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Abstract: Aerosol vertical stratification significantly influences the Earth’s radiative balance
and particulate-matter-related air quality. Continuous vertically resolved observations
remain scarce compared to surface-level and column-integrated measurements. This work
presents and makes available a novel, long-term (2016–2022) aerosol dataset derived from
continuous (24/7) vertical profile observations from three selected stations (Aosta, Rome,
Messina) of the Italian Automated Lidar-Ceilometer (ALC) Network (ALICENET). Using
original retrieval methodologies, we derive over 600,000 quality-assured profiles of aerosol
properties at the 15 min temporal and 15 metre vertical resolutions. These properties
include the particulate matter mass concentration (PM), aerosol extinction and optical
depth (AOD), i.e., air quality legislated quantities or essential climate variables. Through
original ALICENET algorithms, we also derive long-term aerosol vertical layering data,
including the mixed aerosol layer (MAL) and elevated aerosol layers (EALs) heights. Based
on this new dataset, we obtain an unprecedented, fine spatiotemporal characterisation
of the aerosol vertical distributions in Italy across different geographical settings (Alpine,
urban, and coastal) and temporal scales (from sub-hourly to seasonal). Our analysis reveals
distinct aerosol daily and annual cycles within the mixed layer and above, reflecting the
interplay between site-specific environmental conditions and atmospheric circulations in
the Mediterranean region. In the lower troposphere, mixing processes efficiently dilute
particles in the major urban area of Rome, while mesoscale circulations act either as removal
mechanisms (reducing the PM by up to 35% in Rome) or transport pathways (increasing the
loads by up to 50% in Aosta). The MAL exhibits pronounced diurnal variability, reaching
maximum (summer) heights of >2 km in Rome, while remaining below 1.4 km and 1 km
in the Alpine and coastal sites, respectively. The vertical build-up of the AOD shows
marked latitudinal and seasonal variability, with 80% (30%) of the total AOD residing in
the first 500 m in Aosta-winter (Messina-summer). The seasonal frequency of the EALs
reached 40% of the time (Messina-summer), mainly in the 1.5–4.0 km altitude range. An
average (wet) PM > 40 µg m−3 is associated with the EALs over Rome and Messina.
Notably, 10–40% of the EAL-affected days were also associated with increased PM within
the MAL, suggesting the entrainment of the EALs in the mixing layer and thus their
impact on the surface air quality. We also integrated ALC observations with relevant,
state-of-the-art model reanalysis datasets (ERA5 and CAMS) to support our understanding
of the aerosol patterns, related sources, and transport dynamics. This further allowed
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measurement vs. model intercomparisons and relevant examination of discrepancies. A
good agreement (within 10–35%) was found between the ALICENET MAL and the ERA5
boundary layer height. The CAMS PM10 values at the surface level well matched relevant
in situ observations, while a statistically significant negative bias of 5–15 µg m−3 in the
first 2–3 km altitude was found with respect to the ALC PM profiles across all the sites
and seasons.

Keywords: aerosol vertical layering; ALICENET; Mediterranean; air quality; CAMS; ERA5

1. Introduction

Atmospheric aerosols are a key component of the Earth’s climate system, influencing
the planetary radiative budget [1] and the hydrological cycle [2,3]. They also substantially
impact air quality and human health [4,5]. These climate and air quality effects depend
directly or indirectly on the aerosols’ optical and physical properties, exhibiting significant
spatiotemporal variability. For these reasons, aerosol extinction and its vertical integral,
the aerosol optical depth (AOD), are recognised as essential climate variables (ECVs; [6])
requiring continuous, long-term monitoring [7]. These parameters are fundamental for
understanding aerosol–radiation interactions [8] and their subsequent effects on the cli-
mate [9]. Concurrently, the aerosol mass concentration, or PM, is a key metric for assessing
air quality and related human health impacts, leading to strict monitoring standards and
regulatory limits worldwide [10,11].

The vertical distribution of aerosols is particularly significant from both the climatic
and air quality perspectives. From a climate point of view, aerosol stratification fundamen-
tally influences radiative transfer processes [12] and aerosol–cloud interactions [3,13,14].
High-altitude ecosystems are also affected through deposition processes [15,16]. Elevated
aerosol layers can significantly alter the atmospheric thermal structure and stability, with
substantial implications for local and regional climates [17,18]. From an air quality per-
spective, understanding the vertical distribution of aerosols is essential for analysing the
influence of medium- to large-scale transport dynamics [19–21], dilution processes within
the mixing layer [22], and aerosol formation and growth mechanisms aloft [23,24] on the
surface PM concentrations. Given the more stringent air quality PM standards in the
recently approved EU Directive 2024/2881/EC [11], the capability to detect and quan-
tify contributions from non-local sources becomes increasingly important for effective air
quality management. Vertical profile information may support the identification of locally
produced and transported pollution [25,26], including transboundary advections of natural
particles, facilitating more targeted and efficient mitigation strategies.

Furthermore, accurate observation-based characterisation of the aerosol vertical structure
is crucial for improving satellite-based retrievals of air-quality-relevant quantities [27–30] and
atmospheric model parameterisations and assimilation abilities [31], ultimately leading to
more reliable aerosol datasets.

Despite its recognised importance, continuous and quantitative monitoring of aerosol
vertical stratification remains scarce, particularly in some countries. Lidar networks such
as ACTRIS-EARLINET in the EU provide high-quality measurements [32] on a regular
basis, but their spatial and temporal coverage is still insufficient to capture the full four-
dimensional variability of aerosols and related atmospheric processes. This is particularly
important for air quality assessments requiring continuous, high-temporal resolution PM
monitoring through dense networks. Furthermore, long-term profile observations within
vast networks could provide insights into emission trends and the effectiveness of air quality
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policies, as demonstrated by initiatives such as the Integrated Carbon Observation System
(ICOS; [33]). Currently, aerosol profile observations are not included in standard air quality
monitoring protocols. This observational gap may hinder understanding of aerosol-related
atmospheric processes and the effectiveness of air quality forecasting and management
strategies. Some efforts to demonstrate the added value of profiling measurements in
support of air quality are currently being performed in the framework of the ongoing
EC H2020 RIURBANS project (2021–2025, https://riurbans.eu/ (accessed on 13 January
2025)), which aims at developing an air quality monitoring system that complements those
currently available.

Automated lidar ceilometers (ALCs) offer a promising solution to complement net-
works of research-oriented lidars and standard in situ air quality systems, providing contin-
uous aerosol profiles with increasing quantitative retrieval capabilities [34]. Currently, large-
scale ALC networks, such as the European EUMETNET E-PROFILE (https://e-profile.eu/
(accessed on 13 January 2025)), enable operational aerosol monitoring at a continental scale
with high temporal resolution. These systems effectively capture the mixing layer dynam-
ics [22], provide comprehensive datasets for tracking aerosol-related phenomena [35], and
support improvements in atmospheric and chemistry models [36,37].

The potential of ALC networks to advance atmospheric science and air quality man-
agement is indeed increasingly recognised across the scientific community. For instance, the
EC Horizon 2020 CAMAERA project specifically envisions enhancing vertical aerosol repre-
sentation in models through ALC data assimilation [38]. Furthermore, the high-resolution,
continuous monitoring of boundary layer dynamics provided by ALC systems has proved
valuable across multiple domains, including air quality assessment and renewable energy
production [39,40]. This expanding recognition underscores the value of continuous, ver-
tically resolved aerosol observations for scientific research and practical applications in
different societal fields (i.e., human health, solar energy production).

In Italy, the Automated Lidar-Ceilometer Network (ALICENET, https://www.alice-
net.eu/ (accessed on 13 January 2025)) was established in 2015 by the National Research
Council-Institute of Atmospheric Sciences and Climate (CNR-ISAC) to provide continuous
monitoring of aerosol vertical profiles across the country using state-of-the-art ALC systems.
ALICENET operates as a collaborative, open consortium with active contributions from
diverse atmospheric science and monitoring institutions, including regional environmental
protection agencies (EPAs), universities, and research centres.

ALICENET’s strategically distributed monitoring sites enable comprehensive investi-
gation of aerosol vertical distributions across diverse Italian environments. In the current
configuration, the network covers small-to-large urban areas from northern to southern
Italy, including the main cities within the heavily polluted Po Basin and its surround-
ings (Turin, Milan, Genoa), providing detailed insights into the PM dynamics in densely
populated regions [20,21]. The ALICENET stations in central and southern Italy are well
positioned to monitor the vertical structure of long-range transported desert dust from
North Africa [19,41]. Coastal sites allow for the investigation of the vertical mixing of
marine aerosols with continental air masses, while multiple sites near Mount Etna in Sicily
allow for the detection of volcanic ash layers [42].

A key strength of ALICENET is its tailored and centralised data processing, which
enables homogeneous and quantitative retrieval of aerosol optical and physical properties
and vertical layering information through established methodologies described in detail
in previous studies [43,44]. This approach ensures consistency in data quality across the
network, facilitating robust comparative studies between different sites over the short and
long term.

https://riurbans.eu/
https://e-profile.eu/
https://www.alice-net.eu/
https://www.alice-net.eu/
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This work presents and makes available a new long-term (2016–2022) observational
dataset of aerosol vertical profiles across Italy, based on continuous ALICENET measure-
ments at high vertical (15 m) and temporal (15 min) resolution. The main objectives of the
study are (1) to demonstrate the maturity of the ALC technique for quantitative aerosol
monitoring over the long term; (2) to comprehensively characterise the aerosol vertical
distributions and variability across Italy through long-term ALC observations; and (3) to
integrate and intercompare these long-term observations with reference model reanaly-
sis data to better understand the aerosol sources and transport dynamics and evaluate
observations–models consistencies.

To achieve these objectives, we selected high-quality ALC data from three ALICENET
stations spanning from north to south Italy (Section 2.1). We homogeneously processed their
multiannual (2016–2022) instrumental records using ALICENET retrieval methodologies
(Section 2.2), and complemented them with relevant, long-term atmospheric and chem-
istry model reanalysis data (Section 2.3). Specifically, we employed the fifth-generation
atmospheric reanalysis (ERA5), produced by the European Centre for Medium-Range
Weather Forecasts (ECMWF), and the European air quality reanalysis produced by the
Copernicus Atmosphere Monitoring Service (CAMS), two reference datasets for climate
and air quality studies [45,46]. Through comprehensive analysis of these long-term obser-
vational and model datasets, we derived the key characteristics and driving mechanisms
of aerosol stratifications (Section 3). Specifically, we characterised the aerosol mass con-
centrations (Section 3.1), extinction profiles and column-integrated AOD (Section 3.2), and
layering structures (Section 3.3), including the mixed and elevated aerosol layers. Finally,
in Section 4, we summarise our results and draw conclusions.

The main novelties of this work stem from four main aspects: (a) extensive temporal
coverage through continuous (24/7), 7-year, high-resolution profile observations; (b) quan-
titative retrieval of essential aerosol properties (mass and extinction profiles plus vertical
layering) using original methodologies developed within ALICENET; (c) comprehensive
characterisation of aerosol vertical distributions from the sub-hourly to seasonal timescales
across diverse environments (Alpine, urban, and coastal); and (d) combined use of the new
(shared) observational dataset and state-of-the-art model reanalysis products to extend
the aerosol characterisation and explore the measurement–model consistency along the
vertical dimension.

2. Materials and Methods

In this section, we (a) describe the ALICENET observations and ancillary measure-
ments used to characterise the aerosol field at the study sites (Section 2.1); (b) provide an
overview of the methodologies for retrieving aerosol properties and layering, along with
additional quality assurance procedures applied to refine the dataset for long-term statisti-
cal analysis (Section 2.2); and (c) introduce the model-based datasets used to complement
the observational analysis (Section 2.3).

2.1. Sites and Instruments

The ALICENET stations are strategically distributed across Italy from north to south
(Figure 1), enabling the monitoring of aerosol vertical distributions under diverse atmo-
spheric conditions within the Central Mediterranean region [43]. For this work, we selected
three stations (Aosta, Rome, and Messina; Table 1) located in the northern, central and
southern parts of the peninsula. These stations were chosen from among those with the
most continuous, high-quality ALC records.
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Figure 1. Location and naming of the ALICENET stations (left) and composite zooms over the
three selected stations (right) showing the topography (inset legend) and urbanised areas (reddish
shaded areas). Background map credits: (left) NASA/NOAA Suomi-NPP VIIRS; and (right) NASA
Worldview combining the Global Digital Elevation Model colour index and colour-shaded relief
(inset legend) from the ASTER and urban land cover (red overlaid areas) from the Terra and Aqua
combined MODIS Land Cover Type.

Table 1. ALICENET station characteristics and ancillary measurements used for the analysis.

ALICENET Station
(Reference Institution)

Site Type
(Inhabitants)

Lat,
Lon

Altitude
a.s.l.

ALC Instrument
(Operating Period)

Ancillary, Additional
Instrumentation Used Here

(Reference Network and Distance
from ALC)

Aosta
(ARPA Valle d’Aosta)

semi-rural, Alpine,
Aosta outskirts

(40 k)

45◦44′N,
07◦21′E 560 m CHM15k

(2015–present)

- solar photometer
(SKYNET, co-located)

- PM10 and meteorological
measurements (Regional EPA
site ‘Aosta–Downtown’,
5 km distance)

Rome Tor Vergata
(CNR-ISAC)

urban background,
Rome outskirts

(2.9 M)

41◦50′N,
12◦38′E 100 m CHM15k

(2013–present)

- solar–lunar photometer
(AERONET, co-located)

- meteorological measurements
(Regional EPA, co-located)

- PM10 (Regional EPA site
‘Cinecittà’, 8 km distance)

Messina
(CNR-ISAC,
CNR-IRBIM)

urban, maritime, near
Messina harbour

(230 k)

38◦11′N,
15◦34′E 5 m CHM15k

(2016–present)

- solar photometer (AERONET,
10 km distance)

- PM10 and meteorological
measurements (Regional EPA
site ‘Villa Dante’,
6 km distance)

The northernmost station, Aosta, is operated by the Regional Environmental Protection
Agency of the Aosta Valley (ARPA Valle d’Aosta) at a semi-rural site in the northwestern
Italian Alps. Situated in a broad east–west-oriented Alpine valley surrounded by mountains
reaching over 4000 m, this location experiences distinctive atmospheric circulation patterns
characterised by frequent mountain–valley breezes and Föhn events. While generally
experiencing clean air conditions, the site can be affected by local pollution sources, such
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as traffic and residential heating, and by regional transport of aerosols from the heavily
industrialised Po Valley to the southeast [20,21]. The complex terrain and atmospheric
dynamics make this station particularly interesting for studying atmosphere–orography
interactions and the impact of transported pollution on pristine mountain environments.

The Rome Tor Vergata Station (hereafter Rome) is situated at the CNR-ISAC Atmo-
spheric Observatory, approximately 10 km southeast of Rome’s city centre, in one of Italy’s
most urbanised regions. Located at the edge of a hilly area south of Rome and roughly
25 km inland from the Tyrrhenian Sea, the station experiences daily breeze regimes. Its
Mediterranean climate is characterised by hot, dry summers and mild, humid winters. The
site is mainly influenced by anthropogenic (traffic, domestic heating) and natural (desert
dust) aerosol sources [19,41,47]. Its position enables the study of urban aerosol dynamics,
the interactions between urban and rural air masses, and the influence of long-range trans-
ported particles. The proximity to the sea also provides opportunities to investigate the
impact of marine aerosols and sea breeze circulations on urban air quality [48].

The Messina Station is located on the northeastern coast of Sicily, at the confluence
of the Ionian and Tyrrhenian Seas. This urban, harbour, coastal site sits within a complex
geographical setting, bordered by the Strait of Messina to the east and the Peloritani
Mountains to the west. The local climate is typically Mediterranean. The site is affected
by diverse aerosol sources, including maritime aerosols, urban pollution, and frequent
intrusions of Saharan dust. Its proximity to the active Mount Etna (about 75 km to the south)
and Stromboli Volcano (110 km to the north) also allows for the occasional observation of
volcanic aerosols. The distinctive position of Messina in the narrow strait creates unique
wind patterns and atmospheric circulations that significantly influence the transport and
mixing of aerosols in the area.

At all the selected stations, continuous aerosol profile observations were conducted us-
ing CHM15k ALC systems (manufactured by OTT Hydromet GmbH, Kempten, Germany).
These single-channel, bistatic instruments probe the atmosphere with high temporal and
vertical resolution (15 s and 15 m, respectively) and provide good data quality from 0.2 km
(where the laser beam begins to fully overlap with the telescope field of view) up to 7–8 km
above ground level. The complementary instrumentation used in this study included pho-
tometers operating within the international networks AERONET [49] and SKYNET [50], as
well as in situ PM samplers operated by regional environmental protection agencies (EPAs).
Table 1 details the selected ALICENET sites and instruments, including information about
the ancillary instrumentation used in this study, co-located with or near the ALC systems.

2.2. ALICENET Data Processing and Long-Term Statistics

ALICENET implements a specifically developed, centralised data processing chain
to derive quantitative information on aerosol properties and vertical layering from ALC
observations. As extensively described in [43], this process includes several key steps:
pre-processing, absolute calibration, retrieval of aerosol properties, and automatic detection
of aerosol layers. The main output products range from aerosol optical and physical
properties to aerosol layering information.

The pre-processing procedures encompass cloud screening, signal denoising and
overlap correction in the lowermost levels. The first two procedures filter out data with
a low signal-to-noise ratio (SNR) and, if necessary, vertical ranges from 500 m below the
cloud base height upwards. The third procedure corrects for incomplete superposition of
the laser beam and telescope field of view in bistatic ALCs such as the CHM15k used here.
This correction is implemented through an instrument-specific, temperature-dependent
overlap correction function [51].
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The absolute calibration employs a Rayleigh methodology, comparing the pre-
processed ALC signals with theoretical molecular profiles in aerosol-free regions between
3 and 7 km in altitude. An iterative algorithm automatically selects suitable molecular
windows, and specific quality controls ensure the absence of aerosol layers therein. The cal-
ibration coefficient is then derived using backward Klett inversion [52] within the selected
molecular window.

The aerosol optical properties are retrieved through forward inversion [34] of the
calibrated signals, solving the elastic lidar equation using ALICENET-specific functional
relationships linking extinction and backscatter [44]. This approach retrieves the aerosol
backscatter, extinction and optical depth without requiring ancillary data or a priori as-
sumptions on the extinction-to-backscatter ratio. Similar functional relationships link the
aerosol backscatter to relevant physical properties (surface area, volume, and thus mass,
concentrations). Since ALCs sound aerosol particles in real atmospheric conditions, hygro-
scopic correction is necessary when comparing ALC-retrieved aerosol mass to (dry) in situ
PM measurements. In ALICENET, this is performed as follows [53]:

PMdry =
PM

1 + 1
ρ

(

GF3
− 1

) (1)

where

GF =

(

1 −
RH
100

)−γ

(2)

is the hygroscopic growth factor, PM is the ALC-based mass estimate, RH is the ambient
relative humidity, ρ is the aerosol density, and γ is the hygroscopic exponent [53].

The aerosol vertical layering is determined through an ALICENET original automatic
aerosol layer detection (ALADIN) algorithm. This algorithm, using aerosols as tracers,
identifies three main layer types:

1. The mixed aerosol layer (MAL), a layer where aerosols are well mixed by turbu-
lent fluxes.

2. The elevated aerosol layers (EALs), structures of enhanced aerosol concentrations
located above the MAL.

3. The continuous aerosol layer (CAL), the maximum altitude affected by aerosols, above
which the atmosphere is thus aerosol-free.

Operatively, the CAL is identified as the region where the total backscatter exceeds the
molecular backscatter for at least 98% of its extension. The MAL is identified using dynamic
time warping [54] and variance analyses of the backscatter profiles over 30 min windows.
The EALs are detected through continuous wavelet transform [55] to identify the signal
peaks attributable to the aerosol layers, followed by an iterative technique determining the
layer boundaries based on the backscatter profiles.

Four main factors affect ALC data quality. First, the incomplete overlap between the
laser beam and the telescope field of view impacts signal quality in the first 600–800 m.
However, instrument-specific corrections effectively mitigate this limitation, as confirmed
by comparison with surface measurements. Second, signal noise generally affects mea-
surements above 6–7 km altitude. Thus, we focus here on the 0–5 km range where the
signal-to-noise ratio is robust. Also, note that the relative impact of signal noise is higher
with lower aerosol concentrations but significantly reduced for strong signals like in the
presence of EALs. Third, accurate signal calibration is essential for correct aerosol retrievals.
The uncertainty of the ALICENET calibration procedure aligns with international standards.
Fourth, since the current retrieval of aerosol properties is optimised for continental-type
aerosols, it may underestimate the contributions of irregular particles (e.g., dust) to ex-
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tinction and mass. For the PM, additional uncertainty arises from assumptions about the
aerosol density. While this affects the absolute values along the profile, the signal shape
remains reliable, thus not impacting the layer detection capabilities. The overall data qual-
ity is confirmed by the good agreement between ALICENET products and independent
measurements, including surface PM data and AERONET/SKYNET AOD observations, as
reported in previous studies [43,44] and in the following Section 3. Overall, the estimated
uncertainties for the ALICENET products range from 20% for attenuated backscatter to
30–40% for optical properties and up to 50% for mass concentrations.

In this work, we homogeneously processed the multiannual ALICENET measurements
of the selected stations to derive the associated aerosol quantities. Specifically, we retrieved
vertical profiles of the aerosol extinction and volume concentrations at 15 min temporal
and 15 m vertical resolution, requiring SNR > 20%. The PM concentrations were derived
from the estimated aerosol volume using a particle density ρ = 1.5 g cm−3. A hygroscopic
correction (Equations (1) and (2)) was applied using a growth factor γ = 0.2 [56] and relative
humidity profiles from models (ERA5 reanalysis for Rome and Messina, and MERIDA
reanalysis for Aosta, see Section 2.3).

The identification of the MAL, CAL, and EALs was performed at 15, 30, and 60 min
resolutions, respectively. Since identifying EALs uses a reference backscatter profile [43], the
current analysis employs site- and season-dependent median backscatter profiles derived
from the full 7-year records.

Examples of the ALICENET products derived as detailed above are given in Figure 2,
referring to data collected at the Rome Tor Vergata site between 14 and 21 October 2022.
It shows the vertical profiles (0–5 km, y-axis) of (a) the aerosol extinction coefficient at
1064 nm, (b) the PM concentrations, (c) the column-integrated extinction (i.e., AOD, which
is also compared to the reference Level 2 AOD from the co-located AERONET sunphotome-
ter), and (d) the ALADIN atmospheric scene classification, including the MAL, CAL, EALs,
as well as aerosol-free (molecular, MOL) and cloud-filtered (CLOUD) regions.

October, an EAL associated with mass concentrations up to 60 μg m−

–

–

–

Figure 2. ALICENET aerosol products derived from measurements performed in Rome Tor Vergata,
14–21 October 2022: (a) aerosol extinction profiles at 1064 nm, (b) PM profiles, (c) hourly averaged
ALICENET-derived AOD (blue) and AERONET L2 AOD (black) from the co-located sunphotometer,
and associated uncertainties (error bars), and (d) aerosol layering mask derived by the ALICENET-
ALADIN tool, discriminating the continuous aerosol layer (CAL), mixed aerosol layer (MAL), elevated
aerosol layers (EALs), aerosol-free (i.e., molecular, MOL) and cloud-screened (CLOUD) regions.

The ALICENET data in Figure 2 show shallow aerosol layers in the lower troposphere
and MAL heights below 1.5 km, consistent with fall conditions. On 18 October, an EAL
associated with mass concentrations up to 60 µg m−3 appeared between 2 and 4 km a.s.l. It
then descended and entered the MAL on 19 and 20 October.
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To further ensure both the physical and statistical significance of the aerosol profiles
and layer data throughout the 2016–2022 period, we established several quality assurance
(QA) criteria (as reported in Appendix A.1). Table 2 summarises the resulting number of
quality-assured data for the aerosol profiles and layering information (CAL, MAL, EALs)
over the 7 years. The analysis incorporated over 200,000 quality-assured aerosol profiles
(i.e., >80% data coverage) per site, with a sufficiently balanced distribution across seasons,
months and hours of the day. The remaining 20% of data gaps stem from denoising and
cloud screening procedures and the application of QA criteria. Appendix A.2 (Figure A1)
provides a detailed picture of the cloud-screened data percentages for each site.

Table 2. Number of quality-assured aerosol profiles and layers (continuous aerosol layer, CAL, mixed
aerosol layer, MAL, elevated aerosol layers, EALs) at each station over the period 2016–2022 and
relevant, percentage distribution among the seasons.

ALICENET
Station

Aerosol Profiles
(15 min Resolution)

CAL
(15 min Resolution)

MAL
(30 min Resolution)

EAL
(1 h Resolution)

Aosta

225,148
(23% winter,
25% spring,

27% summer,
25% fall)

181,826
(18% winter,
28% spring,

35% summer,
19% fall)

94,656
(24% winter,
24% spring,

27% summer,
25% fall)

8170
(9% winter,
29% spring,

37% summer,
25% fall)

Rome

222,415
(23% winter,
26% spring,

25% summer,
26% fall)

183,378
(22% winter,
26% spring,

28% summer,
24% fall)

94,279
(23% winter,
26% spring,

27% summer,
24% fall)

20,674
(10% winter,
28% spring,

39% summer,
23% fall)

Messina

200,706
(23% winter,
24% spring,

27% summer,
26% fall)

185,060
(22% winter,
24% spring,

30% summer,
24% fall)

39,684
(21% winter,
19% spring,

34% summer,
26% fall)

20,720
(8% winter,
22% spring,

45% summer,
25% fall)

For the long-term analysis, we employed standard statistical techniques, with par-
ticular emphasis on characterising the seasonal and diurnal variability along the vertical
dimension. Our methodology involved calculating the mean, median, and interquartile
values of the aerosol properties and layers from ground level to a 5 km altitude. This
altitude aligns with the highest vertical level of CAMS data (see Section 2.3).

2.3. ERA5 and CAMS Model Reanalysis Datasets

As mentioned, we used model-based datasets to complement the observation-based
analysis. In particular, for meteorological fields, we utilised the ECMWF-ERA5 reanaly-
sis [57] produced as part of the C3S, Copernicus Climate Change Service [58]. ERA5 is
widely used for climate studies and various applications, including air quality assessment
and renewable energy planning. The reanalysis is based on the Integrated Forecasting
System (IFS) and employs a 4D-Var data assimilation system that incorporates many obser-
vations from both in situ measurements and satellite data. ERA5 provides a comprehensive
record of the global atmosphere from 1940 onwards at hourly intervals, with a horizontal
resolution of 0.25◦ × 0.25◦ and 137 vertical levels from the surface up to 0.01 hPa.

For atmospheric composition data, we employed the European air quality ensem-
ble reanalysis produced by CAMS [59]. The dataset, available from 2018, is produced
using an ensemble approach and assimilates surface in situ observations and satellite
data. The ensemble methodology typically outperforms individual models by minimising
model-specific biases [60], providing a robust representation of the air quality and atmo-
spheric composition over Europe. Specifically, the CAMS European Ensemble dataset



Remote Sens. 2025, 17, 372 10 of 35

is the median of 9 (11 from 2022) state-of-the-art regional air quality model outputs,
namely CHIMERE [61], EMEP [62], EURAD-IM [63], LOTOS-EUROS [64], MATCH [65],
MOCAGE [66], SILAM [67], DEHM [68], and GEM-AQ [69]. The CAMS reanalysis covers
the European domain at 0.1◦ × 0.1◦ resolution, providing hourly three-dimensional fields
of key pollutants, including the PM10 and relevant dust and biomass-burning components.
Note that the aerosol optical properties (e.g., AOD) are not included in the CAMS European
Ensemble dataset.

As a first step, we evaluated the reliability of the ERA5 and CAMS model datasets in
the study area through comparison with relevant available meteorological observations.
For ERA5, the comparison of the wind fields with surface measurements revealed good
agreement in Rome and Messina, where the terrain characteristics and the proximity to
assimilated radiosonde measurements facilitated model accuracy. In the complex Alpine
environment of Aosta, ERA5’s coarse resolution proved insufficient to capture the observed
breeze regime (see Figure A2 in Appendix A.2). Therefore, for Aosta, we opted to use
the high-resolution atmospheric reanalysis MERIDA [70] produced by RSE (‘Ricerca sul
Sistema Energetico’, [71]). This reanalysis is a dynamic downscaling produced through the
Weather Research and Forecasting model. Its meteorological fields are available at pressure
levels of 850, 700 and 500 hPa.

Table 3 provides details of the ERA5, MERIDA, and CAMS fields used in this work,
including their vertical levels, spatial and temporal resolutions, and temporal coverage.
The ERA5 and MERIDA models use pressure levels for vertical coordinates, while CAMS
employs height levels above ground.

Table 3. Details of the model-based datasets used for the analysis.

Model Dataset Vertical Levels
Horizontal
Resolution

Temporal
Resolution

Analysed Fields Available Period

ERA5
atmospheric

reanalysis

1000, 950, 900, 850,
800, 750, 700, 600,

500 hPa
0.25◦ × 0.25◦ Hourly

Geopotential,
horizontal wind,
relative humidity

2016–2022

MERIDA
atmospheric

reanalysis
850, 700, 500 hPa 0.07◦ × 0.07◦ Hourly

Geopotential,
horizontal wind,
relative humidity

2016–2022

CAMS European
air quality
Ensemble
reanalysis

0, 250, 500, 1000,
2000, 3000,

5000 m a.g.l.
0.1◦ × 0.1◦ Hourly

PM10 and
relevant

vertically
resolved

components
(dust, wildfire)

2018–2021
(validated)

2022 (interim)

As an example of the CAMS data, Figure 3 shows the modelled PM10 profiles and
relevant dust component extracted for the Rome Tor Vergata site during the same period
as presented in Figure 2. Figure 3 shows that CAMS effectively captures the presence and
temporal evolution of the elevated layer observed by ALC between 18 and 21 October,
further revealing its dust-dominated composition. However, the absolute values are lower
compared to the ALC retrievals of the PM and, as expected, cannot reproduce the fine
spatiotemporal scales of the observations, particularly in the first 2 km.

In general, CAMS reproduced the surface PM concentrations well (e.g., Section 3.1),
benefiting from the assimilation of PM10 ground-based measurements within the ensemble
models. Additional comparisons between the model datasets and the ALC-based products
are given hereafter.
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3. Results
–

3.1. Aerosol Mass Profiles from ALICENET Observations and Integration with Model Data

–
–

stently below 15 μg m−

contrast, the southern sites exhibit substantially higher concentrations, exceeding 35 μg 
− below 1 km during winter and maintaining levels above 20 μg m−

–

Figure 3. CAMS data of (a) the total PM10 and (b) the dust PM10 for the same site and period as
presented in Figure 2.

3. Results

In this section, we present the results of our statistical analysis of the long-term
(2016–2022), continuous, quality-assured ALICENET data on the aerosol mass concentra-
tions (Section 3.1), optical properties (extinction/AOD, Section 3.2), and vertical layering
(Section 3.3) across the three addressed geographical contexts. Our analysis primarily relies
on high-resolution ALC observations, complemented by meteorological and atmospheric
composition fields from the ERA5 and CAMS European air quality reanalyses.

3.1. Aerosol Mass Profiles from ALICENET Observations and Integration with Model Data

The monthly and daily resolved long-term analysis of the PM vertical profiles is
summarised in Figure 4. This shows the ALC-based vertical profiles (0–5 km, y-axis) of
the median (2016–2022) PM concentrations at the three selected sites, resolved by month
(top x-axis) and time of day (bottom x-axis) at the 15 min temporal and 15 m vertical
resolutions. The data reveal marked gradients in the absolute PM values across sites in both
the lower and middle troposphere. At Aosta, the median PM values remain consistently
below 15 µg m−3 throughout both the vertical profile and the annual cycle. In contrast,
the southern sites exhibit substantially higher concentrations, exceeding 35 µg m−3 below
1 km during winter and maintaining levels above 20 µg m−3 at higher altitudes during
summer. These patterns reflect the contrast between the relatively modest local emissions
in Aosta and the more significant pollution sources at the southern sites, particularly in the
urban environment of Rome, combined with the influence of large-scale aerosol transport
across the Mediterranean region [72]. By illustrating the daily evolution of the PM vertical
profiles, Figure 4 also reveals the effects of the turbulent mixing, mesoscale circulations and
atmospheric stability conditions specific to each site.

At the Alpine site in Aosta (Figure 4a), weak turbulent fluxes are regularly overshad-
owed by mountain–valley breezes that develop during the afternoon. Previous studies
showed that these breezes transport polluted air masses from the Po Valley and increase
the PM concentrations during the latter half of the day [20,21]. This long-term perspective
confirms this effect, which intensifies during summer months when the transported aerosol
layers extend vertically up to 4 km a.s.l. In winter, shallow temperature inversions confine
aerosols in the first 500 m.

The Rome site (Figure 4b) exhibits distinct modulation of the PM profiles driven by
mixing processes and land–sea breezes from spring to autumn. During the warmest months,
convection effectively dilutes the particle concentrations in the central part of the day, while
sea breezes primarily act as an aerosol removal mechanism in the afternoon [48]. In winter,
the observed afternoon/evening increase in aerosol mass mainly relates to enhanced
biomass burning from agriculture and domestic heating [47], particle hygroscopic growth
phenomena and a shallow mixing layer height.
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–

–

– –Figure 4. ALICENET-derived vertical profiles (0–5 km, y-axis) of the median (2016–2022) PM resolved
by month (top x-axis) and time of day (bottom x-axis) in (a) Aosta, (b) Rome, and (c) Messina. The
grey dashed lines indicate the ground level at each station.

As is typical of coastal locations, Messina (Figure 4c) displays a persistent marine layer
that constrains mixing development over land [73], largely confining local aerosols to low
levels (<1 km) throughout the year. During summer, daily modulation by land–sea breezes
and hygroscopic effects is discernible within the first kilometre, while the increased aerosol
loads throughout the atmospheric column relate to the frequent Saharan dust intrusions at
this southern Mediterranean site ([41]; see also Section 3.3).

The development of these typical mesoscale dynamics at each site is confirmed by
relevant, site-specific wind patterns derived from the model reanalyses and surface wind
measurements, as shown in Figure 5. For Rome and Messina, we used ERA5 wind fields at
six pressure levels between 1000 and 500 hPa, interpolated to fixed ALC vertical ranges.
However, as anticipated, the complex Alpine orography makes ERA5 unsuitable for cap-
turing the characteristic breeze regime at Aosta [74], requiring the use of higher-resolution
wind fields from the MERIDA reanalysis at 850, 700, and 500 hPa (as detailed in Section 2.3).
Surface-level measurements from the nearest meteorological station (Table 1) are shown in
Figure 5 at the lowest vertical level in each panel.

Figure 5 shows the development of mountain–valley breezes in Aosta (from east to
west during daytime, Figure 5a) and sea–land breezes in Rome (from west to east during
daytime, Figure 5b) in the first 2 km. In Aosta, the mesoscale winds in the first 2 km
decouple from the higher synoptic and opposing flows. In Rome, both sea–land breezes
and synoptic flows predominantly blow from the west. A general increase in the wind
intensity from north to south across the study sites is evident. In fact, the winds in the Po
Valley are typically weak, as surrounding mountains obstruct synoptic circulations while
promoting weaker thermally driven breezes. In Messina, the interaction between synoptic
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flows and local orography (see Figure 1) generates intense, channelled flows through the
Messina Strait, which superimpose on the daily breeze patterns (Figure 5c).

–
–

–

–

showing the seasonal statistics of ALICENET’s PM retrievals and the CAMS model’s PM

Figure 5. Monthly and daily resolved median (2016–2022) horizontal winds from the (a) MERIDA
and (b,c) ERA5 reanalysis, plus surface wind from meteorological measurements at the first vertical
level. Note the different wind speed colour scale in Aosta with respect to Rome and Messina.

A first comparison between the ALC and CAMS data is performed in Figure 6, showing
the seasonal statistics of ALICENET’s PM retrievals and the CAMS model’s PM10 outputs.
The ALICENET data are reported both as ambient total PM concentrations and after
adjustment to dry conditions using hygroscopic correction (see Section 2.2). As a further
comparison, we include the PM10 measurements from EPA air quality monitoring stations
(Table 1), these referring to dry conditions as per standard protocols. All the statistics refer
to the period 2018–2022. The hygroscopicity-corrected ALICENET estimates at ground level
typically align within 30% of the independent EPA measurements, consistent with previous
validation studies [43]. An expected exception occurs in Aosta during winter, when the
strong temperature inversions trap particles below the ALC detectable range (<200 m)
and when the difference between local emissions at the urban EPA and the semi-rural
ALICENET stations becomes significant. For further insights, we include in Appendix A.2
a monthly resolved comparison between the in situ PM10 measurements (dry) and our
wet/dry ALC-based PM estimates (Figure A3). This is intended to further highlight the
important effects of particle humidification on the PM in ‘real world’ conditions (such as
those reported in Figure 4). This helps us to understand, for example, that some summer
decrease in the ALC PM in the lowermost levels is not only related to decreased emissions
from some sources (e.g., heating) and increased aerosol mixing but is also due to the lower
ambient relative humidity and thus less particle aqueous processing in the atmosphere.
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–

–

the patterns observed in Rome. Nevertheless, negative biases exceeding 10 μg m−

at both southern sites, as is particularly evident in Messina’s March profiles below 800 m.

Figure 6. Seasonal median values (lines) and interquartile ranges (shaded area) of the wet (light blue)
and dry (green) ALICENET PM estimates and the CAMS PM10 data (red) in (a) Aosta, (b) Rome, and
(c) Messina. The relevant statistics of the surface PM10 concentrations measured by the nearest EPA
station (black dots) are also reported. The addressed period is 2018–2022.

The model–observation comparison reveals that CAMS exhibits good agreement with
the ground-level PM10 measurements (as expected, given the model assimilation of these
data). However, the CAMS PM10 concentrations remain consistently lower than the relevant
dry ones retrieved from ALC observations in the first 2 km, with the winter conditions
in Aosta being the sole exception. Within this vertical range, the CAMS data also exhibit
reduced variability compared to ALICENET and, in some cases, a different vertical profile
shape. Such a CAMS underestimation tendency aligns with previous evaluations against
vertically resolved measurements (e.g., [37]). Above a 2 km altitude, the CAMS outputs
generally show better agreement with the ALICENET PM retrievals.

Figure 7 provides a deeper examination of the ALC–CAMS differences, illustrating
the monthly and daily resolved median differences between the CAMS PM10 and the
ALC-based dry PM in the 0–5 km vertical range. This daily resolved analysis highlights
certain model limitations in reproducing the observed vertical development of diurnal
dynamics. Specifically, the model inadequately captures the recurrent advection of polluted
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air masses from the Po Valley to Aosta (Figure 7a) and the intensity of convective mixing in
Rome (Figure 7b), both processes significantly influencing the surface PM concentrations.
Figure 7 also shows that in Messina, the CAMS data better align with ALICENET in the
first few hundred metres during the central hours of the day (Figure 7c), contrasting with
the patterns observed in Rome. Nevertheless, negative biases exceeding 10 µg m−3 persist
at both southern sites, as is particularly evident in Messina’s March profiles below 800 m.

–

3.2. Vertical Build-Up of Aerosol Optical Depth and Diurnal–Nocturnal Variability

AOD%(z) = ∫z0 α(z′, t)dz′AOD 100
where α represents the ALICENET-derived aerosol extinction coefficient at 1064 nm, and 
the altitude, z, ranges between 0 and 5 km.

Figure 7. Median differences between the CAMS PM10 data and the ALICENET dry PM estimates in
(a) Aosta, (b) Rome, and (c) Messina. The addressed period is 2018–2022.

3.2. Vertical Build-Up of Aerosol Optical Depth and Diurnal–Nocturnal Variability

Based on the 7-year ALICENET datasets of the aerosol extinction profiles, we derived
the monthly and daily resolved median values of the columnar AOD and its vertical
build-up along the atmospheric column.

The results are given in Figure 8, showing the total AOD (black dots) and the vertically
resolved AOD percentage (colour scale), defined as:

AOD%(z) =

∫ z
0 α(z′, t)dz′

AOD
100 (3)

where α represents the ALICENET-derived aerosol extinction coefficient at 1064 nm, and
the altitude, z, ranges between 0 and 5 km.

This view reveals the altitude ranges where most of the AOD resides, showing marked
seasonal and daily variability. During winter months, strong atmospheric stability confines
aerosols primarily to the lower atmospheric levels. In contrast, the spring and summer
periods exhibit increased aerosol loading in the free troposphere, driven by enhanced
photochemistry and convection [75]. At shorter timescales, vertical mixing uplifts particles
during daytime hours, while particle formation and growth processes during nighttime
and early morning can enhance the aerosol concentrations aloft [23].
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Figure 8. Median value (2016–2022) of the ALICENET-derived AOD (at 1064 nm, black dots, right
y-axis) and relevant vertical build-up from ground level to a 5 km altitude (in percentage, colour
scale) in (a) Aosta, (b) Rome, and (c) Messina.

These dynamics translate into substantial contributions from the lower troposphere
to the total AOD, particularly in highly urbanised environments like Rome, where local
anthropogenic emissions play a significant role. Specifically, in Rome, approximately
70% of the total AOD resides in the first kilometre during winter, while in summer, this
same contribution extends above a 2 km altitude. At the Alpine site in Aosta, despite its
weaker local sources, up to 80% of the AOD resides in the first kilometre during January
and December due to the strong atmospheric stability conditions. During summer, over
30% of the AOD is built above 2 km a.s.l. across the study sites, with Messina showing
the maximum contribution of 40% from these upper layers. These results are consistent
with previous studies on the aerosol vertical distributions in the Po Valley [76] and other
European areas [77].

The continuous operation of ALC enables comparison between the diurnal and noctur-
nal AOD, thus complementing the day-only AERONET/SKYNET sunphotometer data or
polar orbit satellite-based information. In this respect, Figure 9 presents a monthly resolved
comparison of the diurnal (between sunrise and sunset hours at each site) and nocturnal
ALICENET-derived AOD. Overall, the nocturnal–diurnal AOD difference remains mostly
below 15%, with site-specific characteristics. In Rome, the nocturnal AOD values gener-
ally fall below diurnal levels, attributable to the nighttime sea–land breeze circulations
enhancing particle removal [48]. Conversely, Messina exhibits generally higher nocturnal
AOD values compared to daytime, likely due to enhanced hygroscopic marine particle
growth. These aspects will be further explored through the availability of AERONET lunar
photometry, whose retrievals are currently in a test phase [78] at some ALICENET sites
(including Rome and Aosta).
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3.3. Aerosol Vertical Layering and Investigation of Main Driving Factors

ALICENET’s ALADIN algorithm enables the automatic detection of aerosol layers 

In fact, the ALADIN’s MAL detection relies on vertical correlations rather than on 

Rome’s data display mixed layer evolution typical of urban areas [80], with rapid 

–

Figure 9. Monthly median values and interquartile ranges (bars) of the diurnal (orange dots) and
nocturnal (blue dots) ALICENET-retrieved AOD in (a) Aosta, (b) Rome, and (c) Messina during
2016–2022. The corresponding AOD statistics from the nearest AERONET or SKYNET sunphotometer
are also displayed (black dots).

3.3. Aerosol Vertical Layering and Investigation of Main Driving Factors

ALICENET’s ALADIN algorithm enables the automatic detection of aerosol layers
from ALC observations. As described in Section 2.2, this tool provides continuous, high-
resolution data on the height and vertical extent of key aerosol structures, namely the mixed
and continuous aerosol layers (MAL and CAL) and elevated aerosol layers (EALs). In the
following, we present the statistics of the layering information derived from the 7-year
ALC observations and integrate it with relevant data from state-of-the-art models.

Figure 10 illustrates the monthly and daily resolved median values of the MAL and
CAL heights. The MAL exhibits pronounced diurnal variability, primarily driven by
turbulent mixing, and distinct characteristics across the study sites. In Aosta, the valley
compensating flows [79] contribute to suppressing MAL development, resulting in heights
of around 500 m in winter and 1.3 km in summer. Note that in Aosta, the MAL is a better
indicator of vertical mixing development compared to the PM fields in Figure 4. In fact, the
ALADIN’s MAL detection relies on vertical correlations rather than on absolute PM values,
with these being also significantly influenced by horizontal mesoscale advections.

Rome’s data display mixed layer evolution typical of urban areas [80], with rapid
growth during the morning, reaching heights exceeding 2 km in summer. In Messina, the
coastal setting leads to a distinctly different pattern, with a relatively shallow mixed layer
year-round due to the stabilising influence of the sea, which suppresses vertical mixing as
detected by lidar techniques in other Italian coastal sites [81].

The CAL variability is mainly seasonal, with the higher values in spring–summer
associated with the enhanced background aerosol concentrations resulting from convection
and photochemical aerosol production [75], as well as the higher frequency of natural
and anthropogenic aerosol transport events in the middle troposphere. The CAL in Aosta
features marked increases from winter to summer months (from 1.5 to 4 km a.s.l.) at-
tributed to enhanced local circulations (e.g., slope winds, [82]) and regional transport of
polluted air masses from the Po Valley in the afternoon [21], resulting in significant daily
fluctuations. In contrast, the CAL in Rome demonstrates greater stability, exceeding 2 km
a.s.l. even during winter months. This is ascribed to the higher aerosol concentrations
in the urban environment and generally lower atmospheric stability, facilitating deeper
mixing of pollutants. The CAL in Messina displays the highest variability among the sites,
reaching altitudes of >4 km during summer. This primarily results from frequent intrusions
of Saharan dust-laden air masses in the Southern Mediterranean [72], as discussed in
the following.
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– –

Figure 10. Median values (2016–2022) and interquartile ranges (shaded areas) of the CAL and MAL
in (a) Aosta, (b) Rome, and (c) Messina.

An intriguing feature observed at all the sites is the discontinuity in the CAL at the
beginning of spring and autumn (February–March and October–November). This pattern
likely reflects the transition between dominant meteorological regimes, such as the shift
from stable winter conditions to more convective summer patterns and vice versa.

In Figure 10, we also compare the ALC-based MAL dataset with the ERA5 boundary
layer height (BLH) dataset, which is widely employed in air quality assessments. The com-
parison reveals good agreement between the observational and model-based approaches.
Slight discrepancies are observed in the timing of the mixed/boundary layer development
(e.g., in Rome) and in the estimation of its maximum extent (e.g., in Aosta, as expected due
to its highly complex orography). Differences between the MAL and the BLH also stem
from the distinct methodological approaches: ALICENET derives the MAL using aerosols
as tracers, while ERA5 determines the BLH using a bulk Richardson number method [57].

To examine the characteristics of the elevated aerosol layers detected by the ALADIN
tool across the study sites, we report in Figure 11 the monthly and altitude-resolved 7-year
statistics of the EALs in terms of the occurrence frequency (left panels) and average PM
contribution (right panels).

For each month (m) and altitude bin (z), we define the EAL frequency of occurrence as:

frequency(m, z) =
N(m, z)

Ntot
(4)

where N(m,z) represents the number of time intervals when EALs are detected within
month m at altitude z, and Ntot is the total number of observation intervals in that month.
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To quantify the typical impact of these layers on the aerosol loading, we derive their
average PM contribution as:

EAL average PM contribution(m, z) =
∑j PM(j, z)

N(m, z)
∗ frequency(m, z) (5)

where PM(j,z) represents the ALICENET-derived PM concentration at altitude z during the
j-th EAL-affected time interval.

–

Figure 11. Monthly and altitude-resolved frequency of occurrence (left panels) and average contri-
bution to the PM concentrations (right panels) of the EALs detected by ALICENET over (a) Aosta,
(b) Rome, and (c) Messina (2016–2022).

Figure 11 reveals marked latitudinal and seasonal variability in the EAL characteris-
tics. The central Mediterranean sites exhibit particularly high EAL occurrence during the
summer months, when these layers are present more than 30% of the time between a 2 and
4 km altitude. The impact on the PM concentrations is most significant below 3 km, where
the summer values in Rome and Messina can reach up to 45 µg m−3.

This spatiotemporal variability reflects the diverse influence of non-local aerosol
sources and transport mechanisms across Italy. At the northern site of Aosta, the aerosol
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stratification primarily results from anthropogenic emissions and mesoscale circulations
within the Po Valley [20]. In summer, this location experiences long-range transport of
biomass-burning plumes traversing the Atlantic, a phenomenon frequently documented
over Northern Europe [83]. In contrast, Rome and Messina are mainly influenced by
Mediterranean synoptic-scale transport patterns, particularly mineral dust intrusions from
North Africa and Eastern Europe [19,72,84–86]. These southern sites receive additional
contributions from biomass-burning plumes of varying transport distances [87,88], marine
aerosols [89], and occasional volcanic ash plumes [90].

A common feature across all the sites is the April peak in the EAL frequency, corre-
sponding to the relative AOD maximum shown in Figure 9. Satellite data analysis has
attributed this enhancement to agricultural burning activities in Eastern Europe [88]. Our
work further characterises the vertical ranges affected by this phenomenon. Additionally,
non-negligible PM contributions emerge during September–October, attributed primarily
to low-altitude Saharan dust intrusions towards the central Mediterranean [91].

To investigate the meteorological conditions associated with the observed EALs, we
analysed the ERA5 geopotential heights at 500 hPa during the ALICENET-detected EAL
events. Figure 12 shows the resulting geopotential anomalies relative to the mean seasonal
conditions for winter (left panels) and summer (right panels). The corresponding mean
geopotential fields during the EAL events are provided in Appendix A.2 (Figure A4). This
analysis revealed distinct seasonal patterns that strongly influence the aerosol transport
pathways in the Mediterranean region.

During winter, a prominent trough over the west–central Mediterranean characterises
the EAL events in Rome and Messina. This trough, associated with cyclonic systems, facili-
tates meridional dust transport into the Mediterranean basin. The corresponding negative
geopotential anomalies indicate trough intensification, enhancing the cyclonic activity and
southerly flows transporting desert dust to Southern Europe [91,92]. Concurrently, the
positive anomalies northeast of the Mediterranean suggest a blocking high-pressure system,
further channelling dust into the region at lower tropospheric levels.

The summer patterns feature a robust ridge from North Africa into Southern Europe,
associated with the Saharan high. The resulting pressure gradient drives northward dust
transport [93,94], while the positive geopotential anomalies centred over the study sites
can lead to stronger subsidence and prolonged stagnation periods.

The Alpine site of Aosta exhibits distinctive synoptic patterns during the EAL events.
In winter, high-pressure conditions dominate over northern Italy, primarily associated with
aerosol stagnation in the Po Basin. Analysis of the transport mechanisms reveals a vertical
decoupling for this site (Appendix A.2, Figure A5): while EALs below 2.5 km form under
these stagnant conditions [95], those above 2.5 km develop within cyclonic configurations
similar to those observed in Rome and Messina.

In summer, the persistent high-pressure conditions over Central Europe support ther-
mally driven winds that transport aerosols from the Po Basin through plain-to-mountain
breezes [21].

Focusing on the potential impacts of the EALs on air quality, we investigated their
effects on the PM concentrations within the MAL and, in turn, at the ground level. Such
effects can arise from direct contributions to the surface PM levels via entrainment of the
EALs into the mixed layer [41], as well as through increased atmospheric stability caused
by long-range transport of warm air, rich in absorbing aerosols, potentially exacerbating
surface pollution [96].

Based on our 7-year statistics, Figure 13 shows the monthly resolved number of
days affected by the EALs (green bars). More specifically, a day was classified as EAL-
affected if an elevated aerosol layer was detected for at least one hour. The frequency
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of EAL-affected days exceeds 60% during the summer months across all the study sites,
though with differing temporal patterns. Aosta experiences its peak in July–August, while
Messina shows maximum frequency in August–September. Rome exhibits a more uniform
distribution over the year.

–

–
Figure 12. The mean (2016–2022) 500 hPa geopotential anomalies (ERA5 fields) relative to the mean
seasonal conditions during the ALICENET-detected EAL events in winter (left column) and summer
(right column) over (from top to bottom) Aosta, Rome, and Messina (red dots).

–
–

–

 

–

–

Figure 13. Monthly resolved frequency of days with EALs detected by ALICENET (green bars)
and subset statistics (red bars) of those EAL impacting the MAL PM loads (see text) over (a) Aosta,
(b) Rome, and (c) Messina during 2016–2022.
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A subset of EAL-affected days was then derived by selecting the days in which
(a) the EAL approaches the MAL upper boundary (<500 m distance), and (b) the MAL
PM concentrations exceed the site-specific reference ones derived from the long-term ALC
dataset (see Figure 6). Our results reveal that, depending on the month, 10–40% of EAL-
affected days also register enhanced levels of PM within the mixed layer. Most of these cases
can be attributed to Saharan dust transport, particularly in central and southern Italian
sites [41]. Further investigation of this aspect will be performed in the future through
recently integrated polarisation-sensitive ALC systems (PLCs) within the ALICENET
network [43]. In fact, these systems offer enhanced capabilities for distinguishing irregularly
shaped particles, such as mineral dust, from spherical ones typical of anthropogenic origin.

As long-term PLC observations are not yet available, to assess the composition of the
detected EALs, we exploited aerosol speciation data from CAMS, focusing on the dust and
wildfire PM10 components (Section 2.3). As an initial step, we compared the total PM10

CAMS concentrations with the ALICENET-derived PM concentrations during the EAL
events (2018–2022). As expected from previous results (e.g., Figure 6), this comparison
revealed CAMS’s negative biases with respect to ALICENET, with the EAL mass concen-
tration differences generally being <30 µg m−3 (see Appendix A.2, Figure A6). The most
substantial differences emerged in cases of heavily loaded aerosol layers (i.e., ALC-based
PM > 80 µg m−3) or thin layers that the model’s coarse vertical resolution failed to resolve.

To ensure meaningful interpretation of the ALC-detected EALs based on the CAMS
model data, we thus restricted this analysis to episodes where the difference between
the ALC and CAMS mass concentrations within the EAL remained below 30 µg m−3.
For these cases, we classified each EAL as dominated by particulate matter of desert
dust (PM10DUST), wildfire (PM10WF) or other PM10 origins (PM10OTHER = PM10TOT −

PM10DUST − PM10WF), depending on which CAMS species most significantly exceeded its
seasonal median profile within the relevant EAL vertical range and affected time window.
The seasonal median profiles used as references for the CAMS PM10DUST, PM10WF and
PM10OTHER are reported in Appendix A.2 (Figure A7).

The results of this combined ALC–CAMS analysis are summarised in Figure 14. This
analysis complements the results in Figure 11 by characterising the aerosol type of the
ALC-detected EAL based on the CAMS species.
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4. Discussion

Figure 14. Monthly and altitude-resolved statistics (2018–2022) of the dominant aerosol type (desert
dust, wildfires, others) identified through CAMS data in correspondence to the EALs detected by
ALICENET in (a) Aosta, (b) Rome, and (c) Messina. Dark blue indicates regions not statistically
significant (NS) for EAL classification.

Figure 14 reveals desert dust to be the predominant component of the EALs through-
out the year across the study sites. During winter months, CAMS indicates significant
contributions from other aerosol species, most likely particles of more local origin sus-
pended above the MAL. The wildfire component becomes more pronounced in spring and
summer, reflecting both local and long-range transported biomass-burning plumes [83,88].
This seasonal pattern is particularly evident over Aosta during July–August. However, as
already pointed out, the absolute PM10WF concentrations reconstructed by CAMS remain
consistently low, with median seasonal values of <0.1 µg m−3 (Appendix A.2, Figure A6).
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Such remarkably low values could be attributed to either incomplete wildfire emission
inventories in the CAMS dataset used here or the model’s inability to resolve thin wildfire
plumes due to its coarse spatial resolution.

4. Discussion

The statistical analysis of the observational and model-based aerosol profiles across
Italy performed here showed distinct daily and annual cycles in the aerosol vertical distribu-
tions, revealing interplays between local sources, mixing processes, mesoscale circulations,
and large-scale transport dynamics. Overall, marked latitudinal and environment-related
differences emerged.

At the Alpine site of Aosta, the median PM concentrations remained mostly below
15 µg m−3 during the year and along the vertical profile. Winter conditions showed strong
atmospheric stability, which confined aerosols to the lowest atmospheric levels, resulting in
MAL heights below 500 m and concentrating up to 80% of the total AOD within this layer.
The upper atmospheric layers were significantly impacted by mountain–valley breezes
acting at the regional scale. These breezes systematically transported aerosol-laden air
masses from the Po Valley during the afternoon, reaching maximum layer heights of 4 km
a.s.l. and PM loads up to 20 µg m−3 between a 1 and 2 km altitude during summer months,
confirming and extending previous findings [21].

The Rome site exhibited characteristics typical of major urban Mediterranean environ-
ments. The median PM in the first kilometre exceeded 30 µg m−3 (more than double the
Aosta values) all year round, though with marked daily-to-seasonal modulations. These
were shaped by vertical mixing processes, with the MAL reaching above 2 km in summer,
and local circulations, with land–sea breezes removing up to 35% of the aerosol load in
the afternoon.

In the coastal Messina site, local aerosols of both natural and anthropogenic origin
remained mainly confined within a 1 km thick MAL throughout the year, observationally
confirming the stabilising influence of the marine boundary layer. These results underscore
the utility of vertically resolved observations in complex geographical settings and the
critical role of atmospheric dispersion dynamics in determining local air quality.

Regarding the optical properties, significant seasonal and latitudinal gradients
emerged across Italy. Maximum contrast was found between the southern Italy sum-
mer conditions and the northern Italy winter ones. In fact, the percentage of the AOD
built within the first 1000 m in altitude ranged between 30% (Messina, summer) and 80%
(Aosta, winter) of the total column AOD. In terms of the diurnal variability, the AOD
cycle showed day–night variations of about ±15%, with the nocturnal values lower in
Rome due to sea breeze particle removal and higher in Messina due to hygroscopic particle
growth. This AOD information complements the daytime-only observations provided by
sunphotometers and satellites.

Above the MAL, our results highlighted the frequent presence of elevated aerosol
layers in the mid-troposphere, particularly in central–southern Italy (Rome and Messina). In
spring and summer, the frequency and vertical extent of these layers reach their maximum,
with EALs between 2 and 4 km in altitude detected over 30% of the time. In general,
the PM contributions associated with the EALs maximise in the altitude range 1–3 km
a.s.l., increasing southward and reaching concentrations exceeding 40 µg m−3 at the Rome
and Messina latitudes. The nearly ubiquitous presence of EALs in the spring-to-summer
Mediterranean mid-troposphere translates into 40% of the AOD being built above 2 km
across all the sites, peaking at 60% in Messina. This demonstrates the significant influence
of regional background aerosols and long-range transport processes on the total column
aerosol load.
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Our analysis also revealed significant interactions between the EALs and the MAL
and, thus, the surface air quality. In fact, on 10–40% of days across the study sites, the
presence of an EAL close to the MAL upper boundary was associated with increased PM
concentrations within it. This result underscores the capability of ALCs to complement in
situ data in detecting elevated layers affecting local air quality, supporting the attribution
of PM exceedances and the design of targeted mitigation strategies [11].

Through the integration of the ALC profiles with ERA5 and CAMS model reanalysis
data, we found that the ALC-detected EALs were mainly associated with the transport of
desert dust from North Africa and biomass-burning plumes of different origins. Charac-
teristic synoptic patterns associated with EAL events emerged: winter troughs facilitated
meridional dust transport, while summer ridges enhanced direct transport across the Cen-
tral Mediterranean. The combined analysis of the ALICENET and CAMS data indicated
desert dust to be the dominant component of the EALs in terms of both the frequency and
the load at all the sites. CAMS also suggests a non-negligible frequency of wildfire-related
EALs in spring and summer, particularly in northern Italy. This is attributed to the trans-
port of biomass-burning plumes across the Atlantic, also frequently detected in Northern
Europe. However, in quantitative terms, the wildfire-associated PM10 concentrations in the
CAMS data appear very low. In Messina, the CAMS median seasonal value of the wildfire
PM10 keeps below 0.1 µg m−3 despite the fire-prone climatic conditions of southern Italy.
This suggests a possible underestimation of the local and/or regional wildfire emissions
in the CAMS ensemble dataset and insufficient vertical resolution to capture thin wildfire
plumes. As a future plan, the relative contribution of wildfire and desert dust transport to
EAL loads will be further investigated through recently integrated polarisation-sensitive
ALC measurements within ALICENET, enabling discrimination between irregular dust
particles and typically spherical biomass-burning ones [19].

Concerning the lowermost aerosol stratifications, the statistics of the ALC-derived
MAL heights at the three sites were found to match well with the relevant statistics of
the ERA5 BLH. The differences in the MAL and BLH daily cycles ranged from 10% to
35%, with major discrepancies registered for Aosta. These are attributed to the different
spatiotemporal resolutions and methodological approaches used to infer these parameters
within ALICENET (aerosol-based MAL) and ERA5 (thermodynamics-based BLH), which
become more critical over complex terrain such as the Alpine Aosta one. In fact, a specific
ERA5 vs. measurements comparison performed here for the surface wind fields showed
good agreement in Rome and Messina, and reduced agreement in Aosta.

In terms of the PM10, CAMS data are shown to reproduce the values well at the surface
level (as expected, given the assimilation of the measured PM10 data from air quality
monitoring networks into the model reanalysis). Along the vertical profile and up to a
2 km altitude, the CAMS values are found to be 5–15 µg m−3 lower than our ALC-based
retrievals, particularly at southern Mediterranean sites.

The reliability of these results is supported by careful consideration of the instrumental
and model uncertainties and comparison with independent measurements, as detailed in
Section 2. For the ALCs, we estimate a maximum uncertainty of 30–40% for the aerosol
extinction and up to 50% for the mass concentrations, although systematic comparisons
performed in previous studies demonstrate better performances [43].

Overall, even taking into account the uncertainties in both the measurement-based
and model-based data, this effort indicates some statistically significant discrepancies in
the CAMS-modelled PM10 with respect to the ALICENET PM product. These can be
summarised as a model underestimation of the PM (5–15 µg m−3) within the MAL, and
a still-lacking representation of the PM diurnal dynamics (mixing and mesoscale fluxes)
along the vertical dimension.
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5. Conclusions

The high-resolution multiannual datasets we retrieved across Italy expand current
knowledge of the aerosol characteristics in the Central Mediterranean area. In fact, while
vertical profiling of the aerosol optical properties in Italy was documented in previous stud-
ies, though with coarser temporal resolution and shorter temporal coverage, the datasets
presented here provide novel, observation-based information on the aerosol mass vertical
distributions, layering structures, and relevant latitudinal and daily-to-seasonal variability.

The presented quality-assured ALICENET dataset, made publicly available, serves
multiple applications. For air quality, it provides detailed information about the PM
dynamics, mixed layer heights, and allows for the estimation of the influence of elevated
aerosol layers on surface air quality. For climate studies, it offers an observational record
of essential climate variables (aerosol extinction and optical depth) in both daytime and
nighttime conditions, with the latter being mainly unavailable based on alternative passive
remote sensing. The vertically resolved, long-term nature of these observations will also
help better interpret the AOD trends, disentangling changes in the near-surface and/or
elevated aerosol loads.

This work demonstrates the potential of ALC networks for continuous, quantitative
monitoring of aerosol vertical distributions over the long term, filling current observational
gaps and enhancing our ability to improve or validate atmospheric models and satellite
observations. This aligns with the objectives of major ongoing European Commission
efforts, such as the H2020 RI-URBANS project and the Copernicus programme, as well as
those of the ESA-EarthCARE (Cloud, Aerosol and Radiation Explorer) mission.
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Appendix A

Appendix A.1. Quality Assurance Criteria for Long-Term Analysis of ALICENET Products

To ensure the reliability and consistency of the long-term aerosol datasets analysed in
this work, a set of quality assurance (QA) criteria was applied to both the aerosol profiles
and layer products from the ALICENET observations. These criteria address three key
aspects of data quality. First, instrument performance is verified through basic operational
parameters, with the optical state metrics required to exceed 70% for data acceptance.
Second, physical significance is ensured by establishing threshold values and ranges for
key variables like the extinction coefficients, mass concentrations, and layer heights to filter
out unrealistic values. Third, statistical robustness is guaranteed by enforcing minimum
requirements for temporal coverage and data continuity to ensure representative sampling
across seasons and between consecutive months.

The QA criteria are structured for two main data products. The first set applies to
the aerosol profiles (QA.AP), ensuring the quality of the basic optical and microphysi-
cal retrievals. The second set addresses the aerosol layers (QA.AL), validating the de-
tected atmospheric structures. Through these quality controls, a validated dataset of
over 600,000 profiles suitable for climatological analysis was obtained, with time gaps
consistently shorter than one month across the study period 2016–2022.

Table A1. Quality assurance (QA) criteria applied for long-term analysis of the ALICENET products.

ALICENET Product QA Criteria Applied to Long-Term ALICENET Data

Aerosol Profiles (AP)

QA.AP.1 (instrument status) ALC state optics > 70%
QA.AP.2 (physical significance):
0 < α(z,t) < 15 m−1,
0 < PM(z,t) < 200 µg m−3,
Std(AOD)/Mean(AOD) < 6
QA.AP.3 (statistical significance):
Number of profiles/season > 10,000,
Difference in data coverage between consecutive
months < 30%

Aerosol Layers (AL)

QA.AL.1 (instrument status) ALC state optics > 70%
QA.AL.2 (physical significance):
0 < CALH(t) < 7000 m,
0 < MALH(t) < 3500 m,
|∆CALH/∆t| < 3000 m over 3 h,
|∆MALH/∆t| < 1000 m over 1 h
QA.AL.3 (statistical significance):
Number of layers/season > 5000,
Difference in data coverage between consecutive
months < 30%

Appendix A.2. Supplementary Material for the Long-Term Analysis of Aerosol Products

Figure A1 shows the monthly and daily resolved median percentage of cloud-screened
data points along the vertical dimension (0–6 km, y-axis) and across the three study sites
over 2016–2022. The white-to-black colour scale indicates an increasing percentage of
cloud-screened points. The percentage of cloud-screened data points varied across the
study sites. In Aosta, cloud screening removed between 5% and 56% of points in the
0–6 km a.s.l. range during winter, the season most affected by cloudy conditions.
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environment of Aosta, ERA5’s coarse resolution proved insufficient to capture the 

Figure A1. Monthly and daily resolved median percentage of cloud-screened data points in (a) Aosta,
(b) Rome, and (c) Messina over 2016–2022. The grey dashed lines indicate the ground level.

Figure A2 compares the ERA5 model wind fields and the surface anemometric mea-
surements across the study sites. The comparison reveals good agreement in Rome and
Messina, where the moderately complex terrain and proximity to assimilated radiosonde
measurements facilitate model accuracy. However, in the complex Alpine environment of
Aosta, ERA5’s coarse resolution proved insufficient to capture the observed breeze regime.

Figure A3 illustrates the monthly resolved comparison between the ALICENET PM
retrievals (‘real atmospheric condition’ (wet) and corrected to dry PM) and the surface
PM10 measurements across the three sites. The data show good agreement between the
hygroscopically corrected ALC estimates and the EPA station measurements. Furthermore,
a relative minimum in the wet PM concentrations in July is evident, mainly due to the
lower ambient relative humidity.

Figure A4 illustrates the mean 500 hPa geopotential height fields from the ERA5
reanalysis during the winter and summer EAL events at the three study sites. The contours
show the geopotential height in the dam. The maps illustrate the characteristic synoptic
patterns associated with EAL occurrences: winter troughs over the Mediterranean facilitate
dust transport, and summer ridges enhance north–south transport.

Figure A5 shows the ERA5 mean 500 hPa geopotential height fields during winter
days with the EALs detected below and above a 2.5 km altitude over Aosta. The patterns
reveal different meteorological conditions associated with low-level versus high-level EAL
events at this Alpine site.
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retrievals (‘real atmospheric condition’ (wet) and corrected to dry PM) and the surface 

Figure A2. Monthly and daily resolved median wind speeds and wind directions at the surface level
from the anemometric measurements and ERA5 reanalysis in (a) Aosta, (b) Rome, and (c) Messina
during 2016–2022.

 

estimates (‘real atmospheric condition’ (wet) and corrected to dry PM) during 2016–

–

Figure A3. Monthly median values (points) and interquartile ranges (bars) of the ALICENET PM
estimates (‘real atmospheric condition’ (wet) and corrected to dry PM) during 2016–2022 in (a) Aosta,
(b) Rome, and (c) Messina. The corresponding statistics of the (dry) surface PM10 concentrations
measured by the nearest EPA station are also included (black points).
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Figure A4. Mean geopotential field at 500 hPa from ERA5 during the winter (left column) and
summer (right column) EAL events over (from top to bottom) Aosta, Rome, and Messina (red dots),
as derived from the 2016–2022 ALICENET dataset.

–

 

–

Figure A5. Mean geopotential field at 500 hPa from ERA5 during winter days with elevated aerosol
layers below (left) and above (right) 2.5 km a.s.l. over Aosta (red dot), as derived from the 2016–2022
ALC dataset.

Figure A6 displays the mean difference between the CAMS model and the ALICENET-
retrieved PM concentrations within the EALs. The comparison reveals that CAMS underes-
timates the PM concentrations during EAL events. However, on average, the underestima-
tions remain below 30 µg m−3.
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Figure A6. Difference between the CAMS PM10 and ALICENET PM estimates within the EALs in
(a) Aosta, (b) Rome, and (c) Messina (2018–2022).

Figure A7 shows the seasonal median vertical profiles of different PM10 species (dust,
wildfires, others) from the CAMS reanalysis for each site. The shaded areas represent the
interquartile ranges of the concentrations.

–
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