shown in Fig. 12. In particular, Fig. 12a shows the time evolution of the mass concentration

carried by the secondary aerosol modes, in which each date is coloured according to the six ALC classes identified. It can be

noticed that almost all peak values occur during days of type E or F, i.e. when the advected layer is more persistent and able to5

strongly influence the local air quality at ground. The very good correspondence between the sum of the nitrate- and sulfate-

rich modes contributions and the ALC classification, as well as the poor correlation between the latter and the role of the other

PMF-identified modes (not shown), suggests that the link between the secondary components and the aerosol layer advection

is not trivially due to particular weather conditions affecting both variables. Rather, the coupling between the chemical and the

ALC information indicates that aerosols of secondary origin dominate during the advection episodes from the Po basin.10
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Figure 13. (a) Output of the Concentration Field Trajectory Statistical Model, using the sum of the contributions from PMF nitrate- and

sulfate-rich modes as concentration variable at the receptor (Aosta–Downtown). (b) Concentration Field based on the traffic and heating

mode from PMF. Trajectories are cut at the borders of the COSMO-I2 domain.

A summary of the contribution of secondary modes to the total PM10 as a function of the day type, on a statistical basis,

is given in Fig. 12b. The Mann-Whitney test, applied on these data, confirms that the contribution of secondary pollutants is

significantly lower for class A compared to B (p=0.0005, 3·10−8), C compared to D (p=6·10−8), D compared to E (p=9·10−7),

and E compared to F (p=6 · 10−7). Figure 12b also allows to quantify the contribution of non-local sources using as baseline

the results obtained for class A (i.e., no advection, shaded area in Fig. 12a). Note that this baseline is very low on average,5

about 3 µg m−3, as expected from the unfavourable conditions for secondary aerosol production in the area under investigation

(e.g., low expected emissions of ammonia, frequent winds) and from the unobserved correlation between secondary aerosol

components and their gas-phase precursors. The non-local contribution is calculated as the average difference between the

mass from the secondary modes and this baseline, and amounts to about 5 µg m−3 on a yearly basis, i.e. 24% of the total PM10

concentration reconstructed from the PMF. On a seasonal basis, the absolute impact of air masses transport depends on the10

coupling between emissions (stronger in winter and weaker in summer) and weather regimes (e.g., thermal winds occurring

more frequently in summer/autumn with respect to winter/spring, Sect. 4.1). This results in a PM10 contribution of nearly 6

µg m−3 in winter and autumn, 4 µg m−3 in summer, and 3 µg m−3 in spring. In terms of relative contribution, this also depends

on the “background” PM10 levels in Aosta. It is therefore highest in summer (32%), when thermally-driven fluxes are more

frequent and local emissions lower, and lowest in winter (16%), when thermal winds are less frequent and local emissions15

higher. Intermediate relative values are found in spring and summer (27% and 28%, respectively). In specific episodes, ad-

vections from the Po basin may still produce an increase of PM10 concentrations up to 50 µg m−3, i.e. exceeding alone the

EU daily threshold. The most important compounds contributing to this increase are nitrate, ammonium and and sulfate, i.e.

26



the species characterising the nitrate- and sulfate-rich PMF modes. However, since the sulfate-rich mode additionally includes

organic matter (OM, cf. Figs.S3–S5), the latter species is also relevant in the advection episodes, especially in summer, when

the nitrate-rich mode has its lowest contribution. This finding agrees with previous works, identifying the Po basin as a source

of organic aerosol (Putaud et al., 2002; Matta et al., 2003; Gilardoni et al., 2011; Perrone et al., 2012; Saarikoski et al., 2012;

Sandrini et al., 2014; Bressi et al., 2016; Khan et al., 2016; Costabile et al., 2017).5

The Po Valley origin of the secondary components was also further proved coupling the chemical information to back-

trajectories. Figure 13a shows the result of the TSM using the sum of the nitrate- and sulfate-rich modes as concentration

variable at the receptor. It clearly reveals that trajectories crossing the Po basin have a much higher impact on secondary

aerosol measured in Aosta compared to air parcels coming from the northern side of the Alps. Interestingly, this is not the case

using different source factors from PMF. For example, Fig. 13b reports the same map, but relative to the traffic and heating10

mode, which is clearly much more homogeneous compared to Fig. 13a and essentially reflects the density distribution of the

trajectories. This behaviour highlights the local origin of the PMF source factors other than the two chosen as proxies of the

advection (secondary aerosols). As sensitivity tests, similar maps, without any weighting applied, are reported in Fig. S7. No

substantial differences can be noticed.

4.3.3 PMF of aerosol size distributions and links to chemical properties15

Exploring the links between aerosol chemical and physical properties is useful to get insights into the atmospheric mecha-

nisms leading to particles formation and transformation during their transport to the Aosta Valley. Therefore, we investigated

correlations between the results of the chemical analyses on samples collected in Aosta–Downtown and particle size distri-

butions (PSDs) measured by the Fidas OPC in Aosta–Saint-Christophe. To ensure comparability between these two datasets,

the particle volume distributions from the Fidas OPC (normally extending up to sizes of 18 µm) were weighted by a typical20

cut-off efficiency of PM10 sampling head (Sect. S6). We then performed a PMF analysis of the hourly-averaged PSDs from

the Fidas OPC (hereafter referred as size-PMF). Four principal modes were identified. Their relative contribution to the total

particle volume is shown in Fig. 14a. These modes are centred at 0.2, 0.5, 2 and 10 µm diameter, respectively and will be thus

referred to as 0.2, 0.5, 2 and 10-µm size-PMF modes in the following. A similar figure, showing their dependence on season,

wind speed and direction, is also provided in Fig. S10. The number of factors (p) was chosen based on physical considerations:25

if p > 4, then the last mode (largest sizes) splits into sub-modes, which are not relevant for the present study; conversely, if

fewer components (p < 4) are retained, they merge into unphysical modes (e.g., very large and very fine particles combined

together).

The scores from the size-PMF were then averaged on a daily basis to be compared to the chemical PMF ones (hereafter,

chem-PMF; Sect. S4). Figure 14 compares time series of selected chem-PMF (dataset a) and size-PMF results. It shows that:30

(a) the nitrate-rich mode from chem-PMF and the 0.5-µm size-PMF mode correlate very strongly (ρ=0.81, Fig. 14b);
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Figure 14. (a) Modes identified by the PMF analysis applied on the PSDs measured by the Fidas OPC (size-PMF). (b–d) Comparison

between the PMF scores time series obtained from analysis of chemical speciation (chem-PMF on PMF-dataset “a”, showing mass, left-hand

vertical axes) and size distributions (size-PMF, showing volume, right-hand vertical axes). The three panels show: (b) contributions from

chem-PMF nitrate-rich (black) and size-PMF 0.5 µm (green) modes; (c) contributions from the sum of the chem-PMF sulfate-rich and traffic

and heating modes (black), and from the 0.2 µm size-PMF mode (blue); (d) sum of contributions from chem-PMF road salting and soil

modes (black), and from 2 and 10 µm size-PMF modes (red). Correlation values (ρ) are also reported in each plot.
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(b) the sum of the sulfate-rich mode and traffic and heating mode correlate very strongly with the 0.2-µm size-PMF mode

(ρ=0.82, Fig. 14c). Note that the correlation index decreases (ρ between 0.35 and 0.69) if the sulfate-rich mode and

traffic and heating mode are compared separately with the 0.2 µm mode;

(c) A moderate, statistically significant correlation was found between the chem-PMF soil plus road salting modes and

the size-PMF coarser modes (sum of 2 and 10 µm modes, Pearson’s correlation index ρ= 0.59, p-value< 2.2 · 10−16,5

Fig. 14d). This suggests that both indicate the same source, and likely non-exhaust traffic emissions, such as abrasion

from brakes, tire wear and road (with typical sizes of 2–5 µm), and resuspension from the surface (up to>10 µm), as also

found in other studies (e.g., Harrison et al., 2012). This agreement between the two independent datasets is remarkable

considering that the particles were sampled at two different sites (Aosta–Saint-Christophe and Aosta–Downtown) with

distinct environmental features, and that coarse particles usually travel for short ranges. It is also worth mentioning that10

the correlation between single modes from chem-PMF (road salting or soil) and size-PMF (2 or 10 µm) separately is

weaker (ρ between 0.26 and 0.55) than the one resulting from their sum. Finally, from a preliminary analysis based

on back-trajectories and desert dust forecasts (NMMB/BSC-Dust, http://ess.bsc.es/bsc-dust-daily-forecast), the 2 µm

component seems to be additionally connected to deposition, and possibly resuspension, of mineral Saharan dust in

Aosta, an effect already observed in other urban areas in central Italy (Barnaba et al., 2017).15

A further interesting feature is the clear size separation of the 0.2 and 0.5 µm accumulation modes, which likely results

from different aerosol formation mechanisms in the atmosphere: condensation/coagulation from primary emissions/aging on

one side (0.2-µm mode, also known as “condensation mode”), and aqueous phase processes (e.g., in fog) on the other side

(forming “droplet mode” aerosol particles of about 0.5 µm diameter, e.g., Seinfeld and Pandis, 2006; Wang et al., 2012;

Costabile et al., 2017). Finally, the very good correlation between the fine particles and the nitrate- and sulfate-rich modes at20

the two stations is a further hint that this kind of particles are mostly of non-local origin.

Overall, the good agreement between the size- and chem-PMF results further strengthens their independent outputs.

4.4 Impact of Po Valley advections on northwestern Alps columnar aerosol properties

ALC measurements revealed the vertical extent and thickness of the advected polluted layers from the Po Valley. We therefore

also investigated if and how much these layers impact the column-integrated aerosol properties (i.e., those sounded by ground-25

based sun photometers, but also by satellites). To this purpose, the ALC day type classification was applied to the measurements

of the Aosta–Saint-Christophe sun photometer. The average AOD at 500 nm, binned by day type and season, is shown in

Fig. 15a. It can be noticed that a general increase of the AOD is found from classes A (about 0.04 on average) to F, for which

AOD is more than 4 times higher (0.18). The advections are also found to affect the Ångström exponent (Eq. 2, Fig. 15b),

representative of the mean particle size. Results from this column-integrated perspective confirm that the transported particles30

are on average smaller than the locally-produced ones. In fact, the mean Ångström exponents vary from 1.0 for days A in

winter and autumn, up to 1.6 for days E–F, and show a general increase among the classes for every season. To confirm

and fully understand this dependence of the Ångström exponents on the ALC classification, we also investigated the columnar
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Figure 15. (a) Average aerosol optical depth at 500 nm from the POM sun photometer for each day type (colour code as in Fig. 12) and

season; (b) Ångström exponent calculated in the 400-870 nm band; (c) Yearly-averaged single scattering albedo at 500 nm. B days in spring

were removed from panels (a) and (b) due to insufficient statistics (only 3 days).

volume-PSDs retrieved from the sun photometer almucantar scans during the Po Valley pollution transport events. This analysis

(Fig. S11) confirms what we already found with the surface-level PSDs from the Fidas OPC, i.e. that the advections increase

the number of particles in all sizes, notably in the sub-micron fraction. This explains the higher Ångström exponents retrieved

by the sun photometer during the advections.

A further link between aerosol physical and chemical properties is explored through the variability of the single scattering5

albedo with day type (Fig. 15c). Yearly-averaged data are shown in this case due to the limited number of data points available

for this parameter (the almucantar plane must be free of clouds to accurately retrieve the SSA, Sect. 2). Figure 15c reveals

that SSA at 500 nm generally increases from class A to class F (0.92 to 0.98), which agrees with the fact that secondary,

and thus more scattering, aerosol is transported with the advections. This information is particularly important for follow-up
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Figure 16. Long-term (1 year) comparison between PM10 surface measurements and simulations (FARM) in Aosta–Downtown (a) and Ivrea

(b).

Table 3. Statistics of comparison between PM10 model forecasts and measurements at the site of Aosta–Downtown (mean bias error, MBE;

root mean square error, RMSE; Pearson’s correlation coefficient, ρ; normalised mean bias error, NMBE; normalised mean standard deviation,

NMSD). Results with both W = 1 and W = 4 weighting factors to the PM fraction arriving outside the boundaries of the regional domain

are reported.

W MBE (µg m−3) RMSE (µg m−3) NMBE (%) NMSD (%) ρ

1 -7 15 -35 -16 0.62

4 1 13 5 -8 0.61

radiative transfer evaluations under the investigated conditions. In this respect, also note that further analysis more focussed on

the impact of these advection on particle absorption properties is planned for the future.

4.5 Comparison between observations and CTM simulations

Accurate simulations of air quality metrics are of utmost importance for Environmental Protection Agencies. Indeed, not

only are they essential from a scientific/technical perspective (contributing to better understand the local and remote pollution5

dynamics), but they also represent fundamental duty towards the public, being air quality forecasts disseminated every day. In

this section, we compare long-term (1 year, 2017) daily averages of surface PM10 to the corresponding simulations by FARM

in Aosta–Downtown (similar results are found for the other sites in the domain and are not reported here) and next to Ivrea. This
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Figure 17. Absolute (a,c) and relative (b,d) differences between simulated and observed PM10 concentrations at the surface in Aosta–

Downtown. The mean bias error (MBE) and the normalised mean bias error (NMBE) for each case are reported in the plot titles. First row:

FARM simulations as currently performed by ARPA. Second row: the PM10 concentrations from outside the boundaries of the domain were

multiplied by a factor W=4.
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Figure 18. Difference between PM10 surface concentrations in Aosta–Downtown simulated by FARM taking the boundary conditions into

account (FARMtot) and without taking them into account (FARMlocal, only local sources), as a function of the advection class observed by

the ALC.

exercise was also aimed at evaluating if and how the information gathered by the ALC can be used to understand deficiencies

and thus improve the model performances. The one-year time series of both the measured and simulated PM10 in the Aosta–

Downtown and Ivrea sites are displayed in Fig. 16. Model and measurement show similarities (such as the same seasonal cycle,

indicating that local emissions from the regional inventory and general atmospheric processes are correctly reproduced), but

also divergences (especially PM10 underestimation by FARM, as already shown and discussed in the companion paper). Table5

3 summarises some statistical indicators of the model-measurements comparison, and namely mean bias error (MBE), root

mean square error (RMSE), normalised mean bias error (NMBE), normalised mean standard deviation (NMSD, i.e. (σM/σO−
1), where σM and σO are the standard deviations of the model and observation) and Pearson’s correlation coefficient (ρ). The

overall performances of FARM are comparable to the results obtained in other studies using CTMs (e.g., Thunis et al., 2012).

For the Aosta–Downtown case, we additionally explore the absolute (Fig. 17a) and relative (Fig. 17b) differences between10

modelled and observed PM10 in relation to the ALC-derived classes. These results reveal that the model underestimation

mostly occurs in the cases of strongest advections (F), with extreme model deviations as low as -40 µg m−3 (Fig. 17a), i.e., -50%

or lower (Fig. 17b). The observed model-measurement discrepancies might originate from (1) an incomplete representation of

the inventory sources (emission component), (2) inaccurate NWP modelling of the meteorological fields, and notably the wind

(transport component), or a combination of (1) and (2). Some details on these aspects are provided in the following.15

1. Emissions. Inaccuracies in the (local and national) emission inventories could degrade the comparison between simula-

tions and observations. Based on results shown in Fig. 17(a,b), we decided to investigate the sensitivity of our simulations

in Aosta–Downtown to the magnitude of the external contributions (boundary conditions). In particular, we used a simpli-

fied approach to speed up the calculations: assuming that the contribution from outside the regional domain and the local
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emissions add up without interacting, we simulated the surface PM10 concentrations turning on/off the boundary condi-

tions (dark- and light-blue lines in Fig. 16) to roughly estimate the only contribution from sources outside the regional

domain. Interestingly, the difference between the two FARM runs correlates well with the advection classes observed by

the ALC (Fig. 18). This clear correlation between the simulations and the experimentally-determined atmospheric con-

ditions is a first good indication that the NWP model used as input to the CTM yields reasonable meteorological inputs5

to FARM. Then, to further explore the sensitivity to the boundary conditions, we gradually increased, by a weighting

factor W , the PM10 concentration from outside the boundaries of the domain trying to match the observed values. In

Figs. 17(c, d) we show the results obtained with W=4. This exercise show that the overall mean bias error is much

reduced compared to the original simulations (W=1, Figs. 17(a, b)), especially for the winter and autumn seasons, while

slight overestimations are now visible for summer and spring. Also the annually-averaged MBE, NMBE and NMSD10

improve (Table 3), whilst the other statistical indicators remain stable or even slightly worsen.

Clearly, our simplified test has major limitations. For example, seasonally- and geographically-dependent (i.e., relative

to the position on the regional domain border) factors W should be used to better correct deficiencies in the national

inventory. Also, the high weighting factors needed to match the measurements in winter and autumn suggest not only

underestimated emissions, but also missing aerosol production mechanisms (e.g., aqueous-phase particle production as15

in fog/cloud processing, Gilardoni et al. (2016)) during the cold season. In fact, this simplified exercise was only intended

to roughly estimate the magnitude of the “outside PM10 tuning factor” necessary to match the observations. Despite this

limitation, this numerical experiment still shows quite convincingly that biases in air quality forecasts can be reduced

by revising the inventories on the basis of experimental data, as those from unconventional air-quality systems (e.g., the

ALCs used in this study);20

2. Transport. Although the COSMO-I2 grid spacing is certainly in line with that of other state-of-the-art operational limited-

area models, in our complex terrain it could be insufficient to appropriately resolve local meteorological phenomena

triggered by the valley orography (Wagner et al., 2014b), also considering that the actual model resolution is 6–8 times

the grid cell (Skamarock, 2004). For example, Schmidli et al. (2018) show that at 2.2-km grid step the COSMO model

poorly simulates valley winds, while at 1.1-km grid step the diurnal cycle of the valley winds is well represented.25

Similarly, Giovannini et al. (2014) show that 2-km step can be considered as the limit for a good representation of valley

winds in narrow Alpine valleys. Smoothed digital elevation model (DEM) used within COSMO and FARM could also

play a direct role in the detected underestimation. In fact, as mentioned in Sect. 3.2, the model surface altitude of the

Aosta urban area is 900 m a.s.l., whereas the actual altitude is about 580 m a.s.l. (Table 1). The adjacent cells are given

an even higher altitude, owing to the fact that the valley floor and the neighbouring mountain slopes are not properly30

resolved at the current resolution. This results in an apparent lower elevation of the sites located in flatter and wider

areas, such as Aosta, while the real topography profile at the bottom of the valley presents a monotonic increase from

the Po plain to Aosta. Therefore, it is expected that, just by better reproducing the orography, a higher resolution would

allow to better resolve the horizontal advection of aerosol-laden air from much lower altitudes on the plain.
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Figure 19. Absolute (a) and relative (b) differences between simulated and observed PM10 concentrations at the surface in Ivrea.

Most of these issues were extensively addressed in the companion paper (Diémoz et al., 2019). In that study, COSMO-I2

was shown to be capable of reproducing the mountain-plain wind patterns observed at the surface both on average (cf.

Fig. S1 in the companion paper) and in specific case studies (Fig. S13 therein). Nevertheless, it was also found to slightly

anticipate in time and overestimate the easterly diurnal winds in the first hours of the afternoon and to overestimate

the nighttime drainage winds (katabatic winds, ventilating the urban atmosphere and reducing pollutant loads). These5

limitations were mostly attributed to the finite resolution of the model.

To disentangle the role of factors (1) and (2) discussed above, we evaluated the model performances in a flatter area of the

domain, where simulations are expected to be less affected by the complex orography of the mountains. We therefore compared

PM10 simulations and measurements in Ivrea (Fig. 16b). This test is also useful to operate the CTM model at the boundaries

of the domain, with special focus on the emissions from the “boundary conditions”. Model underestimation in both the warm10

and cold seasons is evident. Incidentally, it can be noticed that concentrations simulated without “boundary conditions” are

nearly zero, since the considered cell is far from the strongest local sources and most part of the aerosol comes from outside the

regional domain. As done for Aosta (Fig. 17a, b), Fig. 19(a,b) presents the absolute and relative differences between the model

and the observations in Ivrea. The overall NMBE is -0.73, which rather well corresponds to the underestimation factor W=4

(or NMBE=-0.75) found for Aosta–Downtown and other sites in the valley. Since it is expected that in this flat area the NWP15

model is able to better resolve the circulation compared to the mountain valley, this result suggests poor CTM performances

to be mostly related to underestimated emissions at the boundaries rather than to incorrect transport. In addition to this general

underestimation, a large scatter between observations and simulations can be noticed in Fig. 16, the linear correlation index

between simulations and observation in Ivrea being rather low (ρ=0.54). If such a large scatter, due to the erroneous boundary

conditions, is already detectable at the border of the domain, it is likely that at least part of the RMSE reported in Table 3 for20
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Figure 20. Average 3-D fields of PM10 concentration simulated by FARM extracted at the surface level (a, b, c) and on a vertical transect (d,

e, f). (a) Average of all non-advection days (categorised as “A” by the experimental ALC-classification); (b) Average of advection days (“C”,

“E” and “F” from ALC-classification) using a weighting factor W = 1 for the PM10 contribution coming from outside the boundaries of the

regional domain; (c) Same as (b) using W = 4 as a weighting factor. (d), (e) and (f) are vertical transects along the main valley (i.e., along

the dotted line in figures (a) to (c)) corresponding to the three cases above. The altitude of the three measuring sites shown in the figures is

the one from the digital elevation model, which is a smoothed representation of the real topography. The white area in the second row of

figures represents the surface. The advections investigated in this study come from the east (right side of all figures).

Aosta–Downtown can be attributed to inaccuracies in the national inventory. As already mentioned, an additional contribution

to the observed RMSE could still be given by errors in modelling transport due to the coarse resolution of the NWP model,

although we are not able to quantify the relative role of the two factors. To unravel this issue, high-resolution models (grid step

0.5 km, e.g. Golzio and Pelfini, 2018; Golzio et al., 2019) are being tested on the investigated area and their results will be

addressed in future studies.5

Finally, within the limits of the model performances discussed above, we use FARM to extend our observational findings to

a wider domain compared to the few measuring sites. In Fig. 20, we provide some summarising plots of 1-year simulations. In

particular, these show the 3-D simulated fields of PM10 concentrations in terms of both surface-level (a, b and c) and vertical

transects along the main valley (d, e and f), averaged over all non-advection and advection days in 2017. In this latter case,
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simulations with W = 1 (b,e) and W = 4 (c,f) are included. Compared to the “background condition” (ALC type A), the

advection cases show higher PM10 concentrations and a different geographical distribution, increasing towards the entrance of

the valley (Fig. 20b, e). Obviously, the absolute PM10 loads are higher when the non-local contribution is multiplied byW = 4

(Fig. 20c, f), which, as discussed above, is the W value providing a better matching with the PM10 concentrations actually

measured in Aosta and Ivrea. Vertical profiles of simulated concentrations are also evidently impacted by the advections (e.g.,5

Fig. 20d–f). A more complete set of maps is provided in Fig. S12, in which contribution of particulate produced inside the

regional domain (local sources) and outside the domain (boundary conditions) has been partitioned. Interesting feature in

Fig. 20 is that the average maps of local PM10 do not change between advection/non-advection cases, while the (relative)

concentration maps of aerosol coming from outside the domain show noticeable differences, thus confirming once again that

the polluted air masses detected by the ALC in Aosta–Saint-Christophe are of non-local origin. In conclusion, the excellent10

correspondence between the model output and the experimental classification based on the ALC, i.e. the remarkable difference

of the concentrations and their vertical distribution between days of advection and non-advection, highlights both the rather

good performances of the CTM model and the ability of the measurement dataset used to disclose the phenomenon.

5 Conclusions and perspectives

In this work we used long-term (2015–2017) multi-sensor observational datasets (Table 1) coupled to modelling tools to15

describe pollution aerosol transport from the Po basin to the northwestern Alps. Key to this study was the deployment in Aosta

of an Automated LiDAR Ceilometer (ALC) with its operational (24/7) capabilities. This allowed to: a) collect and present

the first-long term dataset of aerosol vertical distribution in the northwestern Alps; b) provide observational evidence of the

complex structure and dynamics of the atmosphere in the Alpine valleys; c) stimulate the investigation of the phenomenon on

a 4-D scale with complementing observational and modelling tools. The analysis over the long-term allowed to complement20

the investigation of specific case studies provided in the companion paper (Diémoz et al., 2019) and answer some key scientific

questions (as listed in the Introduction):

1. Driving meteorological factors and frequency of the aerosol pollution transport events. The newly-developed classifi-

cation based on the ALC profiles (928 classified days, Fig. 3) permitted us to aggregate the days with similar aerosol

vertical structures and examine the average properties of each group. Notably, we could understand the link between25

the wind flow regimes and the aerosol transport. The frequency of the elevated layers was observed to be on average

43–50% of the days, depending on the season (i.e. slightly less than 60% of the days falling in an ALC class different

from “Other” in winter and spring to more than 70% in summer) and is clearly connected to eastern wind flows, such as

plain-to-mountain, thermally-driven winds (blowing nearly 70% of the days in summer, Fig. 4). This was even clearer

using Trajectory Statistical Models (Fig. 13) and contingency tables (Fig. 5) showing the clear connections between the30

arrival of an elevated aerosol layer over the northwestern Alps and the wind direction. Such layers were observed 93%

of the days with easterly winds (Fig. 5a), with increasing probability of occurrence for increasing air masses residence
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time over the Po plain (aerosol layer detected on over 80% of days when the trajectory residence times in the Po basin

exceed 1 h, and up to 100% of days with air masses residence time > 10 h, Fig. 5b);

2. Advected aerosol physical and chemical properties. The general spatio-temporal characteristics of the aerosol layers were

statistically assessed based on the multi-year ALC series. The top altitudes of the layer ranges from 500 m to nearly 4000

m a.g.l., depending on season and according to the convective boundary layer height. Notably, the high altitudes reached5

by the aerosol layer in summer are compatible with transport and deposition of other contaminants, such as pesticides

(Rizzi et al., 2019) and micro-plastics (Allen et al., 2019), on glaciers, snow fields and remote mountain catchments.

Also, a dataset of aerosol layer heights may be valuable for follow-up studies on the radiative forcing of particulate

matter in connection to the elevation-dependent warming in some mountain regions (Pepin et al., 2015).

The duration of the phenomenon ranges from few hours to several days in cases of atmospheric stability. The mean optical10

and microphysical properties of the aerosol layers were further sounded using a sun photometer. This showed that the

columnar aerosol properties are all impacted by the pollution transport: aerosol optical depth (AOD at 500 nm) increases

from 0.04 on non-event days up to 0.18 on event days, on average; relevant values of Ångström exponent (400-870 nm)

and single scattering albedo (SSA at 500 nm) change from 1.0 to 1.6 and from 0.92 to 0.98, respectively, and depend

on the duration/severity of the advection (Fig. 15). This indicates that the transported particles are on average smaller15

and more light-scattering than the locally-produced ones and agrees well with the results of measurements and analyses

of aerosol properties at the surface. Positive matrix factorisation (PMF) of chemical properties at surface level allowed

to disclose that particles advected from the Po Valley to the northwestern Alps are mostly of secondary origin (e.g.,

Fig. 12) and mainly composed by nitrates, sulfates and ammonium. Interestingly, we also found an organic component in

the warm season, which confirms the Po Valley as an OM source. Moreover, particle size distributions showed increase20

in the fine fraction (< 1 µm) during Po Valley advection days. Correlation of chemical-PMF with independent PMF

performed on aerosol size distribution also provided evidence of a clear link between chemical properties and aerosol size

(correlation indices ρ > 0.8, Fig. 14), which proves that different aerosol formation mechanisms act in the atmosphere

in different seasons. In particular, we found some evidence of aqueous processing of particles in winter (e.g., fog and/or

cloud processing) through identification of a PMF “droplet mode” in the winter results;25

3. Aerosol transport impact on air quality. At the bottom of the valley, the advections were demonstrated to alter both

the absolute concentrations of PM10 (these being up to 3.5 times higher during event days compared to non-event

days, Fig. 8), and their daily cycles, with hourly variations up to 30 µg m−3 (Fig. 10). PMF statistics on chemical data

identified 5 to 7 different sources, depending on the available chemical characterisation, two of which (nitrate-rich mode

in winter and sulfate-rich mode in summer) were attributed to the arrival of particles from outside the Aosta Valley as30

also confirmed by Trajectory Statistical Models (Fig. 13). Using their relevant scores as a proxy, we estimate an average

25% contribution of these transported nitrate and sulfate-rich components to the Aosta PM10. This impact varies on

a seasonal basis. The relative contribution of non-local PM10 is highest in summer (32%), when advection is most

frequent and local PM10 is lowest, while it is lowest in winter (16%), when advection is least frequent and local PM10
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is highest. In absolute terms the reverse occurs and the impact of transport is found to be highest in winter/autumn,

reaching levels of 50 µg m−3 in some episodes (thus exceeding alone the EU legislative limits). This occurs due to the

superposition of advected particles with higher background concentrations in the coldest part of the year, when emissions

are highest and pollution is further enhanced by adverse weather conditions, i.e. low-level inversions, locally worsened

by the valley topography. Note that, although, in this study the impact of Po Valley advection on air quality was mostly5

quantified for the Aosta–Downtown station. In rural and remote sites of the region this non-local contribution is expected

to be even larger, in relative terms. Increasing the number of stations collecting samples for chemical analyses would be

an important follow-up to estimate the non-local contribution to PM10 in non-urban sites. The good correlation found

between the PM10 concentration anomalies in the urban site of Aosta–Downtown and in the regional site of Donnas

(ρ > 0.7, Fig. 9) is however a clear indication that aerosol loads all over the region are mainly influenced by trans-10

regional transport rather than by local emissions. It is also worth mentioning that the aerosol particle number (here only

measured in the 0.18–18 µm range, i.e., missing the finest particles) increased remarkably (up to>3000 particles cm−3)

in some transport episodes, with possible implications on human health. Some preliminary results (Sect. S5) also indicate

that this regular air mass transport is also able to alter the oxidative capacity of the atmosphere (NOx/NO ratio), although

further investigation is needed to better quantify it.15

In general, for both air quality and climate evaluations the identification of monitoring sites (and time periods) represen-

tative of “background conditions” is a critical issue to differentiate local and regional pollution levels (e.g., Yuan et al.,

2018). A global network of atmospheric “baseline” monitoring stations is for example maintained within the World

Meteorological Organisation’s (WMO) Global Atmosphere Watch (GAW) program (WMO, 2017), with the intention

of providing regionally representative measurements relatively free of significant local pollution sources. Our observed20

(PM10) daily cycle (Figs. 2, 6 and 10) indicates that caution should be paid when assuming mountain sites to be repre-

sentative of background conditions. In particular, we show that the influence of nearby pollution sources in high altitude

sites could be not only limited to the central hours of the day (when convection-driven growth of the nearby plain mixing

layer is known to uplift pollutants), but rather extend to night-time measurements via the mountain-valley circulation

and particle growth mechanisms addressed in this study;25

4. Ability to predict the arrival and impacts of polluted air mass transport. Experimental data and their coupling with

modelling tools well demonstrated the Po plain origin of the polluted layers and their increased probability of detection

as a function of the air masses residence time over the origin region. Current chemical transport models, however,

were found to reproduce the phenomenon in qualitative terms, but manifest both systematic underestimations of the

absolute advected PM10 (biases) and large scatter to the measurements. Based on two 1-year long simulated datasets30

in Aosta–Downtown and Ivrea, we tested how the air quality forecasts could be improved by updating the emission

inventories and using the ALC to constrain the modelled emissions. After some sensitivity tests, we tuned the national

inventory to better match the measurements (“boundary conditions” increased by a factor of 4). In this case, the model

underestimation was reduced from biases<−40 µg m−3 to -20 µg m−3 in the worst cases, with mean average biases< 2
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µg m−3 (Table 3), thus enhancing, on average, our ability to correctly predict the PM concentration and their relevant

impacts (Fig. 20). Still, further improvements are necessary to enhance the model ability to better reproduce aerosol

processes (e.g., aqueous-phase chemistry, Gong et al., 2011) and wind fields using higher-resolution NWP models.

In conclusion, we demonstrated that, despite considered a pristine environment, the northwestern Alps are regularly affected

by a sort of “polluted aerosol tide”, i.e. by a wind-driven transport of polluted aerosol layers from the Po plain. Overall, this5

calls for air pollution mitigation policies acting, at least, over the regional scale in this fragile environment.

Data availability. The ALC data are available upon request from the Alice-net (alicenet@isac.cnr.it) and E-PROFILE (http://data.ceda.ac.uk/

badc/eprofile/data/) networks. The sun photometer data can be downloaded from the EuroSkyRad network web site (http://www.euroskyrad.

net/index.html) after authentication (credentials may be requested to M. Campanelli, m.campanelli@isac.cnr.it). The measurements from

ARPA Valle d’Aosta air quality surface network are available at the web page http://www.arpa.vda.it/it/aria/la-qualit%C3%A0-dell-aria/10

stazioni-di-monitoraggio/inquinanti-export-dati. The PM10 measurements in Ivrea are available on the Piedmont regional government web

page http://www.regione.piemonte.it/ambiente/aria/rilev/ariaday/ariaweb-new/index.php/it/home. The weather data from the Aosta–Saint-

Christophe and Saint-Denis stations can be retrieved from http://cf.regione.vda.it/richiesta_dati.php upon request to Centro Funzionale della
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