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Abstract. Long-term observations of black carbon (BC) are essential for assessing the effectiveness of air-quality and climate
policies and for understanding the potential feedback of climate change. We present an 18-year dataset (2007-2024) of
equivalent black carbon (eBC) mass concentration derived from the aerosol absorption coefficient measured at the Monte
Cimone WMO/GAW Global Station (CMN, 2165 m a.s.l.), a key high-altitude observatory in the Mediterranean climate-
change hotspot. The dataset is accompanied by detailed description of: i) the infrastructural evolution, including
instrumentation and sampling system; ii) the definition of quality assurance protocol and data treatment; iii) the definition of
the uncertainties. This documentation provides a comprehensive description and quantification of the data reliability over 18
years of measurements, necessary for the scientific valorisation of the dataset. Applications of the dataset demonstrate: i) a
statistically significant decline in eBC concentrations over the last two decades ii) a strong linkage between eBC variability
and boundary-layer dynamics when combined with ERAS reanalysis; iii) a variable agreement with FLEXPART simulations
across temporal scales, supporting its use for model evaluation. The dataset, openly available through the ITINERIS HUB,
provides one of the longest continuous eBC records in the Mediterranean troposphere and represents a valuable resource for

climate studies, trend assessments, and multi-station integration within ACTRIS and GAW.

1 Introduction

Black carbon (BC) is a short-lived climate forcer produced by incomplete combustion of fossil fuels and biomass. Because of
its strong light absorption, BC is the sole aerosol particle with a positive effective radiative forcing (Szopa et al., 2021); while,

being a carrier of toxic and carcinogenic substances, it is a major responsible of health issues (Ali et al., 2021). Hence, BC is
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a target of both climate and air quality policies (Pisoni et al., 2025). Overall, long-term observations indicates that
concentration of BC has been showing a generalized decrease worldwide (Collaud Coen et al., 2020b), confirming the
effectiveness of emission reduction polices. However, long term studies indicates that a decreasing trend for other atmospheric
species is not generalizable worldwide, where increasing or decreasing tendencies appears on local and regional scale
(Kurokawa and Ohara, 2020; Jin et al., 2023; Itahashi and Uno, 2024). Considering the total aerosol, deviations from a
decreasing common trend may be associated with specific processes, which may be comprehensively understood combining
long-term observations with numerical modelling. Changes in atmospheric circulation (Pernov et al., 2022), shifts in
precipitation patterns (Isokédntd et al., 2022), occurrence of heat waves (Heikkinen et al., 2020) but also economic and
demographic growth (Kurokawa and Ohara, 2020) have been associated with perturbations in aerosol particles concentration
and properties worldwide. Hence, a diffused and permanent network of harmonized in-situ observations such as those
embedded in Aerosol, Clouds and Trace Gases Research Infrastructure (ACTRIS-RI; Laj et al., 2024) and the Global
Atmosphere Watch programme of the World Meteorological Organization (WMO/GAW; Laj et al., 2020) allows tracing long-
term variability of aerosol particles, while integrated, comprehensive observational frameworks are crucial for linking
atmospheric processes, climate impacts, and societal responses (Kulmala et al., 2023).

The current work presents in-situ and long-term observations of eBC acquired at the Monte Cimone WMO/GAW Global
Station (CMN, 2165 m a.s.l.) that, integrated in wider framework, can contribute to quantify the effectiveness of emission
reduction policies and climate change feedback in the Mediterranean region. CMN is a high-altitude observatory in Southern
Europe providing an ideal platform to investigate how local, mesoscale and synoptic processes shape BC variability across
daily to decadal scales into the context of a changing Mediterranean climate (MedECC, 2020). The 18-year dataset described
in the present work refers to equivalent BC (eBC), which is a mass concentration of BC derived from the aerosol absorption
coefficient measured with filter-based absorption photometers (Petzold et al., 2013), namely the multi-angle absorption
photometer (MAAP, Petzold and Schonlinner, 2004). The dataset is complemented by extensive description of operative
conditions, quality-control procedures (WMO/GAW Report No. 227, 2016), comprehensive metadata, and auxiliary
parameters suitable for diverse applications. To illustrate its potential, we combine the eBC measurements with the boundary
layer height derived from the ERAS reanalysis fields and with numerical modelling products such as CAMS and FLEXPART,
demonstrating how the dataset can support assessments of meteorological influence on eBC variability, model-observation
agreement, and the representativeness of long-term trends. This dataset provides one of the longest continuous records of eBC
in the Mediterranean troposphere and is designed to support a broad range of applications from model evaluation to climatic

and policy assessment.

2 Characteristics of the Monte Cimone observatory

The dataset presented in the current manuscript was acquired at the “Ottavio Vittori Observatory” on the top of Monte Cimone

(2165 m a.s.l.; 44°12° N, 10°42’° E). The observatory is part of the WMO/GAW Global Station Monte Cimone (CMN), and it
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is hosted at the premises of the Centro Aeronautica Militare di Montagna (CAMM) of the Italian Air Force. The National
Research Council of Italy (CNR; https://ror.org/04zaypm56), trough the Institute of Atmospheric Sciences and Climate (CNR-
ISAC; https://ror.org/00n8ttd98 ), manages the observatory and supervises the in-situ aerosol and trace gas measurements.
CMN belongs to European research infrastructures such as ACTRIS-RI (Aerosol, Clouds, Trace Gases Research
Infrastructure), and ICOS-RI (Integrated Carbon Observation System) contributing regularly to the international studies

activities carried out at CMN is provided in Cristofanelli et al. (2018). Concerning the meteorology, seasonal temperature
variability at CMN is characterized by cold winter conditions (<0°C) and a progressive warming toward a summer maximum
(10-15°C). Dew-point temperatures follow closely the ambient temperature seasonal cycle, indicating favourable conditions
for cloud formation all year around. A detailed description of meteorology and cloud presence at CMN in the 2007-2024 period
is provided in Section S1. Based on the regional orography, CMN is identified as a station periodically influenced by free-
tropospheric and boundary layer conditions (Collaud Coen et al., 2018). Due to its geographical position, the footprint of air
mass parcels reaching CMN is regularly influenced by contributions from the continental Europe northward and the
Mediterranean basin southward (Henne et al., 2010). Hence, observations at CMN allow studying a wide variety of atmospheric
processes at local, regional, and continental scales. For instance, the seasonal cycle of aerosol particles (Mazzini et al., 2025),
black carbon (Marinoni et al., 2008) and trace gases (Cristofanelli et al., 2009, 2015) reflects local vertical transport between
boundary layer and free troposphere; while regional and continental processes, like heatwaves (Cristofanelli et al., 2007),
biomass burning events (Cristofanelli et al., 2013, 2021, 2024) and Saharan dust outbreaks (Duchi et al., 2016; Vogel et al.,
2025b) affects episodically the aerosol and gas composition. The long-term observations at CMN allow identifying the impacts
of Mediterranean climatic anomalies (MedECC, 2020) and emission reduction policies (Fuzzi et al., 2015) on aerosol particle

presence and properties.

3 Instrumental setup

In this section we describe the instrumental setup deployed at CMN for the quantification of BC with a filter-based absorption

photometer and the infrastructural evolution between 2007 and 2024.

3.1 Multi angle absorption photometer

The Multi-Angle Absorption Photometer (MAAP, model 5012, Thermo Scientific) is a filter-based absorption photometer
that measures aerosol light absorption by simultaneously detecting reflected and transmitted light from particles collected on
a filter.An inversion algorithm based on the Mie theory and the two-stream approximation is appliedto retrieve the aerosol
absorption coefficient at a single wavelength (670 nm), from which the equivalent BC (eBC) mass concentration is derived.

More detail on the MAAP operating principle and uncertainties are provided by Petzold and Schénlinner (2004) and Petzold
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et al. (2005). Thanks to its design and built-in data correction algorithm, the MAAP instrument is considered one of the
reference methods to measure the aerosol absorption coefficient, so that other techniques are usually corrected using MAAP
observations as reference (e.g. Zanatta et al., 2016; (Renzi et al., 2025). While some recent studies questioned the reliability
reliability of the MAAP as a reference method (Kalbermatter et al., 2022a; Yus-Diez et al., 2025), other studies, have reported
smaller discrepancies (Romshoo et al., 2022; Heuser et al., 2025). Despite these limitations, the MAAP remains one of the
most widely used instruments to quantify the aerosol absorption coefficient and eBC in monitoring stations (Savadkoohi et al.,
2024), intense field observations (Yuan et al., 2021) and laboratory/chamber experiments (Kalbermatter et al., 2022b).
Considering the long and diffused use of the instrument by the aerosol community, the instrument was object of several
intercomparison and its operativity fully verified (Miiller et al., 2011; Asmi et al., 2021; Kalbermatter et al., 2022b). The
MAAP was operated continuously at CMN since May 2007, sampling air through the various inlet systems as shown in Table
1. Despite the change of the inlet, the MAAP instrument was connected to the flow splitter (in parallel to the various models
of the nephelometer) with a conductive tubing having an inner diameter of % inch and a length below 1 meter for the entire

duration of the measuring period.

3.2 Aerosol sampling
3.2.1 Inlet system

In this part of the work, we describe the characteristics of the aerosol inlet and the conditions in the sampling line relevant for
the MAAP measurements at CMN since 2007. Over 20 years, the inlet design of CMN evolved from a basic inlet to a
sophisticated system with autonomous flow and temperature control and subsequent data acquisition following the recent
ACTRIS-RI general recommendations for aerosol sampling. Detailed ACTRIS/GAW recommendations on atmospheric
sampling may be found at https://www.actris-ecac.eu/actris-gaw-recommendation-documents.html (last accessed 11/12/2025).
A whole-air-inlet (WAI) must be used, if the observatory is more than 10% of the time in cloud or fog. Considering the almost
permanent occurrence of clouds at CMN across the full year (Figure S2), a WAI has been operative since 2007. Three different
inlet systems have been used at the CMN observatory to sample aerosol particles since 2002 (Table 1). A simple “downward
looking” inlet was used at CMN from 2002 to 5 September 2007. This inlet did not have a defined size-cut, temperature-
control system or a main flow-control system. The flow at the inlet tip was of approximately 20 L min™! as estimated from the
sampling flow of the various aerosol measuring instruments operated from 2002 to 2007. The MAAP instrument sampled air
behind the “downward looking” inlet for 247 days, accounting for approximately 4% of the full dataset. During the remaining
time, absorption and eBC were quantified behind a WAI. Between September and October 2007, the downward-inlet was
replaced with a WAI (WAI-1) composed of a total size particle sampling heated head. The stainless steel head was suspended
3 m above the terrace of the observatory (5.5 m from the terrain). A constant flow of 120 L min"! was maintained at the inlet
head using turbine ensuring laminar flow within the main stainless steel tube section having an inner diameter of 95.6 mm.

Besides the heated inlet head, no additional drying system have been installed until 27 November 2022. In this date, the WAI-
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1 was upgraded to WAI-2 by adding: 1) a new heating-control system to prevent condensation and frost of the sampling head,
2) a dynamic flow-control system compensating the variation of total flow caused by different acrosol measurement setups
and maintaining the total WAI at 150 LPM, 3) a drying system. While the outdoor geometry of the inlet remained unaltered,
the main indoor line was split into 5 secondary lines connecting the aerosol instrumentation to the main inlet flow. Each line
was equipped with an active drying system (model MD-700-24F, Perma pure), after which, pressure, temperature and relative
were measured. Additional temperature, relative humidity and pressure measurements were performed at flow splitter, in the

inlet head and at ambient.

3.2.2 Monitoring of sampling conditions

ACTRIS-RI recommends the continuous measurement of temperature, pressure, and relative humidity inside the sampling
line. Until February 2023, the CMN inlet system was not equipped with dedicated sensors inside the sampling line; hence,
various model of nephelometers have been used to monitor the temperature, the relative humidity and the pressure at the end
of the sampling line. Overall, three different models of integrating nephelometers were operated at CMN over the 2007-2023
period: the M9003 integrating nephelometer (Ecotech Pty Ltd, Knoxfield, Australia) from May 2007 to October 2013; the
TSI3565 integrating nephelometer (TSI Inc, St. Paul, MN, USA) from February 2014 to April 2023 and the AURORA3000
integrating nephelometer (Ecotech Pty Ltd, Knoxfield, Australia) from May 2023 to present (Table 1). Since February 2023,

temperature, pressure and humidity are measured directly inside the sampling line before and after the drying systems.

3.23 Measuring periods

Although the MAAP instrument has been continuously operated since 8 May 2007, the complete MAAP time series may be
split in five periods as function of the sampling setup (Table 1):

e Period A covers 2007 till September and comprises the downward inlet and the M9003 nephelometer.

e  Period B goes from October 2007 to October 2013 and comprises the WAI-1 and the M9003 nephelometer.

e Period C goes from February 2014 to November 2022 and comprises the WAI-1 and the TSI3565 nephelometer.

e Period D goes from November 2022 to April 2023 and comprises the WAI-2 and the TSI3565 nephelometer.

e Period E goes from May 2023 to present days and comprises the WAI-2 and the AURORA3000 nephelometer.
While period B and C cover multiple years, period A, D and E have a data coverage below 12 months. This separation will be

used to characterize the sampling efficiency and eventual biases on eBC quantification.

Table 1 Evolution of inlet type and sensors (nephelometer models) for the measurement of temperature, relative humidity and
pressure in the sampling line at CMN from 2007 to 2024.
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4  Data treatment to derive aerosol absorption coefficient and equivalent black carbon mass concentration

In this part of the work, we describe the full data treatment procedure necessary to derive the aerosol absorption coefficient at
a wavelength of 637 nm and its conversion to eBC mass concentration. CMN is equipped with automatic routines for QA/QC
since 2018 (Naitza et al., 2020). In this section we describe the updated data validation process following the most recent
ACTRIS-RI guidelines provided by the ACTRIS central facility CAIS-ECAC (Center for Aerosol In-Situ — European Center
for Aerosol Calibration and Characterization). This data reduction involves various treatment steps necessary to convert the
MAAP raw data into Level 0, Level 1 and Level 2 aerosol absorption coefficient data. The quality control guidelines are
available on the CAIS-ECAC website (https://www.actris-ecac.eu/particle-light-absorption.html#Guidelines ; last accesses
17/12/2025) while the description of the various levels is available on the EBAS data submission portal (https://ebas-
submit.nilu.no/templates/Filter-Absorption-Photometer ; last accessed 17/12/2025).
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4.1 Screening of invalid data

The first data reduction step involves identifying and addressing mechanical and signal anomalies to produce eBC Level 0
data at the native temporal resolution of the MAAP (1 minute). Mechanical anomalies were primarily related to the sampling
flow rate, in addition to routine filter spot changes and zeroing tests indicated by the instrument status. The standard sampling
flow rate for the MAAP is 16.7 L min™'. Due to increased uncertainty (Miiller et al., 2011), periods with flow rates below 6 L
min'were excluded. Periods with a sampling flow rate between 6 L min'and 8.3 L min™' were considered valid but uncertain
(Miiller et al., 2011) only if the flow rate relative standard deviation remained below 5%, and no anomalies were detected in
the filter load. Signal anomalies were identified by evaluating the variability of the raw BC mass concentration data provided
by the MAAP at a 1-minute resolution. In alignment with ACTRIS guidelines, noise around or below zero is expected at a 1-
minute resolution near the detection limit. However, negative values are unphysical in hourly averages and must be considered
invalid. To identify these events, a "noise filter" was applied to remove data points associated with negative values in a one-
hour rolling average (30 minutes from the considered point). To further identify periods affected by high variability, a rolling
5t and 95™ percentile (P05 and P95) was calculated within a one-hour time window (+30 minutes). Data points showing
simultaneous negative P05 values and a difference between P95 and P05 exceeding 1 pg m= were flagged as divergent data
and filtered out. Although this approach is suggested in the ACTRIS-RI guidelines, the thresholds implemented here are
specific to CMN and its MAAP. Remaining data points were visually inspected for consistency and flagged as valid if no
further anomalies were detected. The so derived MAAP Level 0 data report eBC mass concentration at a resolution of 1 minute,

do not include invalid data and calibration periods, and are not adjusted to standard pressure and temperature.
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Figure 1 Overview of the flagging procedure applied to the eBC dataset. Examples of flagged data according to (a) instrumental
sampling flow rate, (b) negative eBC concentrations, and (c) signal noise. Bar plot (d) reports the relative contribution of each type
of irregularity to the total number of invalid data points.

4.2 Absorption coefficient correction and eBC calculation

The second step of the data reduction process aims to convert the eBC mass concentration into aerosol absorption coefficient,
correct the instrumental errors and adjust the resulting atmospheric variable to standard pressure and temperature at a temporal
resolution of 1 minute. The raw eBC mass concentration was converted in aerosol absorption coefficient at a wavelength of
670 nm applying the mass absorption cross-section used in the MAAP firmware (6.6 m? g*'; Slowik et al., 2007). Being
measured at an actual wavelength of 637 nm instead of a nominal wavelength of 670 nm, the aerosol absorption coefficient
was adjusted with a multiplication factor of 1.05 (Miiller et al., 2011). The aerosol absorption coefficient at a wavelength of
637 nm was adjusted to standard pressure (1013.25 hPa) and temperature (273.15 K) using the pressure and temperature
measured in the sampling line. Starting from this Level 1 data, two additional products were extracted: aerosol absorption
coefficient (Level 2) and eBC mass concentration (Level 3). Level 2 aerosol absorption coefficient is calculated as the hourly
average and corresponds to the so-called “Filter Absorption Photometer Data — Level 2” publicly available on the EBAS data
portal. For the present dataset, Level 1 aerosol absorption coefficient was converted in eBC mass concentration using a mass-
absorption cross-section of 10 m? g! (Zanatta et al., 2016) at a temporal resolution of 1 minute. Level 3 eBC mass concentration
was then averaged on hourly timestamp. Three valid flags were associated with the variables in the present dataset:

e Flag “000” indicates a valid data.
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e Flag “111” indicates an irregular data checked and accepted by data originator. It is considered valid although some
irregularities were observed (e.g. sampling flow rate deviations). These irregular data points were checked manually,
and their variability verified against other measurements like the Aethalometer

e Flag “640” indicates that a relative humidity higher than 40% was recorded in the sampling line. Although

210 considered valid, these datapoints may be associated with higher noise compared to fully dry conditions.

e Flag “390” indicates valid data with an hourly data coverage below 50%. This flag is not used in the present dataset
since the data coverage is specified for each hourly point.

e Flag “999” indicates invalid data and was mostly associated with mechanical problems of the instrument, high noise
and background levels or a significant irregularity in the sampling flow.

215

4.3 Definition of uncertainties

In this section we quantify the uncertainty connected with the eBC mass concentration presented in the current dataset. The
absorption coefficient measured with the MAAP and adjusted to a wavelength of 637 nm is associated with a random
uncertainty of + 15% (Zanatta et al., 2016). Besides this random error, the absorption coefficient and eBC mass concentration
220 may be subject to errors induced by the presence of externally mixed light absorbing aerosol particles different from black

carbon, the influence of relative humidity and the choice of mass absorption cross section (Table 2).

Table 2 Description of uncertainties associated with eBC quantification at the Cimone station

Source Type Estimation Details
Instrumental uncertainty Random +15% Quantified by Zanatta et al. (2016)
Upper estimation +15% Estimated following Rovira et al. (2025) using an absorption
Contribution of brown Angstrém exponent of 1.2
carbon to absorption Lower estimation +3% Estimated following Rovira et al. (2025) using an absorption

Angstrom exponent of 0.8

Upper estimation +7% Estimated from dust mass concentration using a mass absorption
cross-section of 16 m? g”' (Caponi et al., 2017). Valid only for
Contribution of mineral dust dust days as identified by Vogel et al. (2025).

to absorption Lower estimation +3% Estimated from dust mass concentration using a mass absorption
cross-section of 6 m? g (Caponi et al., 2017). Valid only for dust
days as identified by Vogel et al. (2025).

o Upper estimation +30% Estimated propagating the 1.33 geometric standard deviation
Variability of the mass . . . . .
associated with mass absorption cross section of ambient BC as

absorption cross section .
defined in Zanatta et al. (2016)
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Lower estimation -25% Estimated propagating the 1.33 geometric standard deviation
associated with mass absorption cross section of ambient BC as

defined in Zanatta et al. (2016)

4.3.1 Assumption of mass absorption cross-section

The mass absorption cross section (MAC) was used to convert the aerosol absorption coefficient to eBC mass concentration.
Due to the inability of quantifying a site-specific MAC for CMN, we assumed a constant value. This assumption is crucial
since MAC varies as function of combustion conditions (Corbin et al., 2019, 2022) and degree of internal mixing (Zanatta et
al., 2018; Yuan et al., 2021), which, in turns, evolves as function of atmospheric conditions (Zanatta et al., 2025a) and cloud
processing (Zanatta et al., 2023). Considering the seasonal variability of carbonaceous aerosol properties at CMN (Marinoni
et al., 2008; Cristofanelli et al., 2013), it is fair to expect a seasonal variability of extensive optical properties as function of
the season, as observed in other western Mediterranean mountain stations (Pandolfi et al., 2014; Tinorua et al., 2024). As
described in Section 4.2, eBC was calculated from the aerosol absorption coefficient using a MAC value of 10 m? g'! (Zanatta
et al., 2016). This value represents the properties of internally mixed black carbon particles in background conditions being
suitable for converting the aerosol absorption coefficient at background station as CMN. The geometric standard deviation
(1.33) associated with the European MAC value may lead to an additional uncertainty of + 30% and -25% on the eBC mass

concentration calculated at CMN.

4.3.2 Contribution to absorption of organic matter

Absorbing organic matter, also known as brown carbon (BrC), contributes to the total aerosol absorption coefficient, especially
in the near UV range (e.g. Kirchstetter et al., 2004). The contribution of organic matter to the total absorption coefficient may
be estimated assuming that BC is the sole aerosol absorber in the near-IR range and that its absorbing contribution follows a
defined power law decay with wavelength (e.g. Yus-Diez et al., 2022). We estimated the contribution to absorption of BrC at
CMN for the 2020-2024 period using multi-wavelength measurement of the aerosol absorption coefficient performed with 7-
wavelength aethalometer (Model AE33 Magee Scientific; Drinovec et al., 2015). First, the absorption coefficient was adjusted
at 637 nm to match the MAAP wavelength using the observed Absorption Angstrém Exponent (AAE). The absorption related
to BrC (Absgc) was estimated as the difference between the total absorption and the BC absorption (Absgc). The latter was
estimated by adjusting the absorption measured at 880 nm to 637 nm using a fixed AAE representative of pure BC (AAEgc):

AAEBc

880
Absg,c(A)  Absro(A) — Abspc(2)  AbSror(2) — Abspc(880nm) (T) 1
AbSTot(/D B AbSTot(/D B AbSTot(/D

AbsFrg..(1) =

More details on BrC estimation are given by Yus-Diez et al. (2022) and Rovira et al. (2025), while more detail about

aethalometer observations at CMN are given in Renzi et al. (2025). To provide a range of estimations we used two different

10
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AAEgc (0.8 and 1.2). Overall, the median contribution of BrC to the total aerosol absorption coefficient at 637 nm varied
between 3% and 15%. This background contribution showed a clear seasonality causing higher uncertainty in the eBC
concentration quantification during the winter months, compared to summer (Figure 2). This result is comparable with other
locations distributed across Europe (Rovira et al., 2025). In the 590-660 nm wavelength range, in European mountain sites like
CMN (e.g. Jungfraujoch, Helmos), the contribution of absorption of organic matter was 8-9%, while being slightly higher in
regional background sites (8-10%).

4.3.3 Contribution to absorption of mineral dust

CMN is regularly influenced by dust transport events (Vogel et al., 2025b) and mineral dust shows a non-negligible absorption
towards shorter wavelengths (Linke et al., 2006). Considering that intense dust transport events may control the aerosol
absorption coefficient (Pandolfi et al., 2014; Bukowiecki et al., 2016), we investigate the potential contribution of mineral dust
particle to the aerosol absorption coefficient. Days affected by dust transport events from the Sahara were identified following
Duchi et al. (2016), and the dataset was separated into dust days and dust-free days.

During dust days the AAE increase, compared to dust-free days, especially towards the near-UV range, indicated enhanced
absorption by non-BC particles. However, the contribution of non-BC absorbing aerosol, estimated following Section 4.3.2,
remained noisy (3—21%) and showed no clear seasonal pattern. The possible internal mixing of mineral dust with organic
matter prevents an unambiguous attribution of the additional absorption exclusively to dust and not BrC. Hence, we estimated
the contribution of mineral dust to absorption coefficient with an alternative approach. For dust days, the dust particle
concentration (PMpys) was calculated as the mass concentration of particles having a diameter larger than 1 um (Vogel et al.,
2025b). The Saharan dust absorption coefficient (Abspusi) Was then calculated as the product of the dust mass concentration
with the mass absorption cross-section (MACpus). Finally, the fractional contribution of dust to the total aerosol absorption

coefficient (AbsFrpys) was estimated as the ratio of Abspus over total absorption:

AbsDust(A) _ PMDust * MACDust(/l)

AbsFT, A1) = =
pust () = 5 @ Abs700(A)

Since optical properties of dust are highly variable, In Equation 2 we used two MACp, representative of the North African
regions. Hence, we provided a lower and upper limit of AbsFrpus using 6.0 10° m? g'! and 16 10 m? g”! (A=635 nm; Caponi
et al., 2017). Dust contribution appeared to have a seasonal variability, reflecting the strong event frequency and intensity
(Figure 2). For the current dataset, we identified 706 dust transport days (representing 14% of the eBC dataset) in which the
median contribution to absorption ranged between 2.7% and 7.2%, representing one additional source of error for eBC
quantification using filter-based absorption photometer. It must be considered that PMp,s is based on the quantification of the

total coarse PM; hence, it might contain a non-negligible mass of non-dust component, associated with the local background
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or sea salt aerosol particles (Marenco et al., 2006). As a consequence, the AbsFrp,s presented here describes an upper limit of

uncertainty introduced by Saharan dust events at CMN.

20—
m Brown carbon Saharan dust

-
[§)]
|
"

A

[9)]
|

Contribution to absorption [%]
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=
|

_
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Month of the year

Figure 2 Estimated seasonal contribution to the aerosol absorption coefficient (wavelength = 637 nm) for brown carbon (2020-2024)
and Saharan dust (2007-2024) particles. The bar width represents the range of absorption contribution considering the a MAC
range for dust particles between 6.0 10-3 m? g'! and 16 10-3 m? g, and a AAE range for BC between 0.8 and 1.2.

4.1 Sampling line drying efficiency

Sampling bias may occur due to water condensation in the sampling lines and the hygroscopic growth of hydrophilic particles.
Additionally, filter-based absorption photometers are sensitive to relative humidity, leading to overestimation at RH >40%
(Arnott et al., 2003). We thus addressed the variability of the conditions inside the sampling line as a function of the various
setups and compared it with atmospheric conditions. As discussed in more detail in Section S2 and Section S3, a permanent
increase in temperature within the sampling line ensured the drying of the sampled air (Figure S3), even though the efficiency
of drying strongly depends on the sampling line setup (Figure S4). Here we focus on the drying efficacy under different cloud
conditions. The distributions of daily averaged RH in the sampling line for cloud-free, cloudy, liquid-cloud, and frozen-cloud
days during each inlet configuration are shown in Figure 3. Overall, the presence of cloud increases the average RH in the
sampling line, from 24% on cloud-free days to 31% on cloudy days. The fraction of days with mean RH above 40% is larger
for liquid-cloud conditions than for frozen clouds (Figure 3a). Over the entire 2007-2024 period, only 6% of days exhibited
mean RH above 40%, and these episodes are mostly associated with persistent cloud, which introduces higher uncertainty in
the measurements. This uncertainty degree depends on the sampling setup. During Periods A—C (Figure 3b,c,d), indirect
heating of the inlet was effective in keeping the sampled air-dry during cloud-free conditions, maintaining at least a 10 K
difference between inlet temperature and ambient dew-point temperature. Under cloudy conditions, however, RH in the
sampling line frequently exceeded 40%, though it remained below 60%, indicating that passive, room-temperature heating is
insufficient to ensure dry sampling during sustained cloud presence. This limitation is more evident in summer, when liquid-

cloud conditions and smaller ambient-to-room temperature gradients occur, and less critical in winter during freezing
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conditions. In contrast, during Periods D and E, although shorter in duration, the active drying maintained RH consistently
below 30% even on liquid-cloud days and substantially reduced the variability between cloudy and cloud-free conditions
(Figure 3e,f). These results demonstrate that active drying provides high repeatability and significantly reduces humidity-

related uncertainty at mountain observatories.

= All conditions Cloud free @ Allcloud = Liguid cloud Frozen cloud
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Figure 3 Histograms of the relative humidity measured in the sampling line during cloud events as function of the various
configurations of the inlet line: a) overall; b) period A, downward looking inlet and M9003 nephelometer, 2007-2007; c) period B
whole air inlet 1 M9003 nephelometer, 2007-2013; d) period C, whole air inlet 1 and TSI3565 nephelometer, 2014-2022; e) period D,
whole air inlet 2 and TSI3565 nephelometer, 2022-2023; f) period E, whole air inlet 2 and AURORA3000 nephelometer, 2023-2024.

5 Dataset application

In this section, we describe potential applications of the dataset itself and in combination with auxiliary datasets. The objective
is to demonstrate the robustness of the data and its flexibility ensured by the detailed quality assurance and high temporal
resolution. We will first present a climatological application for the quantification of long-term trends; second, the integration

of seasonal and dial scales processes in combination with reanalysis products; third the validation of numerical products.

5.1 Quantification of long-term trends

The number of sites measuring aerosol properties has been constantly increasing since the ‘90s, ensuring the availability of
multi-decadal datasets worldwide (Laj et al., 2020). As emphasized by Collaud Coen et al. (2020b), multi-decadal datasets are
uniquely valuable because they allow trends to be distinguished from natural variability allowing capturing changes at different

temporal scales. Here, the trend analysis proposed by Collaud Coen et al. (2020a) was performed on several temporal
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aggregations, primarily using monthly median values. Figure 4a shows the full dataset with daily and monthly aggregations.
The resulting analysis reveals a long-term decrease in eBC concentration of 55 ng m™ decade™, consistent with reductions in
mountain sites across Europe (Laj et al., 2020). Seasonal aggregation (Figure 4b) indicated that eBC trend varied across
seasons, with the steepest decline in spring and almost null variation in winter. The high temporal resolution enables to
calculate separately trends for summer daytime and winter nighttime periods (Figure 4c), which represents two contrasting
regimes in which CMN is more representative of boundary-layer influence (summer daytime) and free-tropospheric conditions
(winter nighttime). Such separation allows assessment of whether long-term trends differ under distinct atmospheric regimes

and supports interpretation of processes that may not be captured in seasonally aggregated data.
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Figure 4 Time series of observed equivalent black carbon mass concentration (eBC) in the 2007-2024 period with different
aggregations: a) daily and monthly time series; b) daily and monthly time series aggregated per seasons c) hourly and monthly time
series aggregated per season and time of the day. Trend lines calculated on monthly median values. Seasons definition : Winter =
December, January, February; Spring = March, April, May; Summer = June, July, August; Autumn = September, October,
November. IQR stands for interquartile range. Time of the day definition: Daytime = 07:00-19:00; Nighttime = 12:0-04:00.
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5.2 Integration with reanalysis data to study local processes

Due to its altitude and regional orography, the CMN site alternates between free-tropospheric and boundary-layer conditions,
with the relative contribution of each regime varying seasonally and diurnally (Collaud Coen et al., 2018; Cristofanelli et al.,
2021). By using eBC concentration as a tracer for anthropogenic emissions in the planetary boundary layer (PBL), the
efficiency and frequency of vertical transport from the PBL to the free troposphere can be inferred. The diel and seasonal
evolution of the PBL promotes vertical export of pollution to high altitude observatories (Cristofanelli et al., 2007; Brattich et
al., 2020; Tinorua et al., 2024). Even if the mesoscale PBL remains lower than the mountain site altitude, thermally driven
winds are able to bring pollution along slopes up to mountainous ridges and summits (e.g. Nyeki et al., 2002; De Wekker et
al., 2004). In absence of atmospheric remote sensing observations, we combined eBC observations with the PBL height
available with a 0.25°x0.25° resolution within the “ERAS hourly data on single levels” dataset (Hersbach et al., 2020) to verify
the diel and seasonal vertical transport of pollution from the PBL to the mountain top. The PBL height was extracted within a
grid box over the Po Valley (11.0-12.0°E; 44.5-45.0°N) on hourly averages between 2007 and 2024. This dataset represents
the dynamics of the atmosphere over the nearest pollution source of CMN, allowing to address vertical transport from the
surface to the free troposphere above one of the most polluted regions of Europe. A preliminary analysis aimed to define the
seasonal cycle of eBC mass concentration and PBL height during daytime in the 2007-2024 period (Figure S 5). Both variables
followed a clear seasonal pattern, with low concentration in winter months, when the PBL remains at its yearly minimum and
higher concentration in concomitance with the maximum extent of the PBL. The high correlation (R?>=0.95) between the
monthly median of eBC and the PBL height (Figure 5a) indicates that eBC concentration responds linearly to the PBL seasonal
cycle. Additional analysis at higher temporal resolution considering the diel variation of eBC and PBL, which shared a similar
daily cycle (Figure S 5), was performed. In contrast to the monthly aggregation, the hourly resolved data of eBC and PBL
showed a not-linear relationship (Figure 5b), indicating the contribution of micro-scale processes not captured by ERA-5, the
influence of local emissions or the effect of cloud and precipitation removal. Because of the extensive data coverage, anomalies
or particularly intense events or deviations from a “climatological” background may be identified and addressed in more detail.
The integration of additional ERAS wvariables such cloud cover or large-scale precipitation can help to disentangle the
contribution of changing meteorological conditions, potentially affected by climate warming, from the overall decrease in
anthropogenic emissions observed in Europe. This approach could be furthermore verified with transport models acting on the

removal (active and inactive scavenging) and emission (constant and varying emission) modules.
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Figure 5 Correlation between daytime eBC concentration and daytime height of the planetary boundary layer: a) Correlation
aggregated per months; b) Correlation aggregated for time of the day. Hourly and monthly aggregated median and interquartile
range (IQR).

5.3 Comparison with numerical models

To illustrate the potential use of the CMN eBC dataset for model evaluation, we performed a comparison with FLEXPART
Lagrangian particle dispersion simulations obtained within the ATMO-ACCESS program through the ACTRIS/NILU
FLEXPART Request portal. While the data products are visible via graphical interface selecting the station code ITOO6R they
are openly accessible at https://doi.org/10.82160/2cgx-594 (Evangeliou et al., 2025). FLEXPART (Stohl et al., 2005; Pisso
etal., 2019) provides source-receptor relationships and air mass residence times that help identify the geographical and vertical
origin of the air masses sampled at the station. ACTRIS FLEXPART post-processed analysis offers various products including:
1) the footprint emissions sensitivity; ii) the contribution of seven anthropogenic and one natural sources; iii) the continental

origin; iv) the suspension time. Although several products are available; for this specific assessment, we compared the
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observations of eBC with the total BC concentration estimated by FLEXPART reaching the CMN coordinates and altitude for
30 days particle tracking. More details on the whole array of FLEXPART data products are given in Section S5. The
simulations cover the years 2007-2024 offering a full representativity of the observational period with a temporal resolution
of 3 hours. The model-observation intercomparison presented here is not intended to provide a full attribution analysis, but
rather to demonstrate how the long-term eBC record can be combined with transport modelling to assess the representativeness
of simulations considering the difficulty of representing transport processes at high altitudes. We compare the FLEXPART
simulations with in-situ BC observations at both high (daily) and medium (monthly) and low (yearly) temporal resolution. At
daily scale, FLEXPART is able to capture short-term BC variability during pollution events, closely following the timing and
magnitude of elevated concentrations (Figure S 6). On monthly scale, the model reproduces the main features of the observed
seasonal cycle, including the pronounced summer maximum and winter minimum (Figure 6a). The trend analysis performed
on FLEXPART data provides a decrease quantified to be -44 ng m™ decade™, similar to observations. However, the
FLEXPART estimated annual BC concentrations appear to have an almost constant positive offset centred around 0.026 ug
m~ (Figure 6b) with slightly positive values in winter (median = 0.051 pg m=) and negative values in summer (median = -
0.017 ng m™). The weight of this offset become more evident analysing the ratio between FLEXPART and observed BC
concentration (Figure 6¢). While the absolute summer offset of FLEXPART appears to be minor in relative terms, the small
positive overestimation in winter times leads to a considerable relative deviation in winter months, up to a factor of 13 on a
single month. This simplified diagnostic highlights substantial stability of FLEXPART performances across the considered
period, suggesting an accurate representation of long-term atmospheric variability. However, even small absolute offset may
produce significant FLEXPART overestimation in winter months, when ambient concentrations are close to the instrumental
detection limit. The long-term BC dataset presented here can therefore support detailed evaluations of model skill across
temporal scales and help assess the representativeness of decadal trends and of free-tropospheric versus boundary-layer

conditions.
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Figure 6 Comparison between eBC observations and modelled BC (FLEXPART) at CMN: a) observed and modelled median of BC
mass concentration at monthly and annual resolution; b) difference between modelled BC and measured eBC mass concentration
for daily and monthly median; c) Ratio between modelled BC and measured eBC for daily and monthly median. Data color-coded
for seasons: Winter = December, January, February; Spring = March, April, May; Summer = June, July, August; Autumn =
September, October, November. IQR stands for interquartile range.

19



415

420

425

430

435

Earth System
Science

Data

https://doi.org/10.5194/essd-2026-211
Preprint. Discussion started: 27 April 2026
(© Author(s) 2026. CC BY 4.0 License.

Open Access
suoIssnasIqg

5.4 Equivalent black carbon product dataset collection over Monte Cimone, Italy 2007-2024

While the aerosol absorption coefficient (Level 2, station code ITO0O09R) is annually submitted to the EBAS data repository
and publicly accessible at https://ebas-data.nilu.no/ (last accessed 17/12/2025), in this part of the work we present and describe
the structure of the dataset named “Equivalent black carbon product dataset collection over Monte Cimone, Italy 2007-2024”

which is publicly available on the ITINERIS-HUB data repository (https://hub.itineris.cnr.it/datasets/; last accessed

11/02/2026). The ITINERIS-HUB is an access point to the collection of data, analytics tools, services and training provided
and organized by various Italian research infrastructures in the environmental scientific domain for the observation and study
of processes in the atmosphere, marine domain, terrestrial biosphere, and geosphere. The dataset is organized in annual files,
named “YYYY MAAP_eBCmassconcentration CMN”, corresponding to one full calendar year and containing instrumental
and ambient variables equally spaced in time by 1 hour. Files are provided in TXT format. Each datafile is composed by a
header specifying the metadata followed by the timeseries of the variables. The metadata provides information on: i) the CMN
observatory and contact persons; ii) the instrumentation, its uncertainties, and sampling conditions; iii) each of the 18 time-
dependent variables, including their name, unit, and statistics. Two variables describe the starting (start_time) and ending time
(end_time) of the observations, and they are calculated as the elapsed time since the midnight on the first of January (UTC).
Time is here reported as fractional time where 1 hour correspond to 1/24™ of a day (0.041667). Three variables describe the
condition inside the sampling line and account for pressure (int_p), temperature (int_T), and relative humidity (int RH). Eleven
variables report the concentration of equivalent black carbon mass concentration (eBC) including different statistics calculated
over 1 hour. The last two rows report the fraction of valid data points for the specific hour as a fraction (DataFr), and the EBAS
data flag (numflag). A full description of each time dependent variable is listed in Table 3. The dataset is paired with a PDF

file named “DatasetDescription” providing a description of the dataset structure and the underlying data treatment.

Table 3 Description of the time dependent variables of the dataset “Equivalent black carbon product dataset collection
over Monte Cimone, Italy 2007-2024”, including their name, acronym, unit and statistics (calculated over a 1 hour time
stamp).

# Name Acronym Unit Statistics

1 Start time of measurement start_time Fractional days -

2 End time of measurement end_time Fractional days -

3 Internal pressure int_p hPa arithmetic mean
4 Internal temperature int_T K arithmetic mean
5 Internal relative humidity int_RH % arithmetic mean
6 eBC mass concentration eBCmean ug/m3 arithmetic mean
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7 eBC mass concentration eBCsd ug/m3 standard deviation
8 eBC mass concentration eBCpc10 ug/m3 10" percentile
9 eBC mass concentration eBCpc16 ug/m3 16" percentile
10 eBC mass concentration eBCpc25 ug/m3 25" percentile
11 eBC mass concentration eBCpc50 ug/m3 50" percentile
12 eBC mass concentration eBCpc75 ug/m3 75" percentile
13 eBC mass concentration eBCpc84 ug/m3 84" percentile
14 eBC mass concentration eBCpc90 ug/m3 90" percentile
15 eBC mass concentration eBCmax ug/m3 maximum

16 eBC mass concentration eBCmin no unit minimum

17 Measurement data coverage | dataFr no unit fraction

18 Measurement flag numflag no unit

5.5 Complementary datasets

Other complementary datasets were used in the present work to evaluate the instrumental uncertainties and explore the

applicability of the main eBC dataset. These datasets are produced within a wide integration of i) national project ITINERIS,

ii) European research infrastructures such as ACTRIS-RI and ICOS-RI, iii) Copernicus products.

Meteorological data since 2018 “ICOS ATC Meteo Release from Monte Cimone (8.0 m)” (Cristofanelli et al., 2025)
are available on the ICOS data portal (https://hdl.handle.net/11676/-23mwxRIF7b_gqqmw3KyhAfi).

The contribution of organic carbon to the light absorption coefficient was extracted from the wavelength-dependent
optical properties of aerosol particles available as Level 2 on the EBAS data repository (https://ebas-data.nilu.no/)
and referring to the station ACTRIS-RI station of “Monte Cimone”.

The contribution of dust particles to light absorption coefficient was extracted from the dataset “Dust event
identification product dataset collection over Monte Cimone, Italy 2003-2023” (Vogel et al., 2025a), publicly
available on the ITINERIS-HUB data repository (https://doi.org/10.71763/xdza-fa77).

The eBC concentration was integrated with the PBL height, which is one of the many variables composing the dataset
“ERAS5 hourly data on single levels from 1940 to present” (DOI: https://doi.org/10.24381/cds.adbb2d47 ). The
dataset, described by Hersbach et al. (2020) is publicly accessible on the Copernicus Climate Data Store
(https://cds.climate.copernicus.eu/).

eBC concentration was compared with the total black carbon concentration calculated with FLEXPART. The
“FLEXPART model tools for black carbon observed in Monte Cimone, Italy (ITO009R) (Evangeliou et al., 2025)
includes footprint sensitivities and sector-, region-, and age-resolved source contributions to surface black carbon
concentration. The data are publicly available and may be visualized with a graphical interface and are publicly

available at https://doi.org/10.82160/2cgx-5194.
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6  Summary and outlook

In this work we present 18 years of equivalent black carbon (eBC) mass concentration in-situ measurements at the CMN site
with a filter-based absorption photometer, together with a full characterization of the data processing, associated uncertainties,
and potential applications. The high temporal resolution and multi-seasonal coverage of the dataset provide a basis for
investigating eBC trends, thus contributing in assessing the effectiveness of air quality and climate mitigation policies, and
evaluating the influence of boundary-layer dynamics and free-tropospheric conditions on eBC variability. This dataset enables
future applications such as integration with meteorological reanalyses (e.g. ERAS), validation of regional and global transport
models (e.g. FLEXPART, CAMS), and assessment of aerosol perturbations linked to decadal circulation anomalies or climate
variability. Given that the Mediterranean is recognized as a climate-change hotspot, sustained long-term observations such as
those presented here are crucial for disentangling the impact of emission reduction policies from climatic feedback on
pollutants concentration and detecting emerging perturbations. With these considerations in mind, the dataset is made openly
available to support further research and to facilitate its integration into broader multi-station analyses within the ACTRIS and
WMO/GAW networks.

Beyond its scientific applications, this work highlights broader structural challenges associated with maintaining long-term
atmospheric observations. The operation and maintenance of the measurements, and the transmission, validation and
interpretation of the data require regular investment ensuring systematic upgrading of the infrastructures and its operability
which relies on specialized technical and scientific personnel. In this context, international initiatives play an important
supporting role. The European research infrastructure ACTRIS promotes sustained national investments in atmospheric
observation systems, while the GAW/WMO programme provides a collaborative framework and a recognized quality standard
for atmospheric monitoring. Together, these initiatives contribute to strengthening the quality, coordination, and long-term

sustainability of atmospheric observations.
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