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ABSTRACT

Atmospheric aerosol particles are key for regulating Earth’s atmosphere processes, and are
estimated to present an overall cooling effect on the Earth’s climate. Given the current climate
change crisis and the need for precise mitigation measures on anthropogenic emissions, it
is paramount to reduce the uncertainties related to the actual degree of this cooling effect
and the impact that the reduction on the aerosol particles emissions will have on the Earth’s
radiative forcing and global temperature. The main sources of uncertainty of the contribution
of aerosol particles to the radiative balance are associated to their highly variable and
heterogeneous spatial and temporal distribution, to the large array of aerosol species with
varying physico-chemical properties, and to the measurement errors. In particular, the most
important aerosol species with regards to their absorption properties and effect on climate as
warming agents are black carbon (BC), the organic aerosols (OA) absorbing fraction, referred
to as brown carbon (BrC), and, potentially, mineral dust.

The Mediterranean basin is a region in Southern Europe heavily affected by anthropogenic
emission sources, as well as from natural sources such as wildfires, Saharan dust mineral
outbreaks and other biogenic processes. The multiple sources coupled with the meteorological
conditions and the abrupt topography favour the accumulation and recirculation of air masses,
especially during summer, which onsets the ageing of particles at several layers above ground,
giving place to a complex mixture of aerosol particles.

In this context, this PhD thesis main focus is on the characterization of the optical properties
of the BC, BrC and mineral dust particles, and its variations under different meteorological
scenarios over an area on the Western Mediterranean Basin (NE of Spain). More specifically,
this thesis addresses improvements in i) the determination of the absorption coefficients from
a highly deployed instrument, the dual-spot multi-wavelength AE33 aethalometer, via a novel
approach; ii) the characterization of the horizontal and vertical distribution of the aerosol
particles physico-chemical properties at a regional recirculation event and a Saharan dust
event; and iii) the analysis of the effects on the absorption enhancement of the BC particles
by its mixing with BrC and other non-absorbing organic and inorganic aerosols. Finally, this
thesis describes the optical properties of mineral dust at an emission source in a Saharan arid
region and introduces the variations related to the types of events and the strength of the
emission processes.

With this aim, this thesis combines datasets from monitoring stations at three different
backgrounds and an intensive measurement campaign with instrumented flights in NE Spain,
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in addition to an intensive campaign in a mineral dust emission area in the Saharan outskirts.
The monitoring stations in the NE of Spain are operated by the EGAR group (IDAEA-CSIC) at
an urban background in Barcelona (BCN), a regional background in Montseny natural park
(MSY), and a remote mountain-top station in Montsec d’Ares mountain range (MSA).

A multi-instrumental analysis of the multiple scattering of the sampled particles deposited
in the filter from which the aethalometer AE33 derives the absorption enabled an in-depth
analysis of the parameter introduced by the aethaloemter, the C parameter. It was found
that the multiple scattering has a very rapid increase for highly efficient scattering particles.
Indeed, at the regional station of MSY and the mountain-top site of MSA, it was measured
up to a 3-fold increase when the single-scattering albedo (SSA) was above 0.92-0.95, which
implies that for highly scattering particles, the absorption provided by the AE33 can potentially
be overestimated by a factor of 3. At MSA station, this sharp increase is associated to
the influence of the Saharan dust particles, whereas at MSY it is linked to the presence
of very efficient scattering OA particles. Conversely, at BCN urban background station,
the C parameter did not show this sharp increase since the sampled particles SSA do not
usually present values above the 0.92-0.95 threshold. Moreover, the C parameter showed an
statistically significant increase with the wavelength at the mountain-top station, MSA, which
was mainly linked to the presence of very high SSA values and mineral dust particles. As a
consequence of this increase towards the longer wavelengths, the wavelength dependence of
the absorption coefficient derived from the multi-wavelength AE33 showed a 13% increase
when using a wavelength dependent parameter instead of a constant one.

Summer regional recirculation and Saharan dust events are highly frequent during the
summer months, with a high impact on the atmospheric aerosol particles concentrations
over NE Spain. Aerosol measurements from the monitoring stations and via instrumented
flights during this events enabled the characterization of the horizontal and vertical spatial
distribution of their physico-chemical properties over the main area of study. During the
recirculation patterns the layer below 1.5 km a.s.l., i.e. the planetary boundary layer
(PBL), presented very homogeneous values both in the vertical profiles and between the
measurement stations, albeit with a slightly larger influence of the fine particles from the
anthropogenic and biogenic sources at MSY compared to MSA. The vertical profiles showed a
highly stratified atmosphere above the PBL, with multiple aerosol layers, mostly with aerosol
particles similar to those closer to the surface, although some of these layers contain BrC
particles from wildfires. During the Saharan dust event, due to its higher exposure to the
long-transport of aerosol particles, the mountain-top station showed a higher impact of the
mineral dust particles. The vertical profiles show an impact over the whole atmosphere with
an increase in the relative contribution with height. Moreover there were several layers
where the relative contribution from mineral dust particles was higher.

The highly absorbing BC particles are not usually sampled in a pure state in the atmosphere,
rather they are typically mixed with other organic and inorganic aerosols which have the
potential to alter their absorption properties. This mixing produces an enhancement of the
absorption efficiency of the BC particles which, as a result of the high spatial and temporal
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variability of the mixing material, has been found to be highly region dependent. Indeed,
higher absorption enhancement values were found at the regional station (MSY) than at
the urban station (BCN) as a consequence of the higher amount of OA, with an average
absorption enhancement of 1.42 and 1.87 at a wavelength of 637 nm at BCN and MSY,
respectively. The absorption enhancement showed an exponential increase with the amount
of material available for mixing, with values up to 2 at BCN and 3 at MSY. The seasonal
and trend evolution of the absorption enhancement presented a high dependency with the
evolution of secondary OA at the MSY station, with higher values during summer, when
the SOA to OA ratio increases, and an s.s. increase over the last decade, also due to the
s.s. increase in the SO to OA ratio. At BCN station, no trend was found and the highest
values were recorded during the winter period, where the accumulation of highly absorbing
OA particles, i.e. BrC particles, both from primary and secondary organic aerosols from
traffic, cooking, biomass burning and the oxidation of OA particles, produced the largest BC
absorption enhancement.

Finally, the optical properties of Saharan mineral dust particles were characterized through
an intensive measurement campaign at an emission area in SE Morocco, at the outskirts of the
Sahara desert. The campaign was characterized by overall low particle number concentration,
with frequent sharp increases in the particle number concentration and the extensive optical
properties. These increments are due to the local saltation processes emitting dust particles
into the atmosphere, as well as some sporadic larger number and mass concentration values
as a combination of the advection of dust and local saltation during Haboob storms. The
results showed similar overall behaviour to other similar campaigns, with average values
of SSA around 0.97 and a MAC of around 0.04 m2g�1, at 525 nm, an absorption Ångström
exponent (AAE) of 2.2, and an asymmetry parameter of 0.65. Moreover, the optical properties
converged towards those measured at laboratory chambers using soil samples as the strength
of the dust emission processes increased, with AAE reaching values up to 2.5, SSA significantly
decreasing for the short-UV wavelengths as a consequence of the larger relative proportion of
iron-oxides particles, and the asymmetry parameter increasing as a consequence of the larger
fraction of coarse particles.

In conclusion, this thesis provides an advance in the characterization and study on the
most relevant optical properties of the BC particles and its interaction with other organic,
absorbing (BrC) and non-absorbing, and inorganic aerosols, and of the mineral dust particles.
This thesis focuses on measurements performed over the NE of Spain, yet the results can
be extrapolated and applied to other areas with similar aerosol backgrounds, both in the
Mediterranean and other regions on Earth.
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RESUMEN
Los aerosoles y partículas atmosféricas son elementos clave en la regulación los procesos

climáticos de la Tierra, con una estimación neta sobre su efecto sobre el clima a nivel global de
enfriamiento. Dada la actual situación de urgencia climática debido al calentamiento global
y la necesidad de tomar medidas adecuadas de mitigación de las emisiones antropogénicas,
es necesario reducir las incertidumbres sobre el nivel de enfriamiento de los aerosoles atmos-
féricos y sobre el impacto que tiene la reducción de sus emisiones en el forzamiento radiativo
y, por tanto, en la temperatura global de la Tierra. Las principales fuentes de incertidumbre
de la contribución de los aerosoles al balance radiativo están asociadas a la alta variabilidad
y heterogeneidad de su distribución espacial y temporal, la gran cantidad de especies de
aerosoles con diferentes propiedades físico-químicas, y los errores de medida. En particular,
las especies de aerosoles más relevantes debido a sus propiedades de absorción de radiación
y su efecto en el calentamiento del clima son el carbono negro (BC), la fracción absorbente
de los aerosoles orgánicos (OA), conocida como carbono marrón (BrC), y, potencialmente, el
polvo mineral.

La cuenca mediterránea es una región del sur de Europa con un alto impacto de fuentes
antropogénicas y naturales de aerosoles, tales como incendios forestales, intrusiones de polvo
mineral del Sahara, y procesos biogénicos. La combinación de las múltiples fuentes, las
condiciones meteorológicas y la abrupta topografía favorece la acumulación y recirculación
de las masas de aire, especialmente durante el verano, que promueven el envejecimiento y
oxidación de las partículas a diferentes alturas sobre la superficie, dando lugar a una mezcla
compleja de partículas atmosféricas.

En dicho contexto, el principal objetivo de esta tesis es la caracterización de las propiedades
ópticas de las partículas de BC, BrC y polvo mineral, y sus variaciones bajo diferentes
escenarios meteorológicos sobre una región en la cuenca occidental del Mediterráneo (noreste
de España). En concreto, esta tesis presenta avances en: i) la determinación de los coeficientes
de absorción utilizando el aethalometro AE33, el instrumento más extendido en las redes de
monitoreo, mediante la implementación de una nueva metodología; ii) la caracterización de
la distribución horizontal y vertical de las propiedades físico-químicas de los aerosoles durante
eventos de recirculación e intrusiones de polvo mineral saharianas; y iii) la estimación del
efecto en la absorción de las partículas de BC como consecuencia de su interacción con con
partículas de BrC y otras aerosoles orgánicos no absorbentes e inorgánicos. Por último, esta
tesis describe las propiedades ópticas del polvo mineral en una fuente de emisión del Sahara y
sus variaciones según los tipos de eventos y según la intensidad de los procesos de emisión.

xv



Para lograr estos objetivos, en esta tesis se combinan las medidas realizadas en continuo
en estaciones de monitoreo atmosférico y durante una campaña intensiva de medidas en el
noreste de España, y las realizadas en una campaña de medida en un área de emisión de
polvo mineral en el Sahara. Las estaciones de monitoreo en el noreste de España, integradas
en la red de investigación atmosférica del grupo EGAR (IDAEA-CSIC), registran medidas
de aerosoles atmosféricos en diferentes entornos: fondo urbano en Barcelona (BCN), fondo
regional en el parque natural del Montseny (MSY), y en lo alto de la sierra del Montsec d’Ares
(MSA).

Se ha realizado un análisis exhaustivo del parámetro de dispersión múltiple, el parámetro
C, utilizado por el aethalometro AE33 para derivar la absorción a partir de las medidas de
atenuación. Dicho parámetro corrige la difracción múltiple de la radiación producida por
las partículas depositadas en el filtro del AE33. Con el fin de mejorar la caracterización del
parámetro C y su dependencia con la difracción de la luz, se ha llevado a cabo un un análisis
multi-instrumental mediante medidas de referencia de la absorción y la dispersión de la luz.
Se ha demostrado que el parámetro C presenta un notable incremento para partículas con
una alta eficiencia de dispersión. De hecho, en las estaciones de fondo regional y de montaña,
MSY y MSA, el incremento es de hasta 3 veces el valor promedio para albedos (SSA) por
encima de 0.92-0.95, lo que implica que para partículas con un alto nivel de dispersión la
absorción proporcionada por el instrumento puede ser hasta 3 veces mayor que la real. En
la estación de MSA, este rápido incremento se asocia a la influencia de las intrusiones de
polvo sahariana, mientras que en el MSY se debe a la presencia de OA con alto nivel de
dispersión. Por contra, en la estación de fondo urbano, BCN, el parámetro de dispersión
múltiple no presenta dicho aumento, lo cual se debe a la ausencia de medidas con valores de
SSA por encima del umbral de 0.92-0.95. Por tanto, el análisis de la variación de la C con
el SSA resulta de gran relevancia en estaciones de medida con altos valores de SSA, como
son aquellas ubicadas en fondos regionales, de alta montaña o estaciones Árticas. Además,
se ha obtenido una dependencia espectral para el parámetro C en la estación de montaña,
MSA, donde se ha encontrado un aumento estadísticamente significativo con la longitud de
onda debido principalmente a la presencia de altos valores de SSA y de partículas de polvo
mineral. Como consecuencia de este aumento con la longitud de onda de la C, la dependencia
espectral de la absorción mostró un incremento del 13% al usar un parámetro dependiente
de la longitud de onda en vez de uno constante. Dicho incremento es de gran relevancia, ya
que supone que dicho parámetro, ampliamente utilizado en la literatura para determinar
el incremento hacia las longitudes más cortas de la absorción, estaría infraestimado para
medidas de polvo mineral.

Los eventos de de recirculación regional e intrusión de polvo sahariano son altamente
frecuentes durante el verano en el noreste de España, con una gran relevancia en los niveles
de aerosoles atmosféricos. Se ha realizado la caracterización de la distribución horizontal
y vertical de las propiedades físico-químicas de los aerosoles atmosféricos sobre el área de
estudio durante estos eventos a partir de las medidas realizadas de manera continua en
las estaciones de medida de la red EGAR y de los vuelos instrumentalizados. La variación
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de la concentración de los diferentes tipos de partículas en las múltiples capas a lo largo
de la atmósfera, la altura a la que se encuentran, y el grosor de las capas de aerosoles,
tiene un gran impacto en el efecto de los aerosoles en el clima. Durante los periodos de
recirculación la capa por debajo de 1.5 km s.n.m., i.e. la capa límite (PBL), presenta un
alto grado de homogeneidad entre las estaciones de medida y los perfiles verticales, si bien
con una mayor influencia de partículas altamente absorbentes en la moda fina, asociadas a
fuentes antropogénicas y biogénicas, en MSY en comparación con MSA. Los perfiles verticales
muestran una atmósfera altamente estratificada por encima de la PBL, con múltiples capas
de aerosoles compuestas en su mayoría de partículas similares a las medidas cerca de la
superficie, es decir de partículas finas con un gran impacto de BC y otros OAs, con la
excepción de algunas capas con partículas de BrC procedentes de incendios forestales y OAs
envejecidos. Durante las intrusiones de polvo sahariano la estación situada en lo alto de la
montaña, MSA, registra una mayor incidencia del polvo mineral dada su mayor exposición
a las advecciones de aerosoles en capas medias de la troposfera. Los perfiles verticales
muestran la presencia del polvo mineral en toda la atmósfera, con una alta homogeneidad
de los valores de las propiedades ópticas típicos para dichos eventos. Además, se midió un
aumento en la contribución con la altura así como la presencia de capas con una mayor
contribución relativa de polvo.

Las partículas de BC no suelen estar presentes en un estado puro en la atmósfera, sino que
suelen estar agregadas con otros aerosoles orgánicos e inorgánicos que pueden modificar
su elevada capacidad de absorción. Esta mezcla produce un incremento de la absorción,
que presenta una alta dependencia regional como consecuencia de la alta variabilidad
temporal y espacial de los materiales con los que se mezcla el BC. Así, la estación de fondo
regional (MSY) presenta un mayor incremento de la absorción que la urbana (BCN), con
valores promedios de 1.87 y 1.42 para una longitud de onda de 637 nm en MSY y BCN,
respectivamente, debido a la mayor cantidad de OA disponible en MSY. El incremento de la
absorción presenta un aumento exponencial con la concentración de aerosoles con los que
mezclarse, llegando a valores de hasta 2 en BCN y 3 en MSY. La evolución estacional y la
tendencia del incremento de la absorción muestra una gran dependencia con la evolución
de los aerosoles orgánicos secundarios (SOA) en MSY, con valores más elevados durante
el verano y un aumento estadísticamente significativo durante este periodo del año. En
BCN, los valores más altos fueron registrados durante el invierno, cuando la acumulación de
partículas de BrC procedentes de fuentes primarias y secundarias de las emisiones del tráfico,
la quema de biomasa y la oxidación de OA produjo el mayor incremento de la absorción de
las partículas de BC.

Finalmente, se han caracterizado las propiedades del polvo mineral sahariano mediante
una campaña intensiva de medidas en una región de emisión en el sureste de Marruecos, en
la periferia del desierto del Sahara. Durante la campaña se registraron valores de fondo de
concentración del número de partículas muy bajos, con frecuentes y súbitos incrementos,
reflejados también en las medidas ópticas extensivas. Dichos incrementos son consecuencia
de los procesos de emisión de polvo locales, y en menor medida de advección de polvo
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procedentes de Haboobs. Los resultados muestran valores similares a otras campañas de
medidas en el norte de África, con valores promedio de SSA en torno a 0.97 y eficiencias de
absorción por masa de a 0.04 m2g�1, para longitudes de onda de 525 nm, así como un AAE
de 2.2 y un parámetro de asimetría de 0.65. Conforme los procesos de emisión se intensifican,
las propiedades ópticas convergen hacia las medidas obtenidas en cámaras de laboratorio
que usan muestras de suelos, alcanzando valores de AAE de 2.5, el SSA reduciéndose para las
longitudes de onda cercanas al UV debido a la presencia de partículas con óxidos de hierro, y
un parámetro de asimetría en aumento como consecuencia de la mayor fracción de partículas
gruesas.

En conclusión, esta tesis presenta un avance en la caracterización y estudio de las
propiedades ópticas más relevantes de las partículas de BC y su interacción con otras partícu-
las orgánicas, absorbentes (BrC) o no, e inorgánicas, y de las partículas de polvo mineral.
Esta tesis se centra en las medidas realizas sobre el noreste de España, si bien sus resultados
pueden ser extrapolados y aplicados en otras regiones con fondos de partículas y aerosoles
atmosféricos similares, tanto en el Mediterráneo como en otras regiones de la Tierra.
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1
INTRODUCTION

The Earth’s atmosphere is a complex dynamic fluid that is retained by Earth’s gravity over its
surface and that interacts with the rest of the Earth’s system, playing a key role in regulating
life as well as the processes that modulate the Earth evolution. The atmosphere is composed
of a mixture of molecules and aerosol particles either in a gaseous, liquid or solid state,
that together with Earth’s surface are the main systems responsible for energy transfer from
solar and terrestrial electromagnetic radiation into the atmospheric system. Therefore, to
correctly characterize an evolving climate, it is crucial to provide an accurate estimation
of the contribution to the Earth’s radiative balance from the different components of the
atmosphere., i.e. the amount of energy transferred into the atmosphere from the interaction
of radiation with these components.

The gaseous composition of the atmosphere is well known and highly stable, with a 78%
of nitrogen, a 21% of oxygen, and a 1% of Argon, with the remaining fraction composed of
a miscellaneous of water vapour and other trace gases. Some of these trace gases (cf. Fig.
1.1) can efficiently absorb solar (e.g. ozone) and terrestrial radiation (e.g. water vapour and
carbon dioxide), and as such are key for the analysis of Earth’s radiative balance (Seinfeld
et al., 1998). Given their absorbing efficiency and their long lifetime in the atmosphere,
gaseous compounds as carbon dioxide, methane, nitrous oxide, and stratospheric ozone are
the most relevant with regards to the Earth climate warming (Szopa et al., 2021). Indeed,
the residence time of greenhouse gases in the atmosphere is of utter importance for climate.
In fact, water vapor is the most abundant greenhouse gas responsible for about half of Earth’s
greenhouse effect due to its high absorption efficiency of infrared, i.e. thermal, radiation
(Schmidt et al., 2010). However, its contribution remains fairly stable over time since it is
self-regulated through rainfall. Conversely, carbon dioxide, which is highly dependent on
anthropogenic emission, has a much longer residence time in the atmosphere, with estimates
of an adjustment time over 100 years (Lord et al., 2015; Köhler et al., 2018). The overall
influence on climate of these gases is well parametrized in the climate models due to the
accurate characterization of their absorption capacity, concentration and lifetime in the
atmosphere, and impact on the radiative balance (cf. Fig. 1.1).

Atmospheric aerosol particles, distributed over the entire Earth’s troposphere, although
with a highly heterogeneous temporal and spatial distribution, present multiple mechanisms

3



Chapter 1 Introduction

through which they can affect the radiative effect, which impairs an accurate determination
of the influence of these aerosol particles on the radiative balance. Overall, aerosols particles
are considered to act as coolers in the climate system (cf. Fig. 1.1), with the most recent
estimate of the net contribution to the radiative balance of -1.23 [-2.0 to -0.6] Wm�2, with
a contribution from the aerosol-radiation interaction of -0.3 Wm�2 and from aerosol-cloud
interaction of -1.0 Wm�2 (Forster et al., 2021). As a consequence, anthropogenic aerosols
present to some degree an offset of the warming caused from anthropogenic greenhouse gases.
The most important aerosol particles with regards to the cooling effects are sea salt particles,
sulphates and nitrates. The most relevant aerosol particles species, given their absorbing
properties and potential impact on a warming climate, are carbonaceous aerosols, especially
Black Carbon (BC), and a large array of organic compounds with high absorption efficiencies
at the ultraviolet-visible range, also known as brown carbon, BrC (Myhre et al., 2013; Szopa
et al., 2021). However, given the complexity for accurately assessing the sign and magnitude
of the contribution of each aerosol species, the aerosols could potentially have a lesser
cooling effect than what is currently assumed. This proves crucial, since Lund et al. (2018)
recently found a weaker immediate cooling effect of aerosol particles on radiative forcing,
with an estimate around -0.17 Wm�2, as a consequence of an improved parametrization of
BC absorption, an increase in the absorption produced by the BrC, and a decrease in the
concentration of sulphates, and consequently on their cooling effect. Moreover, the effect of
mineral dust particles— that represent the second most abundant aerosol specie by mass in
the atmosphere at a global scale— on the radiative balance still presents large uncertainties.
Indeed, although up to this point it has been considered to act as a cooler, recent studies
have shown that mineral dust particles could potentially act as a warming agent on the
atmosphere. This thesis focuses on the study of the optical properties of atmospheric aerosol
particles with special attention on the potentially warming aerosol species, i.e. BC, BrC and
mineral dust.

Atmospheric aerosol particles are defined as suspended fine liquid or solid par-
ticles in the atmosphere, although it is usually restricted to the particulate matter,
hence aerosol and aerosol particles are indistinctly used (Seinfeld et al., 1998). A
single aerosol particle is an aerosol unit with a dimension above 1 nanometer (nm)
made of multiple molecules bonded by intermolecular forces, or as two or more of such
units held together by adhesive forces so that its behaviour is analogue to a unit. The
aerosol particles sizes range from 1 nm to tens of micrometers (µm) in diameter, and
the aerosol particles usual concentration in number ranges between 102 and 106 cm�3

depending on the background characteristics of the measurement site.
The complexity of the characterization of the atmospheric aerosol particles and its
interaction with radiation is mainly associated to the large range of particle sizes,
shape, chemical and physical properties from numerous aerosol sources and emission
processes. These particles remain suspended the atmosphere with varying lifetimes,
where they undergo a large array of physico-chemical processes before being deposited
on the surface.
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1.1 Aerosol particle size distribution
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Figure 1.1: Contribution to the effective radiative forcing (ERF) by the main anthropogenic green-
house gases and aerosol particles. Estimations from emissions from pre-industrial levels
(ca. 1750) to 2019 are based on CMIP6 model (Coupled Model Intercomparison Project
Phase 6). Adapted from Szopa et al. (2021) and Forster et al. (2021), and from Kok et al.
(2017) for mineral dust particles

1.1 Aerosol particle size distribution

Atmospheric aerosol particles present a large range of sizes, from a few nanometers (nm)
up to 30-40 micrometers (µm). These particles can be classified upon their size diameter
(d): nanometric for particles with d< 25 nm, ultrafine if d< 100 nm, fine (d< 1� 2 µm), and
coarse for particles with d above > 1� 2 µm (Fig. 1.2). The mechanisms that regulate the
formation, transformation and removal of atmospheric particles change with the particle size,
therefore creating different peaks in the particle size distribution, which are referred to as
particle size distribution modes. The need for the analysis of each mode and the variations
on the chemical composition, and the particle number and mass concentration is based on
the need for correctly assessing their impact on the optical properties and consequently on
climate.

The particle size mode ranges vary between studies, but are generally defined as: a
nucleation mode for particles with a diameter below 25 nm, an Aitken mode for particles
diameters ranging between 25 to 100 nm, an accumulation mode for particles with diameters
between 100 nm and 1 µm, and a coarse mode for particles ranging between 1 µm and 30-40
µm in diameter (cf. Fig. 1.2).

The nucleation mode contains particles with diameters below 25 nm. The formation
pathways for the particles within this mode is a major topic of research within the scientific
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Figure 1.2: Schematic of the atmospheric aerosol particle size distribution modes, sources, formation
and transformation pathways. The solid lines represent the Aitken, accumulation and
coarse mode, and the dashed line represent the ultrafine particles nucleation mode and
the two peaks within the accumulation that are sometimes observed due to the deposition
processes. Adapted from Finlayson-Pitts and Pitts Jr (1999), originally adapted from Whitby
and Cantrell (1976)

community, with major recent advances (e.g. Lee et al., 2019). A simplified model divides
the particle formation pathways into 3 regimes: i) gas-phase reactions where the net cluster
growth is limited due to the continuous chemical reactions, and vapour uptake and evapora-
tion that creates/destroys small clusters and molecules; ii) a key process where the clusters
are stabilized by ammonia and other amines, and the size growth is promoted by sulfuric acid
condensation; and iii) enhanced growth rate that takes place by the activation of oxidized
organic vapors that enhance the vapor uptake (Seinfeld et al., 1998; Finlayson-Pitts and
Pitts Jr, 1999; Kulmala et al., 2004; Kulmala et al., 2013).

The atmospheric aerosol particles in the Aitken mode (25 < d < 100 nm) are produced
by gas-to-particle conversion, by condensation of low-vapor-pressure products of gas-phase
reactions, and by coagulation of smaller particles in the nucleation mode (Finlayson-Pitts and
Pitts Jr, 1999).

The accumulation mode (100 nm < d < 1µm) is formed by aerosol particles that predomi-
nantly result from semi and low-volatility compounds condensation on the surface of smaller
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particles, and from coagulation of particles in the nucleation and Aitken mode, either by
coagulation with other smaller nuclei range particles or with accumulation mode particles,
as well as from self-coagulation of particles in the accumulation mode that promote further
growth (Seinfeld et al., 1998; Finlayson-Pitts and Pitts Jr, 1999).

The coarse mode (d > 1µm) aerosol particles are mainly emitted into the atmosphere by
mechanical processes such as wind erosion and emission of mineral dust, sea spray, volcano
eruptions and biogenic emissions, among others (Seinfeld et al., 1998; Finlayson-Pitts and
Pitts Jr, 1999).

The nucleation and Aitken modes are the major contributors to particle number concentra-
tion, with over 70-90 % (Charron and Harrison, 2003), yet do not represent more than a few
percent of the contribution to the mass concentration given the small size of particles in these
modes (Fig. 1.2). Conversely, the accumulation mode, albeit only making up just ⇠ 5% of the
particle number concentration, represents around 50% of the total aerosol mass concentration
(Finlayson-Pitts and Pitts Jr, 1999). Similarly, the coarse mode particles, which represent a
small fraction of the total number concentration, contribute largely to the surface, and the
mass and volume concentration, as the surface is proportional to the square particle radius
and the mass and volume to the cube of the particle radius. The ultrafine particles have a
lifetime of hours in the atmosphere, whereas the fine mode particles within the accumulation
mode remain in the atmosphere for long periods of time, with the ability of reaching remote
and isolated locations, with the main mechanism of deposition for the finer particles being
Brownian diffusion and in-cloud and below cloud scavenging. As the particles increase in
size and become coarse, which are also effectively deposited by below cloud scavenging and
gravitational forces, they tend to have a larger sedimentation velocity and a shorter lifespan
in the atmosphere (Seinfeld et al., 1998).

1.2 Aerosol particle sources and composition
The influence that the aerosol particles exert on the atmospheric radiative balance, i.e. their
optical properties, largely depends on their emission origin, the formation processes that they
undergo in the atmosphere, and their chemical and mineralogical composition. Atmospheric
aerosols can be classified upon their formation processes, as primary aerosols and secondary
aerosols, and also based on their origin, either originated by natural or anthropogenic
sources.

Primary aerosols particles are directly emitted as particles into the atmosphere from the
source, whereas secondary aerosols refers to the particulate matter that is formed in the
atmosphere as a consequence of gas-to-particle conversion processes or by coagulation and
condensation processes between gases and atmospheric particles. The major sources of
primary aerosols are those produced by combustion processes in the nucleation and Aitken
modes and those emitted through mechanical processes in the coarse mode, such as mineral
dust and sea salt. Secondary aerosols particles are mainly formed from gaseous precursors
(e.g. sulphur dioxide, nitrogen oxides, ammonia, amines, VOCs, etc.) reacting with already
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formed particles or particle clusters. The formation of secondary aerosol particles mainly
takes place in the fine mode through: i) uptake of precursor gases that result from the
combustion emissions and their photo-chemically transformations, also known as particle
ageing, as well as from condensation or adsorption processes in the nucleation mode, ii)
coagulation and agglomeration of particles in the Aitken and accumulation modes as a
consequence of the Brownian motion of the aerosol particles, and iii) through volatilization
of freshly emitted nucleated particles, that increase the coagulation rate after being volatilize,
and therefore increase the particle growth (Meszaros, 1999; Jacobson et al., 2005).

Natural aerosol emission sources represent the largest contribution to the global load of
aerosol particles in the atmosphere (Gieré and Querol, 2010). The biggest natural sources of
aerosols are of primary origin, mainly sea salt and spray, mineral dust emission from deserts
and drylands, volcanic emissions, wild forest fires and biological emissions, although some
secondary aerosols also contribute to the global load, mostly triggered by natural gaseous
precursors emitted from volcanoes, storms, and the oxidation of biogenic emissions, etc. (Fig.
1.3). Anthropogenic aerosol emission sources do not represent such a large contribution
to the mass concentration of aerosol particles at a global scale (Fig. 1.3), yet, close to
the more populated areas with a higher density of emissions from human-driven sources,
they can account for the majority of the measured aerosols near the surface (Reche et al.,
2011; Pandolfi et al., 2020). The main sources of anthropogenic aerosols are related to
industrial emissions, combustion and non-exhaust processes associated to transportation
(road, maritime and air-flights), domestic use, biomass burning, construction and demolition
emissions, farming and agriculture, among others. Unlike for natural emissions, secondary
aerosols account for an important fraction of the total anthropogenic emissions, mostly from
the oxidation of the inorganics (mostly SO2 and NOx) and organic gaseous precursors (VOCs),
mainly by combustion processes.

The most relevant aerosol particles compounds in the atmosphere according both to their
large contribution to the total aerosol mass load, and to the impact on the radiative balance
of the atmosphere by scattering or absorbing radiation are: mineral dust particles emitted
from arid and semi-arid regions, marine aerosols, particles linked to combustion processes
that result in the emission of black carbon (BC) particles, and/or in highly absorbing organic
aerosols, also referred to as brown carbon (BrC), as well as secondary inorganic aerosols
formed from precursor gaseous species.

1.2.1 Mineral dust particles

Mineral dust particles are one of the largest contributors of atmospheric aerosols by mass on
Earth, with an estimated emission of 5.1 · 103 Tg yr�1 (Gieré and Querol, 2010; Kok et al.,
2021a), accounting for a 32 % of the global aerosol emission load (Fig. 1.3). Of these, most
of the emissions come from natural sources, mainly from arid and semi-arid regions around
the globe (Kok et al., 2021a; Kok et al., 2021b), although a not negligible fraction is of
anthropogenic origin (2%), mainly from agricultural processes, the increase in the aridity
of the soils due to land use changes, construction and demolition processes, and tyre and
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Figure 1.3: Relative contribution to the total mass concentration emission rate (in Tg per year) from
the main aerosol species differentiating upon formation and origin processes. The x-axis
is in a logarithmic scale for visual purposes. Adapted from Gieré and Querol (2010), with
mineral dust mass concentration emission rates from Kok et al. (2021a)

non-exhaust emissions from road traffic at urban level (e.g. breaks and tyre wear; Amato
et al., 2009).

Mineral dust particles are emitted from arid and semi-arid regions under conditions of
high wind-speeds and wind friction velocities. The wind friction velocity is a parameter that
describes the strength of the turbulence of the wind near the surface. Higher wind friction
velocities imply stronger turbulent processes which favour the emission of mineral dust
particles from the surface into the atmosphere (Shao, 2008). The main mechanisms for the
emission of mineral dust particles are: i) direct aerodynamic entrainment if the dust particles
are loose enough over the surface so that a strong enough wind force can directly lift them
from the surface, ii) saltation bombardment from coarser sand particles and/or aggregates of
dust particles that are displaced by the strong wind forces and strike the surface, thus emitting
finer dust particles, and iii) disaggregation of mineral particles from either soil aggregates
and/or dust coated sand particles when this grains impact the soil as a consequence of the
strong wind forces scattering them along the surface.

The mineralogical composition of the dust particles ultimately depends on the mineralogical
composition of the parent soil of the emission area and on the physico-chemical processes
that the mineral particles undergo after being emitted. However, the overall mineralogical
composition for all soil samples presents oxides and hydroxides, feldspars, clay minerals and
other silicates, Ca-rich particles, sulphates, and an array of mixtures and others minerals
(Glaccum and Prospero, 1980; Kandler et al., 2009). With regards to their positive direct
radiative effect, i.e. warming effect, on climate, the most important minerals are those with a
higher degree of iron content (e.g. Claquin et al., 1999; Lafon et al., 2006; Li et al., 2021).
In addition to the impact on the direct radiative effect, mineral dust also influences the
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atmosphere indirectly and semi-indirectly by i) influencing the pathways for cloud formation,
ii) acting as source for ice nuclei (indirectly), and iii) evaporating cloud droplets by absorbing
light radiation adjacent to the dust particles (semi-directly).

The Saharan and Sahel emission areas in North Africa are the major sources of atmospheric
mineral dust particles, with an estimated 50 % of the global dust emission load and an
average yearly emission of around 2.1 · 103 Tg yr�1, and a dust loading of 13 Tg (Kok et al.,
2021b). The importance of Saharan dust particles, in addition to the effects that these
produce over the areas of emission, is that they can be transported over large distances, from
North Africa to the Mediterranean and the European continent, and over the Atlantic to
the Caribbean and south America (Engelstaedter et al., 2006). Other important emission
areas are the arid and semi-arid regions over the Middle East and the Arabian peninsula,
Australia, and the Gobi desert in Asia, with studies showing the possibility of mineral dust
transport over the Pacific Ocean into North America for the latter source area (Biscaye et al.,
1997; Sassen et al., 2003). This ability for long-range transport over large portions of the
atmosphere and the variations in the particle size distribution and mineralogical composition
depending on the source emission areas, states the importance of mineral dust particles in
the radiative balance at a global scale.

1.2.2 Sea salt aerosols

Sea salt and spray aerosols are a form of primary emissions emitted over the ocean surfaces
and by the coastal areas as a result of two processes: i) by the breaking of the waves and
the following emission of aerosols into the atmosphere, and ii) the most important process,
which is the bursting of micro-bubbles at the air-water interface (Vitols and Stipendiat, 1976;
Seinfeld et al., 1998).

Sea salt aerosols represent the second largest contribution to the total global mass con-
centration of aerosol particulate matter in the atmosphere, with an estimated 64% of the
total emissions (Fig. 1.3). The particle size distribution of sea salt aerosol particles is biased
towards the coarse mode, with a mineralogical composition similar to the composition of sea
water. The main species that form sea salt aerosol is NaCl, MgCl2, magnesium and sodium
sulphates.

1.2.3 Carbonaceous aerosols

Carbonaceous aerosol, i.e. aerosol particles that have some amount of carbon content,
excluding carbonates, represent between 2 and 5% of the total emission load of aerosols
into the atmosphere (Fig. 1.3), and can account for up to a 20-40% of the total particle
load concentration at a regional scale close to the emission areas (Putaud et al., 2004).
These aerosols, albeit with a small contribution to the global mass concentration load, are
considered to be the main source of light absorption by aerosol particles in the atmosphere
(Szopa et al., 2021).
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The light absorbing subgroup of the carbonaceous aerosols, known as light absorbing
carbonaceous (LAC) aerosol particles, are subject to many different nomenclature in the
bibliography. These differences are mainly associated to the methodology used for obtaining
the measurements, with different classification depending on whether thermochemical or
optical methods are used (Andreae and Gelencsér, 2006; Moosmüller et al., 2009). The most
common subgroups of LAC according to their measuring method are: elemental carbon (EC)
and organic carbon (OC) from its thermal refractory standpoint, and black carbon (BC) and
brown carbon (BrC) from its optical absorption capacity.

Black carbon (BC) and elemental carbon (EC) denominations refer to the particles formed
by incomplete combustion of gaseous hydrocarbons in high-temperature combustion pro-
cesses ("soot") made-up by a large fraction of graphene layers, formed by graphite structures
of carbon atoms arranged in a 2-D lattice. The thermo-chemical term EC showcases how
refractive the carbon particles are, and is used for carbon that is oxidized by volatilizing the
aerosol sample above a certain temperature threshold, based on the stability of carbon at high
temperatures (Andreae and Gelencsér, 2006). Instead, the optical term BC is defined by the
black colour appearance of the aerosol particles when collected with filter-based instruments,
and is the most widely used therm for the measurements of highly absorbing carbonaceous
aerosols. Given that the optical properties are the focus of this thesis, the latter term, BC, is
the term chosen here, along with equivalent BC (eBC), which stands for the BC inferred via
filter-based optical instruments. Given that these instruments do not directly measure BC
concentration, but the attenuation of light, theoretical mass absorption cross-sections (MAC)
are used to derive the BC concentration from these filter-based instruments (e.g. Petzold and
Schönlinner, 2004).

The formation processes of BC particles from the incomplete combustion of fossil fuel
and, although not as efficiently, from the most efficient combustion stages from biomass
burning processes, follow a multi-step mechanism: i) generation of precursor species and
particle inception, and ii) particle surface growth and agglomeration. First, the combustion
of the fuel undergoes a pyrolysis process, from which poly-cyclic aromatic hydrocarbons
(PAHs) are formed and increase in size to the point where they can act as particle nuclei.
Then, a gaseous-to-solid state phase transition takes place forming solid particle nuclei, that
grows their surface by absorbing adjacent gas molecules, adding disordered and non-smooth
graphite layers over the amorphous carbonaceous core to form larger spherules. Finally,
particles undergo Brownian motion which results in collisions that bond particles together,
creating BC agglomerates. The BC particles growth and agglomeration processes end as the
particles cool down as they exit the combustion flame, resulting in a fractal-like morphology
with typical particle diameter sizes in the Aitken mode, between 20 and 40 nm (Bond
and Bergstrom, 2006; Andreae and Gelencsér, 2006). In addition, upon cooling, organic
compounds such as PAHs can get adsorbed or condensed over the BC spherules, creating a
mixing of BC and OC particles that influence the absorption properties of BC.

Organic aerosols (OA) are the mixture of carbon-containing aerosols that can have bonds
with hydrogen and oxygen, whereas organic carbon refers (OC) refers to the carbon mass
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of OA without the hydrogen and oxygen compounds. OC includes both refractory and non-
refractory aerosol particles formed by anthropogenic or natural combustion processes and by
biogenic sources. The OC aerosol particles are a combination of PAH, humic-like substances
(HULIS), water-soluble organic carbon (WSOC), and biopolymers, among others, and are
emitted either as primary organic aerosols (POA) or as secondary organic aerosols (SOA) as
a consequence of the condensation of volatile organic compounds (VOCs) (Seinfeld et al.,
1998; Andreae and Gelencsér, 2006; Moosmüller et al., 2009). Brown carbon (BrC) aerosol
particles represent the absorbing fraction of OC and have recently attracted the interest of
the scientific community due to their potential of absorbing radiation in the ultraviolet-visible
range. The most used term in this thesis when referring to the absorbing OA particles is the
optical term BrC, with the exception of the analysis performed with thermal refractory based
instrumentation. In the latter case, OC is used.

BrC aerosol particles can be formed either from primary emissions from combustion
processes from both fossil fuel and biofuel, or in the atmosphere through multi-phase
reactions involving organic and inorganic gaseous precursors, gas-to-phase particles reactions
that can form brown SOA, and cloud micro-droplet compounds (Andreae and Gelencsér,
2006; Laskin et al., 2015). With regards to primary BrC, during the pyrolysis processes, the
emitted aromatics products can elude further processes within the flame and cool down
and condensate in the plume. Additionally, BrC can also be formed when the combustion
process is associated to smouldering, i.e. a low-temperature flameless oxidation of the
solid fuel. Poly-cyclic aromatic hydrocarbons (PAHs) produced in the initial steps of the
combustion processes are emitted and undergo thermal processing to the point where the
particles acquire some level of graphitization (Patterson and McMahon, 1984). With regards
to the generation of secondary BrC particles, it has been mainly associated to natural HULIS
and WSOC associated to biogenic sources, such as isoprene emissions, polymeric substance
formation from plant and soil degradation, and reaction of POA with different acid particles
resulting into brown SOA (Andreae and Gelencsér, 2006), although more recent studies
suggest pathways for secondary BrC formation from anthropogenic and biogenic volatile
organic compounds (VOCs) reactions with nitrogen oxides and ammonia (Updyke et al.,
2012; Lu et al., 2015; Laskin et al., 2015).

The contribution to the total LAC’s emissions load to the atmosphere is of around 8 Tg yr�1

for BC particles, with 3.3-5.0 Tg yr�1 from biomass burning and around 3.0-4.6 Tg yr�1 from
fossil fuel combustion (Bond et al., 2004; Moosmüller et al., 2009). OC is estimated to make
up between 20 and 90% of the fine mode (sub-micron) particulate mater mass concentration
(Jimenez et al., 2009), with POA yearly emission rate ⇠ 46.9 Tg yr�1, and secondary organic
aerosols (SOA) estimates of ⇠ 388 Tg yr�1 (Bond et al., 2004). The SOA concentration
present considerable variations due to the vastness of pathways for its formation and the
difficulty to constrain which processes prevail and to which extent they contribute to the
formation of SOA particles.

12



1.3 Aerosol particle-radiation interaction

1.2.4 Secondary inorganic aerosols (SIA)

Secondary inorganic aerosols (SIA) represent around a 5% of the global emissions, yet can
account up to 30-40% of the particulate matter concentration below the 10 µm fraction at a
regional scale (e.g. Putaud et al., 2004; Querol et al., 2004; Szopa et al., 2021). Secondary
inorganic aerosols, i.e. sulphate (SO2�

4 ), nitrate (NO�
3 ) and ammonium (NH+

4 ), are formed
in the atmosphere as precursor gaseous species following a gas-to-particle pathway.

The precursor gas for the formation of sulphates is sulphur dioxide (SO2) emitted from
anthropogenic sources, mainly from industrial and energy generation process, and traffic and
domestic emissions. Sulphur dioxide gas is oxidized in the atmosphere, forming sulphuric
acid aerosol particles, which after reacting with ammonia, sodium chloride and calcium
carbonate results in ammonium sulphate particles [(NH4)2SO4], sodium sulphates (Na2SO4),
and calcium sulphates (CaSO4), respectively. Moreover, volcanic eruptions can directly
emit sulphate particles into the atmosphere (e.g. Pinatubo volcanic eruption). Nitrate and
ammonium precursor gases are nitrogen oxides (NOx) and ammonia (NH3), respectively.
NOx is emitted primarily by combustion processes (traffic in urban areas, industrial activity,
etc.) and acts as precursors of acid nitrate, which trough several oxidation pathways and
reactions can be transformed into ammonium, sodium and calcium nitrate (Meszaros, 1999;
Putaud et al., 2004).

The sizes of the neutralizing agent of sulphuric and nitrate acid for the sulphates and
nitrates, respectively, determine the size of the resulting secondary inorganic aerosols. There-
fore, ammonium sulphates and nitrates are within the fine mode, whereas calcium and
sodium sulphates and nitrates fall within the coarse mode. The largest fraction of nitrates are
fine, yet under warm temperatures, ammonium nitrate becomes unstable and can react with
other compounds which can be coarse (such as sea salt) and result in the formation of coarse
ammonium nitrate particles.

1.3 Aerosol particle-radiation interaction

A beam of radiation travelling through the atmosphere is attenuated by its interaction with
atmospheric aerosol particles and molecules. This attenuation in the intensity radiation pro-
duced by the interaction with the gaseous molecules and aerosol particles in the atmosphere
is known as extinction. There are two physical processes that combined are responsible for
the extinction of electromagnetic radiation, namely scattering and absorption .

The attenuation of the intensity of the radiation when traversing an atmospheric layer
is described by the Bouguer-Lambert-Beer law, where it is assumed that the medium is
homogeneous and multiple scattering processes are neglected. The Bouguer-Lambert-Beer
law can be expressed by

I�(sf ) = I�(s0) · e�k�⌧ , (1.1)
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where for a given wavelength (�), I�(sf ) and I�(s0) are the radiation intensities at the
final and initial points of the traversed atmospheric layer, ⌧ is the optical path length, and
k� is the mass extinction cross-section of the medium. The mass extinction cross-section
denotes the energy removed from the incident radiation wave by the particle normalized
to its mass, and its units are typically given in [m2 g�1]. The mass extinction cross-section
depends on the physico-chemical and micro-physical properties of the aerosol particles,
such as its particle size distribution, shape, chemical composition, and ageing state, among
others. Similarly, the mass absorption cross-section and the mass scattering cross-section
represent the energy absorbed and scattered, respectively, by the particle normalized by its
mass. If the extinction cross-section is multiplied by the volumetric mass concentration, it
then becomes the extinction coefficient (bext), with units of length [m�1]. As a result, the
extinction coefficient is the sum of the absorption (babs) and scattering (bscat) coefficients,

bext = babs + bscat. (1.2)

The extinction coefficient, and therefore also the absorption and scattering coefficient (cf.
eq. 1.2), are magnitudes that are often referred to as extensive optical properties. The term
extensive indicates the dependence of these optical properties with the amount of aerosol
particles, since the larger amount of aerosol particles per volume unit, the larger the values
of these parameters. Hereafter, it is introduced a brief description of the main scattering
and absorption processes in the atmosphere by gaseous molecules and aerosol particles, and
its dependencies with other variables, such as the wavelength and the particle size, among
others.

1.3.1 Atmospheric light scattering

Light scattering is the process by which the particle (either aerosol or molecule) extracts en-
ergy from the incident radiation beam through scattering process. There are three mechanism
by which particles scatter the radiation: i) quasi-elastic, where the radiation scattered by the
molecules has a shift in the wavelength due to Doppler effects and diffusion broadening, ii)
inelastic scattering by molecules, where received and emitted radiation wavelengths differ
as a consequence the of Raman scattering and fluorescence processes, and iii) the elastic
scattering, which is the interaction of interest for analyzing the scattering of solar radiation
with the atmospheric particles and gaseous molecules, where the wavelength of the scattered
radiation remains unchanged upon the particle-radiation interaction. The size range of the
particles that scatter radiation in the atmosphere goes from ⇠ 10�4 µm for gas molecules,
⇠ 1� 10 µm for aerosol particles, ⇠ 10� 100 µm for water droplets and ice crystals and even
up to ⇠ 104 µm for large water droplets and hail. A largely used parameter to study the effect
of the particle size on the scattering of radiation is the so-called size parameter, x, which for
spherical particles is defined as the ratio of the particle circumference to the incident radiation
wavelength, x = 2⇡r/�. Usually, atmospheric aerosol particles are far enough from each
other so that the scattering by each particle is assumed to be independent. However if the
scattering volume contains many particles, a phenomena called multiple scattering can take
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place, where the scattered light from a particle can be subsequently scattered by another one,
which can substantially complicate the study of atmospheric scattering by aerosol particles,
such is the case within clouds and fog.

The scattering produced by small particles is described by Rayleigh scattering (see Fig.
1.4a), and was first introduced by Lord Rayleigh for describing the color and polarization of
skylight as a consequence of the scattering of light by the atmospheric molecules (“On the
light from the sky, its polarization and colour” 1871). For the Rayleigh scattering to occur
the particle has to be much smaller than both the incident radiation wavelength and the
wavelength of the radiation after it enters the particle, i.e.:

x ⌧ 1, (1.3)

and
x ⌧ 1/|m|, (1.4)

where x is the size parameter, and m = n� i ·k, is the refractive index, which is the parameter
that describes the variation undergone by the light-radiation upon its interaction with the
particles. The real part, n describes the particles scattering properties, and the imaginary
part, k, describes their absorption properties. As a consequence of these conditions, Rayleigh
scattering is mainly dominated by gaseous molecules in the atmosphere. For unpolarized
solar radiation, the Rayleigh scattering equation can be expressed as

I / ��4. (1.5)

A visual example of Rayleigh scattering is the scattering of solar radiation in the visible
spectra, around 0.4� 0.7 µm, which given the relationship with the wavelength of the
intensity (eq. 1.5), produces scattered intensity for the blue colour about 5 times more
intense than red, and causes the sky to be viewed as blue.

b) Lorenz-Mie scatteringa) Ryleigh scattering

Incident Beam

Figure 1.4: Schematic of the scattered intensity angular patterns from two spherical particles illu-
minated with a radiation beam that undergo: a) Rayleigh scattering, and b) Lorenz-Mie
scattering. Adapted from Liou (2002)

Lorenz-Mie scattering theory was independently proposed by Lorentz (Lorenz, 1890) and
Mie (Mie, 1908), and describes the scattering of radiation by isotropic homogeneous spherical
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particles which have a size similar or larger than the radiation wavelength, x & 1 (see Fig.
1.4b). It is based on Maxwell’s equations, and describes the scattered intensity such as

I(✓) = I0
⇣�s
r2

⌘ P (✓)

4⇡
, (1.6)

where I0 is the incident radiation intensity, �s is the scattering cross-section coefficient, r
is the distance between the observer and the particle, and P (⇥) is the normalized phase
function, which describes the angular distribution of the scattered radiation,

P (✓) =
4⇡

�scat

d�scat
d⌦

, (1.7)

where ⌦ is the solid angle.

The scattering cross-section, �scat can be derived following Lorenz-Mie theory by expanding
the incident radiation wave into a vector of spherical harmonics, and then solving Maxwell’s
equations. It yields the internal and scattered field in therms of vector spherical harmonics,
i.e. the phase function, and is expressed per particle volume (V ) as

�scat/V =
1

4a
c1x

4
�
1 + c2x

2 + c3x
3 + . . .

�
, (1.8)

where c1 =
⇣
m2�1
m2+2

⌘2
is the first order coefficient. If the particles are very small and satisfy

x ⌧ 1, then eq. (1.8) becomes the Rayleigh scattering cross-section. As the particles increase
in diameter, the second and higher orders become more relevant, and the size prevails over �
and determines the amount of scattered radiation intensity (Liou, 2002).

The angular distribution of scattered light is determined by the phase function which can
be obtained from Lorenz-Mie computation for spherical aerosol particles (cf. Mishchenko
et al., 2002). For the case of Rayleigh scattering for small particles, the angular distribution
of scattered light tends to be symmetrical in the forward (0°) and backward (180°) directions,
with a minimum in the plane perpendicular to the incident beam of radiation, i.e. at an
scattering angle of 90° (Figure 1.5). For coarse particles, the scattering pattern has an
absolute maximum in the forward direction, a minimum at an scattering angle of ⇠ 120°, and
a second relative maximum between 120� 150° (Figure 1.5).

The atmospheric scattering by aerosol particles as a function of particle size parameter (x)
shows a maximum when the particle effective radius is close to the length of the considered
wavelength. Subsequent maxima ripples for the scattering coefficient decrease in magnitude
with increasing size parameter, getting smoother as the effective variance of the particle
size number distribution and the imaginary refractive index of the particle, i.e. the absorp-
tion, increases (cf. Figure 1.6). Fine mode particles are associated with higher scattering
coefficients values, with increasing values with decreasing wavelengths as a consequence
of the larger particle number concentration at the fine modes and the higher intensity lev-
els of solar electromagnetic radiation at wavelengths close to x. This is specially relevant
when the largest particle number concentration falls within the fine mode (e.g. in heavily
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Lorenz-Mie scattering
Rayleigh scattering

Figure 1.5: Normalized phase function for Rayleigh scattering (dashed-dot line), and Lorenz-Mie
scattering (dashed line). Adapted from Liou (2002)

aerosol-loaded atmospheres in urban backgrounds). However, under the special case that the
particle number size distribution is skewed toward the coarse mode, such as for mineral dust
particles in an atmosphere with a relatively low impact of anthropogenic emissions, then the
larger number concentration of coarse particles implies large scattering coefficients for this
mode. For the latter case, if the scattering coefficients are obtained with instruments that
use wavelengths in the visible range, then the scattering coefficients will show an increasing
trend with increasing wavelength, since the wavelengths used for measuring the scattering
are smaller than the effective radius of the particles at which the scattering efficiency has its
maximum.

1.3.2 Atmospheric light absorption

The absorption of radiation is the physical process by which the energy is transferred from the
radiation beam into the particle, which then will jump into an excited state. The absorption
by the molecular gases in the atmosphere represents a large fraction of the total absorption
of the electromagnetic radiation into the atmosphere.

The electromagnetic spectrum range and intensity at which molecular gases absorb ra-
diation is determined by the coupling of their electric dipole moment with the incoming
radiation field. The possible wavelengths at which molecules can undergo energy transitions
and absorb radiation is determined by their quantum structure of the energy levels of the
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Figure 1.6: Scattering efficiency factor, Qscat, as a function of the effective size parameter, x = 2⇡a/�,
with variation in the particle size distribution variance, b, for particles with a refractive
index of n =1.33, and k=0 (left panel); and the size parameter x = 2⇡r/� with a real
refractive index of 1.33, and a varying imaginary refractive index, ni = k (right panel).
Adapted from Figs. 8 and 9 from Hansen and Travis (1974)

molecular gases, specifically by their translational, vibrational and rotational energy transi-
tions. In particular, O2 and O3 are responsible for the absorption of most of the incident solar
radiation for wavelengths shorter than 290 nm, and water vapour (H2O) and carbon dioxide
(CO2) present an absorption spectrum with several high absorbing bands in the infrared
spectrum of radiation, i.e. wavelengths longer than 800 nm (Seinfeld and Pandis, 1998).
H2O and CO2 only absorb radiation at the near-IR and IR spectral range and are transparent
to shorter wavelengths in the visible range of the spectrum, thus the reason why they are
referred to as greenhouse gases.

Atmospheric aerosol particles also have the potential to absorb radiation, with their size
and chemical composition determining the amount of radiation that can be absorbed. As
for the scattering, the absorption cross-section coefficient (�abs) for very small particles is
described by the Rayleigh absorption theory, which presents an inverse relationship with the
wavelength, �abs / ��1 (Moosmüller et al., 2009).

The absorption cross-section for homogeneous, linear, isotropic, spherical particles is
obtained by solving Maxwell’s equations, and as for the scattering, it is described through
the Lorenz-Mie theory (Liou, 2002). This approach yields the internal and scattered field in
therms of vector spherical harmonics, which for the smaller particles converges to Rayleigh
absorption,

�abs/V =
6⇡

�
Im

✓
m2 � 1

m2 + 2

◆
, (1.9)

where �abs is normalized by the particle volume (V ), and in addition to the ��1 wavelength-
dependence, it also showcases its dependence with the imaginary part of the refractive
index.
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1.3 Aerosol particle-radiation interaction

The complex refractive index (m) depends on the physico-chemical properties of the aerosol
particle, and its determination has been subject of many studies. The complex refractive index
is usually obtained either by computational processes from predicted density of electrons, or
as a mix of a theoretical approach and empirical data. The main theoretical approaches are:
i) the linear oscillators approach, where electrons act as linear oscillators that interact with
radiation, and the refractive index is obtained adding the interactions of all the electrons that
the particle contains (Stull and Plass, 1960); ii) the band-gap theory, which follows from the
oscillator theory, and establishes that the band-gap is the energy needed for an electron to
reach an excited state (roto-vibrational excitation), so that only the photons with an energy
greater than the band-gap can cause electron transitions (Tauc et al., 1966).

As aforementioned, the most relevant aerosol species that absorb radiation are carbona-
ceous aerosols, such as BC and BrC, and potentially, mineral dust. However, due to their
different composition and formation processes, the absorption properties of these species
differ.

Mineral dust particles are made of a mixture of different minerals, among which the main
absorbing compounds are those iron-related, especially the iron-oxides. Of these iron-oxides,
the more important ones given their high absorption efficiency are goethite, hematite and
magnetite. These iron compounds present a progressive increase of the imaginary refractive
index towards the shorter UV wavelengths, which is associated to the larger energy-gap that
characterize the electronic structure of these iron oxides found in the dust particles. Although
the absorption efficiency of these minerals towards the near-IR and IR is not null, it is highly
reduced, since the photons do not that much energy to enable the valence electron transitions
into an excited state 1.

The high absorption efficiency of BC is due to the disposition of the carbon atoms. Despite
its amorphous structure at a macroscopic level, BC has a 2-D graphite-like structure at a
microscopic level. Carbon atoms present three of the valence electrons in the sp2 orbitals in
a plane with a 120° angle between them, and a fourth valence free electron in a ⇡-orbital
perpendicular to the aforementioned plane that does not participate in the carbon-carbon
bonds (Bond and Bergstrom, 2006). This fourth free valence ⇡-electron makes the energy-gap
to be fairly small, and thus making BC particles highly absorbing of electromagnetic radiation
independently of the wavelength over a broad spectral range. This high absorbing capacity in
the whole spectrum range states the importance of correctly measuring the concentration
and optical properties of BC particles for accurately deriving their influence on climate.

BrC is composed of a large array of organic compounds that can absorb radiation as a
consequence of the presence of atoms, such as carbon and nitrogen, that can jump into
an excited state (Laskin et al., 2015). Although BrC particles present a lower imaginary
refractive index than BC particles through the electromagnetic spectrum, the imaginary
refractive index of BrC increases from relatively low absorption at the visible wavelengths

1The energy carried by a photon is described by the Planck-Einstein relation and is inversely proportional to the
wavelength, E = hc/�, where h is the Planck’s constant and c is the speed of light
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Figure 1.7: Imaginary refractive index spectral variations for different light-absorbing atmospheric
aerosols from both anthropogenic and biogenic secondary organic aerosols (A-SOM and
B-SOM), black carbon (BC) and brown carbon (BrC). Source: Liu et al. (2015a)

towards the short-UV spectral range (Fig. 1.7), in contrast with BC, for which the imaginary
refractive index presents a weak wavelength dependency (Kirchstetter et al., 2004). Unlike
mineral dust particles, which do absorb at the near-IR and IR, BrC particles do not absorb at
these longer near-IR and IR wavelengths.

The value of the imaginary refractive index of BrC aerosol particles, which defines the
absorption properties of the aerosol particles, highly depends on the formation pathways,
since they determine the level of sp2 hybridization of the carbon atoms and the presence
of nitrogen compounds and their level of sp2 and sp3 hybridization (Laskin et al., 2015).
Indeed, it has been found that as the carbon sp2 hybridization of BrC increases, the particles
become more BC-like (Hopkins et al., 2007; Saleh et al., 2018; Lu et al., 2015; Laskin et al.,
2015), with a higher absorption and a lower wavelength dependency (Fig. 1.8). In addition,
the presence of nitrogen-containing compounds during the formation of SOA has been linked
with an increase in the overall absorbance and the mass absorption efficiency of these SOAs
in the short-UV, and especially in the visible wavelengths (Updyke et al., 2012; Laskin et al.,
2015). Therefore, as seen in Figure 1.7, particles formed via secondary aromatics, such
as nitroaromatics and HULIS, are expected to have lower imaginary refractive index than
the BC-like compounds formed through more efficient combustion processes, such as those
resulting from benzene and toluene combustion (Liu et al., 2015a; Saleh et al., 2018).

BC particles can get mixed with surrounding organic and inorganic aerosols, either during
the formation process of BC (cf. Sect. 1.2), when organic compounds can get adsorbed or
condensed over the BC particles upon cooling, or in the atmosphere through ageing and
photo-chemical processes. Depending on the absorbing properties of these mixing materials,
these can either enhance or decrease the absorbing efficiency of the BC cores. The mixing of
BC particles with these compounds is classified depending on the mixing state: internal and
external mixing. External mixing is the heterogeneous mixture of homogeneous particles,
and internal mixing is the homogeneous mixture either of internally homogeneous particles,
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Figure 1.8: Dependence of a) the single scattering albedo (SSA), and b)the Absorption Ångström
Exponent (AAE) with the percentage of the particles sp2 hybridization. AAE describes the
wavelength dependence of the absorption, with higher AAE values showing an increasing
dependence. SSA reflects the fraction of radiation that is scattered back into the medium,
a SSA of 0/1 implies the total absorption/scattering of the radiation. Both SSA and AAE
are explained in further detailed in Sect. 4.4.1 from Chapter 4. Source: Hopkins et al.
(2007)

or of a heterogeneous mixture of particles (Bond and Bergstrom, 2006). Overall, the mixing
of BC particles with these compounds is estimated to produced an absorption enhancement,
Eabs, which is treated as constant around 1.5 by some climate models, i.e. absorption from
the BC particles is enhanced by around 50% (Flanner et al., 2007; Wang et al., 2014; Liu
et al., 2015b). The contribution to the absorption enhancement by the external mixing of BC
is produced as a consequence of the addition of the absorption by BrC particles to the overall
absorption, whereas internal mixing can increase the absorption of BC particles due to the
modification of the path length that the radiation follows through the mixture to reach the
BC core. The internal mixing absorption enhancement is usually studied through a core-shell
theory, which assumes a BC core with an outer shell of organic and inorganic materials that
either enhances the absorption cross-section of the BC particles by focusing the radiation
beam into the BC core if the shell material is transparent (i.e. the so called "lensing effect"),
or reduces the BC absorption cross-section if the shell material absorbs radiation itself, thus
reducing the amount of light reaching the BC core (Lack and Cappa, 2010).

In order to obtain the refractive index for carbonaceous aerosols, two different models are
used: a simple model based on the hydrogen-to-carbon ratio for carbonaceous particles as
a proxy for the absorption capacity of the particles, and the medium-range order approach,
where, for amorphous carbon, the band-gap is controlled by the adjacent sp2-bonded rings
of the amorphous carbons, and as the number of adjacent rings increases, the energy gap
decreases, eventually reaching 0 for materials with many adjacent aromatic rings (Bond and
Bergstrom, 2006).

The absorption and scattering of particles by the Rayleigh theory usually can be formulated
for ultrafine particles in the nucleation and Aitken mode, especially for those BC cores gener-
ated in combustion processes. However, for particles in the accumulation and coarse mode,
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Figure 1.9: Absorption efficiency, Qabs, variation with the size parameter, x, for varying imaginary
refractive index, k, obtained by applying Mie theory, Anomalous Diffraction Theory (ADT),
and Modified Anomalous Diffraction Theory (MADT). Source: Moosmüller et al. (2009)

such as mineral dust particles and BC and BrC aggregates, Lorenz-Mie theory calculations
are needed to correctly compute the absorption and scattering properties. In the latter case,
calculations are usually performed assuming a given density and particle size distribution
(Lack and Cappa, 2010; Virkkula, 2021). In addition, if the particles are not spherical, more
complicated computations are needed, for which the T-Matrix theory is used in order to
resolve the Maxwell equations (e.g. Mishchenko et al., 2002).

The absorption dependence with the size parameter (x) differs from the scattering in
that the maximum absorption is not found at wavelengths similar to the particle effective
radius, but it changes with the imaginary part of the refractive index, k, and decreases at a
slower rate towards higher x values instead of presenting ripples from the maximum onward
(Moosmüller and Sorensen, 2018). As k decreases, the absorption efficiency maximum
decreases and increases from x values in the Rayleigh regime towards x values in the Mie
regime (Fig. 1.9. This dependency of the absorption coefficient with the size parameter, and
more importantly with the imaginary part of the refractive index, is reflected in a higher
absorption coefficients for the fine mode of the aerosol particles since at these modes there
are both a higher amount of particles and also the particles tend to be more absorbing, as
black carbon (BC, cf. Sect. 1.2), therefore dominating the overall absorption (Moosmüller
et al., 2009).

1.4 Aerosol particles effect on climate and the
environment

Atmospheric aerosol particles have a myriad of effects on the Earth’s atmospheric systems,
climate, and ecosystems, and are responsible for many processes crucial for life on Earth,
such as cloud formation, modulation of the hydrological cycle and soil and ocean fertilization,
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among others (e.g. Szopa et al., 2021; Forster et al., 2021). Moreover, aerosol particles, and
especially fine anthropogenic particles, are airborne, and therefore can be introduced into
the respiratory and cardiovascular system, harming human health (WHO, 2016).

The study of the atmospheric aerosol particles effects on climate at a local, regional
and global scale is paramount to better understand the Earth’s climate. The interaction
of the atmospheric radiative active gases and aerosol particles with the Sun’s and Earth’s
radiation modifies the black-body thermodynamic equilibrium reached between the Sun and
the Earth (Kirchhoff, 1860). The presence of this gaseous molecules and particles alters
the Earth’s radiative balance, i.e. its thermodynamic equilibrium, and as a consequence,
without anthropogenic emissions, the Earth’s average temperature reaches values that enable
the presence of life on Earth (Liou, 2002). This change in the radiative balance is referred
to as radiative forcing, and its sign depends on the coupling of the radiative effects of all
atmospheric constituents and the resulting radiative feedbacks that can be either positive if
the induced change forces the atmosphere to absorb more energy, or negative if the induced
changed forces the atmosphere to scatters back to space a larger fraction of the incoming
radiation, hence inducing a cooling effect. The characterization of the radiative forcing by
gaseous molecules, especially of the most relevant species (e.g. CO2, CH4), and its effect
on climate and on climate change is rather well constrained. This better identifications of
the interactions and influence of these gases on climate is mainly due to a larger and more
detailed emission inventory, the better characterization of their absorption properties, and the
longer lifetime and, consequently, higher homogeneity around the globe, albeit with hotspots
at the main emission source areas. Conversely, the determination of the aerosol particles
influence on Earth’s climate still presents large uncertainties to date, mainly due to the large
spatial and temporal variability of both their concentrations in the atmosphere and their
physico-chemical properties. Aerosol particle are originated by a vast variety of both natural
and anthropogenic sources and, consequently, these are present in the atmosphere with very
different size distributions, chemical composition and optical (scattering and absorption)
properties that ultimately determine their radiative forcing properties. The latest reports
from the Intergovernmental Panel on Climate Change (IPCC; Myhre et al., 2013; IPCC, 2021)
highlight the need for a better understanding and characterization of the climate effects of
atmospheric aerosol particles, especially in the current context of climate change, and the
urgency for a phase-out from fossil fuel energy and a rapid shift towards energy sources that
do not emit greenhouse gases. The urgency of this shift is also relevant considering that the
measures to improve air quality have drastically reduced the anthropogenic emissions of both
aerosol particles and precursors in large areas of the northern hemisphere, thus altering the
radiative balance of the aerosol particles on climate (Shindell et al., 2012; Szopa et al., 2021).
In fact, certain types of aerosol particles with high mass scattering efficiencies that act as net
coolers of the atmosphere, as sulphate and nitrates, actually cool the climate, contrasting
the warming effects from anthropogenic greenhouse gases. As an example, Navarro et al.
(2016) found that up to 0.5 ° C of the warming that has been observed in the Arctic (the most
rapidly warming region on the planet) since 1980 has been caused by atmospheric particle
reductions in Europe.
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Figure 1.10: Overview of the climate interactions and feedbacks from the main aerosol particles and
short-lived climate forcers emitted by the principal anthropogenic and biogenic sources.
The sources are: fossil fuel, biofuel, waste, transportation, industry, agricultural sources,
open biomass burning, natural biomass burning from wildfires, vegetation, soil and
ocean emissions, lightning, and volcanic eruptions. Source: Szopa et al. (2021)

Figure 1.10 shows the main sources of short-lived climate forcers, both aerosol particles
and gaseous molecules, the way that they influence the radiative forcing and their impact on
different climate systems. Briefly, the main pathways through which aerosol particles induce
variations in the radiative balance are: i) direct interaction with both the solar and terrestrial
radiation, ii) semi-directly through the absorption of radiation inside clouds systems which
heats the air parcels around the particles and increases the evaporation of cloud droplets
surrounding the aerosol particles, and iii) indirectly through its impacts on aerosol-cloud
formation, the cryosphere, and the atmospheric and biological chemistry (Engelstaedter et al.,
2006; Choobari et al., 2014).

The aerosol particles direct radiative effect (DRE), accounts for the direct radiative forcing
of the aerosol particle-radiation interaction for the whole solar and terrestrial radiation
spectrum (Forster et al., 2021). The aerosols DRE on the Earth’s radiative balance depends
on their capacity to absorb and scatter radiation (Sect. 1.3) both at the short wavelengths,
mostly solar radiation from UV to the near-infrared, and the long wavelengths, mostly from
the terrestrial infrared radiation (Liou, 2002). One of the most important parameters to
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characterize the scattering and absorbing properties of the aerosols particles species is the
complex refractive index (m). In addition to the refractive index, other parameters commonly
used to determine the scattering and absorbing properties of aerosols are the mass scattering
and absorption efficiencies, MSE and MAE, respectively (cf. Sect. 4.4.1), which are of special
interest for climate estimations, since global emissions of aerosols are reported by mass
concentration (e.g. Szopa et al., 2021).

The indirect radiative effects of aerosol particles is achieved as a consequence of their
ability to transform the optical properties of clouds by changing their albedo, and to act
as both cloud condensation nuclei (CCN) and ice nuclei (IN). An increase of the number
of aerosol particles promotes the creation of more CCN and IN, which leads to an increase
in the number of smaller cloud droplets for the same water content. This increase can
increment the particles reflectance (known as the first indirect effect, or the cloud albedo
effect (Twomey, 1974; Twomey, 1977; Twomey et al., 1984) and can suppress collision
and coalescence processes, and hence precipitation formation (Rosenfeld, 1999; Rosenfeld,
2000), thus increasing cloud lifetime and therefore its reflectivity over time (known as the
second indirect or Albrecht effect; Albrecht, 1989). Precipitation suppression promotes an
increase in latent heat and mix-phase cloud freezing processes, which enhances the cloud
top heights and delays the onset of precipitation (known as the aerosol invigoration effect;
Andreae et al., 2004). However, these indirect effects can be overturned if, for example, the
aerosol layer is dominated by BC, which reduces the reflectivity of the cloud, or if the aerosol
particles are coarse enough to form a less amount of CCN, thus promoting precipitation
instead of suppressing it (e.g. Tao et al., 2012). Additionally, the semi-direct radiative effect
of aerosol particles is achieved through the absorption of radiation by aerosol particles within
clouds, which reduces relative humidity and increases the cloud evaporation, leading to a
reduction in cloud cover and therefore an increase in surface warming (Ackerman et al.,
2000). Moreover, the relative position of the aerosol particles respect to the cloud cover
is crucial since if the absorption of the aerosol layer takes place below the cloud layer the
convection is enhanced, favoring cloud formation. Conversely, if the aerosol layer is above
the cloud layer it promotes stability, thus inhibiting the cloud development (Bond et al., 2013;
Choobari et al., 2014).

As commented above, aerosol particles are net coolers of the atmosphere, with an estimated
global DRE of �0.3 [�0.6 to +0.0] Wm�2, mostly due to the high scattering efficiencies of
sea salt, sulphates and nitrates, but also some OAs (Forster et al., 2021). Moreover, the semi-
direct and indirect of particles as cloud condensation and ice nuclei to the radiative forcing is
of �1.0 [�1.7 to �0.3] Wm�2 (Forster et al., 2021). However, these estimations present a
large uncertainty, therefore the increasing need for correctly assessing the radiative effects of
the aerosol particles and especially of those particles with high absorption efficiencies and
those that can act as CCN and IN.

The aerosols responsible for most of the cooling are sea salt aerosols and secondary
inorganic aerosols which present high single scattering albedo values, hence reflecting most
of the incoming light radiation (Myhre et al., 2013; Szopa et al., 2021). Indeed, SIAs, and in
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particular ammonium sulphates and nitrates, present very high mass scattering efficiencies
and SSA — with a high similarity between diverse regions — mainly associated to the bias
towards the fine mode of their particle size distribution where particles are more efficient
scatterers (Seinfeld et al., 1998; Hand and Malm, 2007). Finally, Hand and Malm (2007)
review of various aerosol particles mass scattering efficiencies showed that sea salt, which
represents a large contribution of the total global load of aerosols in the atmosphere, showed
one of the highest mass scattering efficiencies, followed by ammonium sulfate and nitrates.

As shown by the latest studies from the literature and the IPCC reports (IPCC; Myhre
et al., 2013; Szopa et al., 2021), the most important aerosol particles with regards to their
effects in the warming of the atmosphere are black carbon (BC), the absorbing fraction of the
organic aerosols (OA), and potentially mineral dust particles. The biggest warming agents
are BC and specific OA compounds, called BrC for their ability to absorb radiation, even
if less efficiently compared to BC particles. However, their climate effects are important
because these OA particles have the ability to enhance the absorption produced by the BC
particles and also present a higher global concentration load compared to BC. The most
important source globally of BrC particles into the atmosphere is biomass burning both from
anthropogenic use and from wildfires. The role of mineral dust on the climate radiative
balance presents one of the largest uncertainties. Although previous studies and the newest
IPCC report have described mineral dust particles as net cooling agents (Myhre et al., 2013;
Szopa et al., 2021), recent studies (e.g. Di Biagio et al., 2019; Huang et al., 2020; Li et al.,
2021) have demonstrated that mineral dust particles can potentially act as net warming
agents (cf. Fig. 1.11). The latter result was mainly due to improvements in dust particles
characterization and in modelling assumptions that resulted in: i) a better representation of
the mineralogical composition of the emitted dust particles in climate models depending on
the emission source region, and ii) a better coupling of surface and satellite measurements
for improving the mineral dust particle size distribution and load in the atmosphere. In fact,
recent studies have demonstrated that the application of these improvements resulted in
a reduction of the cooling effect of dust particles in the shortwave spectral range and an
increase in the magnitude of the warming effect in the longwave spectral range (Kok et al.,
2017; Di Biagio et al., 2019; Li et al., 2021). Since mineral dust particles account for the
second highest global mass concentration emission source of aerosol particles, it is paramount
to correctly quantify their effects on climate. An additional effect that aerosols particles exert
on climate is trough the deposition of absorbing particles, such as BC or mineral dust, on
snow and ice covered surfaces, which reduces the Earth’s surface albedo and increases the
surface absorption and the warming of the boundary layer (Forster et al., 2021).

The interaction of aerosol particles with the Earth’s systems is not limited to the atmosphere
and presents multiple interactions with the environment. In fact, aerosol particles play
a key role in numerous terrestrial and oceanic ecosystems, as fertilization of soils with
mineral nutrients from other regions, like Saharan mineral dust outbreaks over the Amazon
(Engelstaedter et al., 2006), enhancement of algae production in the oceans by wildfires
(Tang et al., 2021), modulation of the cryosphere cycle (Kaspari et al., 2015; McCutcheon
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Figure 1.11: Contribution to the direct radiative effect (DRE) by mineral dust particles from multiple
studies assessing the potential warming effect of dust on climate through different
models and parametrizations of mineral dust particles on the atmosphere. In Li et
al. (2021), Li2021-Multimodel used multiple models (CAM5, CAM6, ModelE2, GFDL,
MONARCH) upon their soil scheme, and psd assumptions, whereas LI2021-CAMS5 only
uses CAMS5. DiBiagio2020-LMDZOR, from Di Biagio et al. (2020), uses the LMDZOR-
INCA model, which coupes the LMDZ global circulation model, the ORCHIDEE land
surface, and the INCA aerosol model. Adebiyi2020-Ensemble, from Adebiyi and Kok
(2020), uses a model ensemble from GISS. WRF-Chem, CESM, GEOS-Chem, Arpege-
Climate and IMPACT) and presents new constrains in the global concentration of coarse
mineral dust. Kok2017-Ensemble, from Kok et al. (2017), is the study providing the
ERF of dust in Fig. 1.1, uses a statistical model based on multiple models (WRF-Che,
GEOS-Chem and HadGEM) and constrains the amount of coarse mineral dust particles.

et al., 2021), and regulation of the hydrological cycle (Ramanathan et al., 2020), among
others. Moreover, aerosol particles also influence human activity by, for example, producing
visibility reduction under intense haze or sand storm scenarios or by degrading buildings and
infrastructures (Malm et al., 1994).

This thesis is focused on the optical properties of atmospheric aerosol particles and their
effects on climate. However, for the sake of completeness, this paragraph briefly summarizes
another important consequence of the presence of particles in the atmosphere, i.e. their effects
on human health. The human health effects from exposure to atmospheric aerosol particles,
both mid and long-term, have been subject to research by multiple epidemiological and
toxicological studies, from which strong evidences of the increase of morbidity and mortality,
as well as an increased risk of developing cancer have been found (WHO, 2016; WHO, 2021).
The chemical composition and physical properties (e.g. number concentration, size, shape)
of the aerosol particles is associated with varying effects on human health. Overall, smaller
particles are more hazardous since they can penetrate deeper into the respiratory system, and
ultimately reach the alveolars (submicron particles) and be introduced into the bloodstream
(ultrafine particles) from where they can be spread into other organs (WHO, 2016). The
most hazardous particles are those associated with anthropogenic sources such as combustion
processes, where BC, emitted along with other organic particles with reactive potential that
can carry carcinogenic compounds, is associated with an increase risk in diseases (WHO,
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2012; Shiraiwa et al., 2012). Coarse particles, although do not reach that far into the
respiratory system, also present adverse effects, as they have a high potential inflammatory
effect, specially those related to mechanical wear and traffic non-exhaust emission, which
can be linked to metals toxicity (Perez et al., 2009).

1.5 Atmospheric aerosol particles: Europe and the
Mediterranean

The atmospheric aerosol particles and its multiple effects presents substantial spatial and
temporal variability that, as aforementioned, are mainly due to the multiple emission sources,
and the large differences in the particle size distribution, the lifespan on the atmosphere,
and the physico-chemical and mineral composition. The majority of the aerosol particle
load in the atmosphere is concentrated in the northern hemisphere as a consequence of the
larger proportion of emission sources, both natural and anthropogenic (Szopa et al., 2021).
In particular, Europe is subject to large aerosol particles heterogeneities as a consequence
of the different climates, meteorologic patterns, complex topography, densely populated
and industrial areas, and long-transport aerosols contributions from external emission areas
(Putaud et al., 2004; Putaud et al., 2010; Zanatta et al., 2016; Pandolfi et al., 2018; Bressi
et al., 2021).

The analysis of the atmospheric aerosol particles characteristics in Europe has been subject
to numerous studies, with the main focus on urban and regional backgrounds and, despite
their lower amount on the continent, remote stations (Laj et al., 2020). These studies show
that the main sources of aerosol particles are traffic and industrial processes over urban
and sub-urban areas, energy production, shipping over coastal areas with large sea-ports,
agriculture and biomass burning on rural areas, especially on central, eastern and northern
Europe where wood-stove heating is common, and mineral dust transport, especially in south-
ern Europe, near the Mediterranean basin (Colette and Ineris, 2020; Colette et al., 2021).
Thanks to the implementation of measures that restrict the emission of aerosol particles into
the atmosphere (see https://www.eea.europa.eu/themes/air/air-quality-management/

improving-europe-s-air-quality/policy-context), the air quality has greatly improved
over Europe over the last decades (Szopa et al., 2021). However, despite these regulations,
more than 70 % of the european population are exposed to values that exceed the World
Health Organization (WHO) limits. In southern Europe, and in particular in the Mediter-
ranean basin, the aerosol particles differ from central and northern Europe, and present a
larger variability in their sources and chemical composition (Lelieveld et al., 2002). The main
differences arise from the abrupt topography enclosing the basin altogether with a lower
number of precipitation and venting episodes, hence leading to higher concentrations and
accumulations of aerosol particles over time, especially during summer. In fact, during the
warm season, when high pressure systems coupled with the onset of recirculation patterns
(Pérez et al., 2004), the high insolation levels and recycling of aerosols in the troposphere
favours photo-chemical processes that increase the formation of secondary aerosols and
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the ageing of the particles. In addition to the anthropogenic sources (e.g. emission from
densely-populated areas, shipping vessels, industrial processes, etc.), the Mediterranean basin
is also heavily impacted by aerosols from natural sources, such as mineral dust advections
from North Africa, a larger rate of wildfires than other parts of Europe, sea spray, and biogenic
processes (e.g. Lelieveld et al., 2002; Pey et al., 2013).

Remote measurement sites, such as those located at the top of mountain ranges and in
the Arctic, are of special interests since they showcase the background characteristics of the
atmospheric aerosol particles that are less influenced by nearby sources, either because they
are above the planetary boundary layer (PBL) and/or due to their remote location. These
sites are of great interest since they enable a more accurate characterization of i) natural
origin sources emitted in these pristine areas without masking from anthropogenic origin
sources, ii) long-range transport sources, such as mineral dust from North Africa, especially
in the Mediterranean basin and the Alps, volcanic aerosol plumes and mineral dust from
Iceland at central and northern Europe, and wildfire smoke plumes from North America, iii)
aerosol particles ageing over time on the atmosphere, as well as iv) deriving pseudo-vertical
profiles of the characteristics of aerosol particles if multiple measurements are performed at
several heights along the mountain.

1.5.1 Global measurements and monitoring networks

With the aim of mapping global atmospheric aerosol particles concentrations, distributions,
optical properties, and ultimately their influence on the radiative balance of the Earth’s
atmosphere, measurements are performed both around the globe and at the most important
emission source areas. This is accomplished through a combination of monitoring networks
and intensive measurement campaigns on the Earth’s surface, either in-situ or remote sensing,
airborne vertical profiles measurements, and specific satellite-borne instrumentation (Laj
et al., 2020).

Continuous aerosol particles measurements are performed through an array of monitoring
networks that measure multiple variables such as the aerosol concentrations, particle size
distributions, chemical composition, and optical properties, among others. These networks
are linked to different levels of governmental and inter-governmental administrations, such
as the Global Atmosphere Watch (GAW) from the WMO (GAW, 2016), the Global Monitoring
Laboratory from the NOAA, and the Aerosols, Clouds, Traces gases Research Infrastructure
(ACTRIS) and the Copernicus Atmosphere Monitoring Service (CAMS) from the European
Commission.

In-situ surface based measurements are performed through a combination of techniques
and instruments deployed at sites located in different background scenarios, mostly urban,
regional and mountain-top. The instrumentation deployed at these measurement sites,
and in particular the optical instruments used for measuring the absorption and scattering
coefficients are the base of this thesis. The instruments for measuring the absorption coef-
ficients were filter-based photometers, whereas the scattering coefficients were measured
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through integrating nephelometers. These surface-based measurements allow for a complete
characterization of atmospheric aerosol particles physico-chemical properties due to the
large array of instruments that can be deployed, however their spatial distribution is not
homogeneous around the globe due to their maintenance costs, with a much more dense
network of measurements in wealthier countries in the northern hemisphere, mainly in
Europe and North-America, with a lower cover in less wealthy countries (Laj et al., 2020).
Their representativeness is limited to the area nearby the measurement site and only close to
the surface. Complementary, remote sensing optical measurements can provide the vertical
profiles of specific aerosol properties, however the amount of variables that can be retrieved
is more limited than in-situ surface measurements.

A more complete characterization of aerosol particles vertical profiles is often performed
through airborne measurements, carried out with customized air-crafts that are able to
measure the physico-chemical aerosol properties with high vertical and horizontal spatial
resolution. Yet, instrumented flights are only used during intensive measurement campaigns
and are not suited for routine long-term measurements. Finally, satellite-based measurements,
conversely to the in-situ surface and remote measurements, provide a global estimation of
atmospheric aerosol concentrations, optical properties as well as composition to a certain
degree (Kaufman et al., 2002). The satellite measurements provide both integrated vertical
column variables, such as the aerosol optical depth, and are able to obtain the vertical
structure of different atmospheric aerosol layers by applying some retrieval algorithms
(Sekiyama et al., 2010). However, they cover large areas and the resolution and detail
provided by their measurements is lower than the surface-based measurements.
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As stated in Chapter 1, the measurement of the aerosol particles optical properties, and
especially of the absorption properties of key species as BC, BrC and mineral dust, is crucial for
a better understanding of the effects that aerosol particles have on climate radiative forcing.
In order to reduce the uncertainties associated to the complexity related to the climate
effects of aerosol particles, numerous measurements and studies are performed around
the globe. Given the high horizontal, vertical and temporal variability of aerosol particles,
special attention is focused on characterizing the aerosol properties in the atmosphere as a
whole and not only at the surface level. However a full long-term characterization of the
physico-chemical properties of particles is possible only at the surface, and for this reason
many networks at a regional, national and international level have been set worldwide. The
measurement sites operated by the EGAR group at the NE of Spain are part of the two most
important international networks, GAW and ACTRIS (e.g. Laj et al., 2020; Collaud Coen et al.,
2020). Moreover, the increase in the availability of new measuring techniques has enabled to
better characterize important aspects related to the aerosol particles, such as the absorption
efficiency of different BrC compounds and their influence on the BC absorption properties
when mixed with BC, as well as of mineral dust particles and its impact on climate.

2.1 Measurement of the aerosol particles optical
properties

The aerosol particles optical properties, i.e. the absorption and scattering coefficients, are
obtained through a variety of different techniques based on the mechanisms through which
light radiation interacts with the sampled particles. The measurement and monitoring of
the optical properties of the aerosol particles is subject to multiple sources of uncertainties
associated to the measurement errors itself, instrumentation differences and biases, and
aerosol sampling artifacts. Measuring guidelines are established by national and inter-
governmental panels (e.g. WMO, 2016; ECAC-CAIS, 2022), with the aim to harmonize
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instrumentation differences, and resolve the sampling artifacts and errors. These guidelines
are proposed as a combination of reports and recommendations from intercomparisons
workshops and from the instruments manufacturers. The most relevant guidelines for the
sampling and measurements of the aerosol particle properties are related to maintaining
a constant flow with a tubing and inlet system with minimal diffusion and inertial losses,
minimizing the evaporation of volatile organic compounds, and keeping a dry aerosol sample
with a relative humidity low enough so that water vapour is not condensed onto the aerosol
particles, thus impairing the size, mass and optical properties of the measured particles (e.g.
WMO, 2016). Moreover, these guidelines provide information about procedures to control
the measurement flow and avoid particle loss through the inlet and tubing system so that the
sample accurately describes the aerosol composition and particle size distribution.

The scattering coefficients are obtained by measuring the intensity of the radiation after the
scattering of the light source (typically emitted with a LED source at a specific wavelength)
with the particles. The most common instruments used for in-situ measurements are the
cavity attenuated phase shift (CAPS) spectroscopy, and the integrating nephelometers which
allow for online continuous measurements of the scattering coefficients. The CAPS also
measures the extinction coefficient, and therefore, the absorption coefficient can be derived
following eq. (1.2). This instrument, however, presents high values of noise and a large
measurement error if highly absorbing particles are measured, around 10 % for scattering
coefficients, whereas the integrating nephelometer error is between 3 and 5 % depending on
the model and manufacturer (Müller et al., 2011a). These uncertainties are mostly attributed
to the instrument measurement stability. As a consequence, the integrating nephelometer
is the reference method for measuring the scattering coefficients (WMO, 2016), and as
such it is the most widely used instrument for measuring the scattering coefficients both at
in-situ surface measurement sites and in instrumented flights. The integrating nephelometer
main artifact is the truncation error, which consists in the inability to measure the light
radiation scattered near the forward (0-10°) and the backward (170-180°) direction due to
the geometric structure of the instrument. The truncation error is resolved through a dynamic
parametrization depending on the size of the particles (Müller et al., 2011a). Moreover,
the vertically resolved and column-integrated scattering coefficients can also be retrieved
through a set of remote sensing instrumentation. LIDARs instruments in elastic-Raman
configuration measures the extinction and backscattering of light in the atmosphere with
high vertical resolution (e.g. Ansmann et al., 1992). In addition, by applying sophisticated
inversion techniques, such as GRASP, that involve co-located LIDARs or ceilometers and
sun-photometers measurements, the vertical profiles of extinction, scattering, backscattering,
absorption and volume particle concentrations can also be derived (e.g. Titos et al., 2019).
Column integrated variables such as the aerosol optical depth (AOD) can be retrieved directly
from the sun photometer measurements, and specific inversion techniques are applied to
the AERONET AOD to obtain the absorption, scattering and SSA AOD (Dubovik and King,
2000; Dubovik et al., 2000). Although the state of these methods is continuously improving
with better algorithms able to provide more accurate measurements, they still present large
uncertainties: 21 % for the backscattering and 31 % for the backscattering (e.g. Román et al.,
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2018; Titos et al., 2019). Nevertheless, they are a great tool to retrieve vertical profiles of
the scattering coefficients, which is crucial for assessing the impact of these particles for
all the layers in the atmosphere and not just on the surface. Additional remote sensing
measurements are performed via satellite based lidar systems, such as the ones mounted in
CALIPSO and AEOLUS, from the NASA and the ESA, respectively.

The measurement of the absorption coefficients presents more difficulties than the scat-
tering coefficients, mainly due to the fact the radiation is retained by the aerosol particles
and not directly scattered into a photodetector. To solve this difficulties there are multiple
approaches, described with more details below, with the most established at monitoring
networks and aerosol chamber experiments being: the aforementioned subtraction method,
the direct measurements of the absorption coefficients of suspended particles in a enclosed
cell, with either photo-thermal interferometry or photoacoustic techniques (Ajtai et al., 2010;
Drinovec et al., 2022), and the filter-based photometers, either on-line or off-line, that derive
the absorption coefficient from the attenuation of light through a particle-loaded filter tape
(e.g. Lin et al., 1973; Terhune and Anderson, 1977; Hansen et al., 1984; Stephens et al.,
2003; Moosmüller et al., 2009; Drinovec et al., 2015; Vecchi et al., 2014).

The subtraction method, which calculates the absorption from the difference between
extinction and scattering by suspended particles, can present large errors at high single
scattering albedo (SSA) values since the extinction is dominated by scattering, and therefore
the absorption values are low and small variations can present large errors, between 10 and
100 % (Modini et al., 2021). The application of this method is not recommended by the
ACTRIS guidelines for continuous measurements (WHO, 2016), since the error is very high
due to the high measured average SSA values (Laj et al., 2020), and is more frequently used
at laboratory measurements and experimental set-ups (Singh et al., 2014; Onasch et al.,
2015), where the particles introduced into the system can be precisely controlled to have low
SSA values (e.g. soot, nigrosin).

The photoacoustic approach, such as the online multi-wavelength photoacoustic spec-
troscopy (PAS; Ajtai et al., 2010), obtains directly the absorption coefficients of the sampled
particles as a result of the conversion of the absorbed energy by the particle into heat, and
then into an acoustic wave due to the density change of the air in the cell, which has a wave
amplitude proportional to the amount of absorbed energy. However, this technique presents
some artifacts, since the heating of the sample and the evaporation of coating materials on
the sample can potentially increase the detection limit and impair the measurement accuracy,
specially for environments with a high amount of high and semi volatile organic compounds
(Lack et al., 2006; Linke et al., 2016). Moreover, photo-thermal interferometry (PTI) was
originally developed for measurements of trace gases, either at one wavelength (e.g. Lee
and Moosmüller, 2020; Visser et al., 2020), or at multiple wavelengths (e.g. PTAAM-2�;
Drinovec et al., 2022). The working principle of the PTI is such that an energy beam is
focused onto the particles, which absorb energy and heat the surrounding air thus causing a
reduction of its refractive index, which is measured with a set of interferometer laser. This
variation of the refractive index measured by the interferometers is linearly proportional
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to the absorption coefficient (Campillo et al., 1981). Given the lack of a filter artifact, the
absence of a pre-heating of the sample, and the possibility of measuring very highly accurate
multi-wavelength absorption coefficients, the PTI could potentially be a reference technique
for absorption measurements. However, at the moment the use of this technique remains
focus at experimental sites and chambers due to its need for continuous supervision and
larger experimental set-up, with a more compact and autonomous instrumentation needed
for its implementation at measurement sites.

Filter-based instruments sample aerosol particles into a filter matrix and then measure
the light intensity variation with a photometer, either by measuring the attenuation of the
transmitted light radiation (Hansen et al., 1984; Bond et al., 1999; Drinovec et al., 2015), or
by measuring both transmittance and reflectance (Petzold and Schönlinner, 2004). The main
artifacts affecting this approach are due to the presence of a filter tape and its interaction with
radiation, namely, multiple light scattering within the filter, the filter loading effect, and the
particle scattering correction (Liousse et al., 1993; Bond et al., 1999; Weingartner et al., 2003;
Schmid et al., 2006; Collaud Coen et al., 2010; Lack et al., 2014). Numerous algorithms
have been developed and tested for correcting these artifacts, yet there are corrections
and dependencies that still need to be tackled, such as the cross-sensitivity to scattering
of the filter tape, which can highly influence the absorption coefficient measurements,
especially under high single scattering albedo scenarios (Weingartner et al., 2003; Arnott
et al., 2005; Schmid et al., 2006; Virkkula et al., 2007; Collaud Coen et al., 2010; Virkkula
et al., 2015). Off-line in-house made filter based polar photometers, which measure both
transmittance and reflectance, provide much more accurate measurements than on-line
photometers, mainly as a result of the improved correction schemes that can be used and
the lower measurement error, but can not be used for continuous monitoring due to its
off-line based working principle. These off-line polar photometers are deployed at specialized
research centers, such as the MWAA (multi-wavelength absorption analyzer) deployed at
University of Genoa (Massabò et al., 2013) and the PP_UniMI polar photometer deployed
at University of Milan (Vecchi et al., 2014; Bernardoni et al., 2017). Additionally, on-line
instruments, given their relatively low unattended operation and possibility of providing
real-time data, are deployed in international networks such as GAW and ACTRIS. The most
common on-line filter-based instruments are the particle soot absorption Photometer (PSAP;
Bond et al., 1999), the continuous light absorption photometer (CLAP; Ogren et al., 2017),
the multi-angle absorption photometer (MAAP, Model 5012, Thermo, Inc., USA; Petzold and
Schönlinner, 2004), and the aethalometer (Hansen et al., 1984), in particular the dual-spot
multi-wavelength Aethalometer (AE33; Drinovec et al., 2015).

Currently, due to the limitations and assumptions described above, no reference technique
for measuring in-situ near-real time aerosol particles light absorption is yet available in
international networks (Petzold et al., 2013; Lack et al., 2014). As aforementioned, from
remote sensing measurements with LIDARs and ceilometers, in combination with sun-sky
photometers the vertical profiles of the absorption coefficient and absorption-related variables
such as the absorption ångström exponent and single scattering albedo could be retrieved
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(Schuster et al., 2016; Andrews et al., 2017) However, these retrieved properties still present
a large uncertainty associated to the multiple assumptions used by the algorithms.

2.2 Aerosol particles distribution and optical
properties

The major current topics of analysis with regards to the influence of the aerosol particles on
the radiative forcing are: i) the accurate characterization of both the horizontal and vertical
distribution of aerosol particles and their evolution and transformation processes through the
atmosphere, and ii) the assessment of the absorption properties and concentrations of the
most absorbing aerosol species, i.e. BC, BrC and mineral dust.

As described in Chapter 1, the aerosol particles concentration and distribution on the
atmosphere depends on the location of the emission sources, the meteorological dynamics,
and their life-spam before being transformed or deposited back on the surface. The higher
aerosol concentrations are expected to take place close to the emission sources, such as
in urban and industrial areas for anthropogenic aerosols like BC, or the arid and semi-
arid areas for mineral dust particles, as well as in regions where the local orography and
meteorological patterns favour their accumulation over time. The freshly emitted particles
tend to be deposited back into the surface, either through dry-deposition, mainly by Brownian
deposition for the finer mode and by gravitational forces for the coarse mode particles, or
through wet-deposition processes, such as wet-scavenging. The remaining aerosol particles
get mixed in the atmosphere and follow the local meteorological patterns, which enables for
local and regional transport. During this transport, aerosol particles undergo transformation
processes associated to the interaction with other aerosol species and reactive gaseous species
as well as photo-oxidation processes, that ultimately can act as sources or sinks for new
particle formation, thus highly modulating the aerosol particle composition and concentration
values. Furthermore, under favouring meteorological dynamic conditions, and if the particles
life-spam is large enough, this particles can be transported for long distances. Indeed, the
average life-spam of fine particles is estimated to be around 1 week, and consequently aerosol
particles from anthropogenic emissions are also measured in remote sites, such as the Arctic
and the Antarctic (Shaw, 1980; Asmi et al., 2010; Virkkula et al., 2022). The aerosol particles
vertical distribution in the atmosphere mainly depends on the emission pathways and the
meteorological dynamics, since the emission at a given height can favour the transport of
aerosols over different atmospheric layers. For example: volcanic eruptions can emit aerosol
particles up to the stratosphere, strong mineral dust emission episodes lift the particles high
above ground up to heights of around 5 km or more a.g.l. (Su et al., 2015), especially under
convective episodes when particles can be lifted at higher layers (Bukowski and Heever, 2021;
Roberts and Knippertz, 2012), and certain recirculation patterns create stratified polluted
layers in the atmosphere, affecting the vertical structure of the aerosol particle distribution at
a more regional scale (Pérez et al., 2004; Gangoiti et al., 2001).
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Currently, the main objective of the scientific community is to improve the quality of spatial,
both horizontally and vertically, and temporal measurements of the aerosol particles, and
study the transformation processes and their ultimate influence on the optical properties.
Thus, providing an extensive analysis of these subjects is crucial for better integrating the
aerosol particles on climate models and therefore obtaining a more accurate output about
their role on the radiative forcing. In particular, as already stated, it is of utter relevance a
better characterization of the aerosol particles that are associated with a greater effect on
warming the atmosphere, namely BC, BrC and mineral dust (cf. Sect. 1.4).

A comprehensive review of BC particles can be found in the literature (e.g. Moosmüller
et al., 2009; Bond et al., 2013), where the BC formation processes, its physico-chemical
properties as well as the effects and pathways through which they influence the Earth’s
climate are described in great detail. It is of particular interest the mass absorption cross-
section (MAC) of pure BC particles, which has been estimated to have a theoretical value of
7.5 m2g�1 at 550 nm (Bond and Bergstrom, 2006). However, this value does not correspond
with experimental measurements of MAC for ambient BC. In fact, ambient BC MAC presents
a great variability with an average value in Europe of around 10 m2g�1 at 637 nm, i.e.
⇠ 11.58 m2g�1 at 550 nm assuming an absorption ångström exponent of 1, higher than
the theoretical value (Zanatta et al., 2016). This discrepancy is mainly due to the low
probability of measuring pure BC particles in the atmosphere, where it is typically mixed
with other aerosol particles that have the ability to modify the BC absorption cross-section.
The pathways by which the BC can be modified upon mixing are: i) an external mixing
with other less absorbing carbonaceous aerosols that also absorb light radiation, i.e. BrC,
causing an apparent enhance of the BC absorption, and ii) BC is internally mixed with
either absorbing or non-absorbing particles that can reduce/increase the path length of the
radiation interacting with the BC particles, thus reducing/increasing the absorption by the
BC cores (Bond and Bergstrom, 2006; Lack and Cappa, 2010). Overall, the absorption
enhancement produced by the mixing of BC with other aerosol particles assumed in climate
models is around 1.5. However, experimental studies have shown it varies from almost no
enhancement to increasing the absorption by a factor of 2 or even 3 (Cappa et al., 2019).
Given the importance of the absorption of BC, the study of this enhancement and the reasons
for its large variation is of great interest. The increase of this parameter is mainly due to
increases in the amount of mixing material available, the relative proportion of different
organic aerosol species, and their mass absorption efficiencies, as well as the ageing state of
the aerosol particles (e.g. Liu et al., 2015b; Zhang et al., 2018; Cappa et al., 2019; Zhang
et al., 2020).

Among the aerosol particles that can be externally and internally mixed with BC, the BrC
compounds are currently the focus of many studies due to the high absorption efficiencies
they can present at the visible and short-UV wavelengths, thus potentially producing a positive
effect on the radiative forcing of the OA. The main uncertainties associated to the radiative
effect of BrC are mainly associated to the numerous formation pathways, which result in: i) a
large variety of compounds with different chemical composition and structures, in contrast
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to the more simple chemical structure of BC particles, therefore presenting a larger range
of absorption efficiencies, and ii) a larger uncertainty in correctly assessing the BrC global
concentration. An extensive review is presented in Laskin et al. (2015), which shows that
the absorption efficiency of BrC is highly correlated to the carbon sp2 hybridization, with
increasing absorption with increasing hybridization. Moreover, it also shows that if SOA
particles are formed in the presence of nitrogen compounds, higher absorption efficiencies
are measured, especially at the visible range of the electromagnetic spectrum compared to
BrC and SOA particles not formed in nitrogen-rich conditions (Updyke et al., 2012).

The radiative forcing of mineral dust particles has historically been estimated to be negative,
i.e. to cool the atmosphere, however, recent studies have shown the potential for mineral
dust to warm the atmosphere (e.g. Kok et al., 2017; Di Biagio et al., 2020; Li et al., 2021).
This potential shift in the sign of the radiative forcing is mainly due to underestimation in the
models of the coarse mode of the particle size distribution of the atmospheric mineral dust,
and to an improved characterization of the refractive index of the mineralogical composition
for each source emitting areas. By constraining the aerosol particle size distribution of the
mineral dust particles by coupling experimental measurements from instrumented flights
and the total load of mineral dust concentration from satellite measurements, it has been
shown that the total mass and the coarse mode of mineral dust particles was higher than
expected, mainly due to an underestimation of both the emission of coarse particles in the
source areas and the ability of these coarser particles to remain in the atmosphere for longer
periods of time. The main effect of this underestimation is to decrease the cooling effect of
mineral dust in the shortwave spectrum and increase the warming effect in the longwave
part of the spectrum, which makes the overall effect to be substantially less cooling than
expected, with the possibility of being a net warmer (e.g. Kok et al., 2017; Ryder et al.,
2018; Di Biagio et al., 2020; Adebiyi and Kok, 2020; Kok et al., 2021a; Kok et al., 2021b; Li
et al., 2021). In addition to the coarse mode underestimation, there are also other aspects
limiting the correct representation of the mineral dust cycle by the models, mainly associated
to the particle shape, and to the refractive index assumed in the models for mineral dust
(Di Biagio et al., 2020; Huang et al., 2020). Indeed, Li et al. (2021) shows that by assuming
variations in the shape of the particles and the mineral dust mineralogical composition, i.e.
its asphericity shape and the ratio of iron oxides that they contain, there is a variation in
the complex refractive index which heavily influences the direct radiative effect of mineral
particles at the top of the atmosphere. This demonstrates the relevance for an accurate
determination of the optical properties of freshly emitted mineral dust particles, and of their
variations among the source regions, and in distant regions after being transported, mixed
and transformed over time. With this aim, there are multiple studies that have studied
the optical properties on laboratory chambers resuspending mineral dust particles from soil
samples collected from different source regions (e.g. Sokolik and Toon, 1999; Lafon et al.,
2006). However, in-situ measurements of mineral dust particles freshly emitted in the source
regions, despite the importance of accurately measuring the optical properties of the emitted
dust particles, are more scarce (e.g. SAMUUM-1; Müller et al., 2009), and therefore more
measuring campaigns are required. In this context, numerous campaigns are currently being
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performed throughout several mineral dust particle source regions around the globe, such as
the Sahara, Iceland, Mojave and Jordan under the FRAGMENT project ( see https://cordis.

europa.eu/project/rcn/214076/factsheet/en). Mineral dust particles after long-range
transport are commonly measured, as done by Caribbean measuring stations and European
monitoring networks, therefore allowing for the measurement of the optical properties at the
receptor sites when mineral dust outbreaks reach these areas (e.g. Engelstaedter et al., 2006;
Collaud Coen et al., 2010; Ealo et al., 2016).

2.2.1 Previous studies in the NE of Spain

There are multiple studies describing the aerosol particle composition and properties over
the Iberian Peninsula and over the NE of Spain (e.g. Querol et al., 1998; Querol et al., 2001;
Rodrıguez et al., 2002; Pey et al., 2009; Pandolfi et al., 2011; Pandolfi et al., 2016; Via
et al., 2021; Veld et al., 2021). This thorough analysis has been performed both via intensive
measurement campaigns in regions of high interest and through continuous monitoring of the
aerosol particles at three measurement sites in NE Spain, representing different backgrounds
over more than a decade (more info in Chapter 4).

The area of the NE of Spain in this thesis is located in the western side of the Mediterranean
sea, and therefore the aerosols particles patterns follows those typically from this area, namely
high pressure systems promoting stagnant conditions during the winter months and sea-
breezes and local/regional recirculation patterns during the summer months with sparse
precipitation events (cf. Chapter 4). With regards to the optical properties of the aerosol
particles over this area, previous studies have provided an analysis of the evolution of the
extensive and some intensive optical properties during the year as well as during the most
relevant meteorological scenarios (e.g. Pandolfi et al., 2011; Pandolfi et al., 2013; Pandolfi
et al., 2014; Pandolfi et al., 2018; Ripoll et al., 2014; Ealo et al., 2016; Ealo et al., 2018;
Titos et al., 2019).

These studies present a comprehensive analysis of the spatial variations between the
different backgrounds over the NE of Spain. Indeed, Pandolfi et al. (2014) provided a
climatology analysis of the optical extensive and intensive properties at a regional and a
mountain-top background separating by seasons and the different meteorological scenarios,
whereas Ripoll et al. (2014), Ripoll et al. (2015a) and Ripoll et al. (2015b) focused the
analysis on the chemical composition and the different sources of aerosol particles. These
studies reflected the relevance of the regional recirculation patterns and the outbreaks of
mineral dust from North Africa as the main drivers of increasing PM concentrations and
consequently of the extensive optical properties. Moreover, Ealo et al. (2018) analysed the
contribution of the different aerosol sources to the absorption and scattering coefficients and
cross-sections through a positive matrix factorization approach, and thereafter reconstructed
the scattering and absorption by using the long dataset available with the aerosol sources to
perform a trend analysis of the evolution of these variables. In addition, Ealo et al. (2016),
successfully performed the approach proposed by Collaud Coen et al. (2004) for the detection
of Saharan dust outbreaks over Europe, as well as the aethalometer model proposed by
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Sandradewi et al. (2008) for biomass burning detection, and measured for these type of
events the optical parameters over the area of study. These previous studies have focused
on the study of the aerosol particles on the surface, and for the first time this thesis presents
the vertical profiles via instrumented flights of the physico-chemical properties over the NE
of Spain. In addition, this thesis presents the first analysis on the effects that absorbing OA
particles, i.e. BrC, and other organic and inorganic aerosols have upon mixing with BC on
the absorption enhancement of BC particles. This analysis is of special interest given the
large regional heterogeneity of aerosol particles properties reported in previous studies in NE
Spain, and the ability to characterize the specific aerosol optical variables at backgrounds
with distinct aerosol particles properties.
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3
OBJECTIVES AND
STRUCTURE

The main objective of this thesis is to improve the knowledge about the optical properties
of atmospheric aerosols as a function of the multiple aerosol sources, the ageing state of
particles, and the transport and recirculation patterns that particles undergo in NE Spain.
This objective is addressed through the integration of several studies that present: i) method-
ological improvements for the acquisition of crucial measurements of the aerosol optical
properties, ii) the horizontal and vertical variations of aerosols optical properties under differ-
ent atmospheric scenarios both through continuous measurements in different environments
and intensive campaigns with aircrafts, iii) the influence on the absorption enhancement of
the BC particles due to its mixing with other particles under different environments with
aerosols with different physico-chemical properties, and iv) the characterization of the optical
properties of mineral dust particles for the most relevant source of dust particles in the
Mediterranean, the Sahara.

3.1 Specific research objectives

To achieve the objective mentioned above, the following specific objectives have been set:

1. To improve the determination of the absorption coefficients from filter-based measure-
ments by determining the spectral dependence and the cross-sensitivity to scattering of
the most crucial parameter for deriving the absorption coefficients from the Aethalome-
ter AE33.

2. To study the horizontal and vertical distribution and variability of the physico-chemical
properties of atmospheric particles over the NE of Spain in the Western Mediterranean
Basin. Especially for high aerosol-loaded episodes caused by meteorological recircula-
tion patterns and Saharan dust outbreaks scenarios during summer.

3. To characterize the effect that the mixing of BC with other light absorbing carbonaceous
aerosols and non-refractory material has on the enhancement of the absorption from
the BC particles at an urban and a regional background sites in NE Spain.
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4. To analyze the optical and physical properties of mineral dust particles over the Saharan
desert, the most important emission source areas for the Mediterranean, Europe and
the Earth. This objective was achieved by means of an intensive measurement campaign
performed in these dust source regions.

3.2 Structure of the thesis
This doctoral thesis is presented in the form of a compendium of three publications. These
publications appear in two high-impact open access journals in the scientific field of at-
mospheric physics from the European Geoscience Union, namely Atmospheric Chemistry and
Physics and Atmospheric Measurement Techniques.

The thesis manuscript is structured in four parts, as follows:

Part I: Introduction. It is structured in 3 chapters: an Introduction chapter (Chapter 1)
that establishes the fundamentals of the atmospheric aerosol particles research; then Chapter
2 shows a State of the Art Review, where the current knowledge gaps and the approaches
proposed by the academia with regards to the description of the aerosol particles optical
properties, and in particular in highly heterogeneous atmospheres, are briefly reviewed.
Finally, the current chapter– Objectives and Structure, Chapter 3), where the main objectives
of the thesis and its structure are well-defined.

Part II: Methodology. The methodology part is presented in Chapter 4, and it reports the
main characteristics of the areas of study, as well as the instrumentation, the data analysis
and data treatment used in this thesis. In addition, a more in-depth description of the
methodology for each publication can be found in its corresponding section.

Part III: Results. This section is divided into four chapters that tackle the specific objectives
of this thesis. Chapter 5 presents the characterization and relationships of a sensitive
parameter, the multiple scattering, for accurately measuring the absorption coefficient and
BC concentration values with a filter-based instrument at different background sites that
present varying aerosol composition and are subject to different scenarios. Chapter 6 tackles
the second objective by characterizing the horizontal and vertical variability of the aerosol
particles and its physico-chemical and optical properties over the NE of Spain by means
of air-borne instrumentation and in-situ measurements in monitoring stations, as well as
the impact of Saharan mineral dust outbreaks. Then, Chapter 7 studies the absorption
enhancement on the main area of study at an urban and a regional site produced by the
mixing of the BC particles with other LACs and non-refractory materials. It explores the
absorption enhancement seasonal variations and trends at the different sites and performs a
sensitivity study that establishes the potential contributions by the different mixing states;
additionally, it analyzes the dependency with the amount of material available for mixing, the
different sources, and the ageing state of the particles. Finally, Chapter 8 describes the optical
properties at a mineral dust source emission area and studies the dependencies of these
properties with the strength of the emission processes, the impact of other sources of aerosols,
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and the differences associated to varying soil compositions. Chapter 5, 6, and 7 results
correspond to three publications in peer-reviewed journals (Yus-Díez et al., 2021; Yus-Díez
et al., 2020; Yus-díez et al., 2022), whereas Chapter 8 is an adaptation of a publication
currently in preparation.

Part IV: Discussion and conclusion. This part is organized into a Discussion chapter
(Chapter 9) that presents a summary and discussion of the results, and a Conclusion chapter
Chapter 10 which outlines the main results from this thesis and expands on further research
to be explored to resolve some gaps of knowledge presented in this work.
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4
METHODOLOGY

This chapter provides an overview of the different areas of study, the instrumentation
deployed therein, the most important algorithms and software used, as well as a description
of the variables derived from the measurements. A more thorough description of the specific
methodology used on each study presented in this thesis can be found in its corresponding
publication methodology section.

4.1 Areas of study
The measurements have been performed at two distinct areas of study: i) at different
background scenarios in the western corner of the Mediterranean basin, specifically in the
northeastern part of Iberian Peninsula, and ii) at a mineral dust emission source, namely the
northern part of the Saharan desert.

4.1.1 Western Mediterranean Basin

As briefly stated in Chapters 1 and 2, the Mediterranean basin presents a heterogeneous
spatial and temporal distribution of aerosol particles, with multiple sources and aerosol
species, as well as a large array of complex processes resulting in a large variability of the
optical properties of these particles. With the aim of characterizing the aerosol particles
properties over this region, the measurements were performed over an area in the Western
Mediterranean Basin (WMB), on the northeastern corner of the Iberian Peninsula (Fig. 4.1).

The northeastern corner of the Iberian Peninsula is characterized by a complex topography,
with the most relevant features being the Pyrenees to the North, the Mediterranean coast
going from North-East to South-West, and two consecutive mountain ranges parallel to the
coast, the Litoral and Pre-Litoral mountain ranges. Three main river basins cross these
mountain ranges, namely the Bessòs, the Llobregat, and the Ebro/Ebre river, which given
the position of the mountain ranges, result in the presence of numerous depressions (cf.
Fig. 4.2). Under the adequate meteorological conditions, this arrangement of valleys and
mountain ranges favours the advection of pollutants from the major urban areas near the
coast upstream towards the inner depressions, favouring the accumulation, recirculation and
physico-chemical transformation of aerosol particles.
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Figure 4.1: Topographic map of Southern Europe, the Mediterranean Basin and North Africa. The dots
represent the location of the measurement sites from the monitoring network operated
by the EGAR group (IDAEA-CSIC) in northeastern Spain, and the intensive measurement
campaign in the Saharan outskirts. Topographic map adapted from the online geoportal
tool from the French national geographic institute (IGN).

The climatology of the WMB region is characterized by warm summers and temperate
winters with irregular and scarce precipitation rates, especially in summer. In particular,
the Azores high pressure system modulates the overall synoptic meteorology of the Iberian
Peninsula (IP): in winter it is located at lower latitude, which allows low-pressure systems
and its associated fronts coming from the N Atlantic to pass over the IP; whereas in sum-
mer the anticyclonic system intensifies and moves toward higher latitudes inducing strong
atmospheric stagnant conditions over the IP. As aforementioned, these conditions result in an
accumulation and ageing of pollutants and aerosol particles (e.g. Millán et al., 1997; Gangoiti
et al., 2001; Millán et al., 2002; Rodrıguez et al., 2002; Pérez et al., 2004; Yus-Díez et al.,
2020). In addition, Saharan dust outbreaks frequently affect the Iberian Peninsula, mostly in
spring/summer, with the main meteorological patterns causing the outbreaks varying with
the seasons, as described by Rodrıguez et al. (2001) and Escudero et al. (2005). Furthermore,
the WMB is also heavily impacted by wildfire aerosol particles, both from local wildfires or
from the advection of plumes from other parts of the IP and even North America. These
wildfires have the ability to persist for several days and emit large amounts of BC, BrC,
primary organic aerosols and precursors of secondary aerosols (Faustini et al., 2015). Finally,
the complex atmospheric patterns, scarce precipitation and high exposure to solar radiation
enhance photo-chemical reactions that promote high levels of secondary aerosols and ozone
at background and rural areas with high levels of precursors (Rodrıguez et al., 2002; Pérez
et al., 2004; Querol et al., 2016; Querol et al., 2017).
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Barcelona

Montseny

Montsec d’Ares

Ebro depression

Figure 4.2: Topographic map of a) the main area of study in the NE of Spain, and b) a profile of the
vertical disposition of the monitoring station and the main geographical features. Source:
Topographic map adapted from the Cartography Service of the Autonomous University of
Madrid (UAM).

Two distinct methodological approaches were used for obtaining the required measure-
ments for the characterization of the aerosol particles over this area: longer datasets from
monitoring stations, and an intensive measurement campaign during 2015 within the PRISMA
project (CGL2012-39623-C02/00).

Monitoring stations

The network of monitoring station is operated in Catalunya, in the northeastern part of
the Iberian Peninsula, by the EGAR group (IDAEA-CSIC) in collaboration with the Direcció
General de Qualitat de Ambiental (DGQA) from the Generalitat de Catalunya, and provides
continuous measurements of atmospheric aerosols and gaseous precursors. The measurement
network captures the principal background scenarios most relevant among the atmospheric
aerosol community: an urban background station, in Barcelona; a regional background
station, in Montseny; and a mountain site, in Montsec d’Ares (Fig. 4.2).
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i) Barcelona - Palau Reial urban background station (BCN) is located at the Institute of
Environmental Assessment and Water Research (IDAEA-CSIC) within the Barcelona
metropolitan area of nearly 4.5 million inhabitants (Fig. 4.2). It is placed around 200
m from one of the most traffic concurred avenues of the city, and at an altitude of 80 m
a.s.l. at a distance of about 5 km from the coast. The main aerosol particles affecting
the site are those related to the traffic emissions, as well as the industries, the Barcelona
harbour, and some biomass burning from nearby agriculture fields in the Llobregat
valley.

ii) Montseny regional background station (MSY) is located in a rural area in the Montseny
Natural Park. MSY station is located in a hilly and densely forested area, at an altitude
of around 720 m a.s.l., 50 km away to the N–NE of the Barcelona metropolitan area,
and 25 km from the coastline (Fig. 4.2). Due to the isolated location of the station on a
rural forested area, local biogenic and biomass burning are the main sources of aerosol
particles. In addition, the atmospherics dynamics under the common high pressure
system produce a breeze pattern that advects the pollutants from the coast, and more
densely populated areas, up-valley to the station, that favours aerosol particles to
become more oxidized, and given the availability of precursors and the high levels of
insolation, the formation of secondary aerosol particles is enhanced.

iii) Montsec d’Ares continental/mountain-top background station (MSA) is located in
a remote high-altitude emplacement in the southern side of the Pre-Pyrenees at the
Montsec d’Ares Mountain Range (Fig. 4.2). It is at an altitude of 1570 m a.s.l. and at a
distance of around 140 km to the NW of Barcelona and 140 km to the WNW of MSY.
The site is characterized by an overall aerosol depleted atmosphere, with the station
frequently located in the free atmosphere over the planetary boundary layer (PBL),
and exposed to North Atlantic advections during large parts of the year, especially
during winter. During the warmer months of the year, a daily cycle with the mountain
katabatic/anabatic winds and a higher PBL favours the advection of aerosols from
the valley below during midday. Furthermore, given its exposed location, it is highly
influenced by the regular Saharan mineral dust outbreaks, as well as by close-by and
long-range transport of wildfires smoke plumes.

Intensive measurement campaign

An intensive measurement campaign was performed during the summers of 2015 with the
aim of measuring the vertical and horizontal distribution of the aerosol particles, with special
interest in their physical and optical properties to, ultimately, assess the regional radiative
forcing caused by the tropospheric aerosols in the WMB. This campaign was performed by the
EGAR group within the PRISMA project (PRISMA: Aerosol optical properties and radiative
forcing in the western Mediterranean as a function of chemical composition and sources),
with remote and in-situ surface measurements performed at MSY and MSA monitoring
stations, and additional airborne measurements performed with an aircraft between around
0.5 and 3.5 km a.s.l.
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The objective was to characterize stacked vertical layers of aerosol particles that formed
as a consequence of the recirculation pattern that takes place in the area of study during
summer under the presence of high pressure systems. As aforementioned, recirculation
pattern is a combination of atmospheric process, where initially the sea breeze transports the
aerosol particles from the coast up-valley, up to the mountain tops, where aerosol particles are
injected into the general circulation with westerly winds. Then, when this aerosol particles
arrive over the coast, a combination of subsidence processes and surface winds carry these
aerosols downwards and south towards until the recirculation process starts again (Gangoiti
et al., 2001). In addition, during this period of the year, it is frequent the outbreaks of mineral
dust aerosol masses from the Sahara. As a consequence, multiple layers of aerosols particles
with different composition, ageing stages, and thus optical properties can be found in the
troposphere.

4.1.2 Mineral dust emission area

As commented in Chapters 1 and 2, the North African arid and semi-arid regions represent
the main sources of emission of mineral dust into the atmosphere, with around a 50% of
the global emission load. Given its wide spatial distribution, not negligible differences in
the mineralogical composition of dust particles can be found between the different emission
areas in North Africa. Of these regions, the ones which affect the Western Mediterranean
Basin the most are those located in the western part of the Sahara (Escudero et al., 2005).

In-situ dust measurements were performed in a mineral dust emission area in SE Morocco,
at the border between the southern foothills of the Atlas mountain range and the Saharan
desert in the Drâa basin. This area records very low precipitation rates (below 250 mm
yr�1) and very high temperatures during summer and autumn (median values between 25
and 38 °C). In addition to the scarce precipitation, the Drâa river in the area of study was
dried as a consequence of the construction upstream of El Mansour Eddahbi dam. However,
the mountain range to the north, the Jbel Hassan Brahim range, enables the formation of
strong convective storms, which create flash floods over the basin and transport high loads
of sediments through the torrents or wadis, with the ability to also flood larger parts of the
flooding plain.

The measurement site is located in the L’Bour area, which is characterized by a small termi-
nal depression close to the the Drâa dry-river bed (see Fig. 4.3). L’Bour site is characterized
by a hard packed surface with crusts as a result of aeolian erosion and paleo-sediments, as
well as a surrounding of shallow sand dunes (a height < 1 m). Moreover, small depressions
such as the dry-lake Iriki or erg Smar present large sediment concentrations. Dunes are
concentrated in flat areas near the depressions where dust erosion transports the sand and
sediments to, where they can be entrapped by the sporadic vegetation, mostly shrub, such a
Erg Chigaga (cf. Fig. 4.3). The location of the measurement was chosen due to the preva-
lence of south-westerly winds over the area. This wind direction maximizes the probability
of measuring processes that emit dust particles and minimizes the potential influence of
anthropogenic aerosols from the nearby villages upstream to the E (cf. Fig. 4.3).
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Figure 4.3: Area of study around the L’Bour measurement site in the Sahara desert, SE Morocco. The
main geographic features area marked for clarification purposes: the dry-lake Iriki, the
dune areas of Erg Chigaga and Smar, and the town of M’Hammid el Gizlane. Source:
Topographic map adapted from the Cartography Service of the Autonomous University of
Madrid (UAM).

4.2 Instrumentation

Throughout this thesis several instruments deployed at long-term monitoring supersites and
during intensive measurement campaigns have collected the data needed for performing the
required analysis. This section provides an overall description of the instruments and their
working principles arranged by the variables and parameters that they provide. An overview
of the instruments for obtaining the required variables is shown in Table 4.1.

4.2.1 Meteorological measurements

During this study, several meteorological parameters were used with the aim of improving the
characterization of the aerosol particles in the atmosphere, such as: temperature, potential
temperature, relative humidity, wind speed and direction, etc.

In Chapter 6, vertical profiles of the temperature (T) and relative humidity (RH) inlet
sample air were measured with a Rotronic HL-RC-B - Wireless logger (ROTRONIC AG,
Switzerland). In addition, a Vaisala DRYCAP dew-point transmitter (model DMT143, Vaisala,
Finland) was used to measure dew point and water volume concentration of outdoor ambient
air. Ambient pressure (P) data was obtained by means of a Kestrel 4000 anemometer (Kestrel
Meters, USA). Potential temperature (✓) was obtained by combining the temperature (T) and
pressure (P), from the Rotronic and Krestel measurements, respectively,

✓ = T ·
✓
P0

P

◆R/cp

,
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Table 4.1: Summary of the multiple instrumentation used throughout this thesis, both at continuous
monitoring stations and intensive measurement campaigns in NE of Spain and the Sahara
desert.

Parameters Instrument Manufacturer
and model Specifications

Meteorological

Meteorological data Rotronic HL-RC-B T, RH; wireless logger
Dew-point transmitter Vaisala Drycap DMT143
Anemometer Kestrel 4000 P
Aspirated shield
temperature sensors

Campbell Scientific,
43347 RTD high-res. T

2-D sonic
anemometers

Campbell Scientific,
WINDSONIC4-L high-res. wd, ws

Particle number
concentration

Water condensation
particle counter

TSI WCPC-3783 Nx

TSI NWCPC-3788 Nx

Particle mass
concentration

Optical particle counter
GRIMM 1.108.8.80 PMx

GRIMM 1.129-Sky-OPC PMx

Offline gravimetry
Digitel DH-808 PMx

MCV-CAV-A PMx

MCV-CAV-A/M-S PMx

Particle size
distribution Optical particle counter Palas, FIDAS 200S Nx, 0.2 < x < 18.8µm

On-line chemical
composition

OC-EC analyzer Sunset Semi-Continuous
OC-EC field analyzer OC and EC conc.

Aerosol chemical
speciation monitor

Aerodyne,
Q-ACSM OA and SIA conc.

Absorption and
BC concentration

Multi-Angle
absorption photometer

Thermo Scientific,
MAAP 5012 637 nm

Università degli studi
de Milano, PP_UniMI 405, 532, 635, 780 nm

Multi-wavelength
aethalometer

Magee Scientific,
AE33

370, 470, 520, 590,
660, 880, 950 nm

Scattering Integrating nephelometer
Ecotech, Aurora 3000 450, 525, 635 nm;

2 angles: 0 and 180 °

Ecotech, Aurora 4000 450, 525, 635 nm;
up to 17 angles (0-180 °)

Remote sensing
Ceilometer Lufft,

CHM15k-Nimbus 0.5-15 km range

Sun-sky
photometer

Cimel electronique,
Aeronet CE-318

370, 380, 440, 500, 675,
870, 940, 1020 nm

where P0 is the pressure at the surface level, R is the ideal gas constant of air, and and cp is
the specific heat capacity of air.

In addition, in Chapter 8 the temperature (T), the wind speed (ws) and the wind direction
(wd) were used for the classification of different events. The temperature was measured
with aspirated shield temperature sensors (fan-aspirated shield model and a temperature
probe model 43347 RTD, Campbell Scientific). The wind speed was measured with 2-D sonic
anemometers (model WINDSONIC4-L, Campbell Scientifics, USA). By combining both the
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wind and temperature measurements at several heights, it was possible to obtain the friction
velocity (u⇤) using the law of the wall methodology.

4.2.2 Particle number size distribution and total concentration

Total particle number concentration of submicrometric aerosols was measured for Chapter
6 with a laminar flow water-based condensation particle counter (TSI WCPC, model 3783;
Hakala et al., 2013), and a nano version which was used for the airborne measurements (TSI
N-WCPC, model 3788; Kupc et al., 2013).

The operation principle of both WCPC models (3783 and 3788) is based on the activation
of the sampled particles by condensation of a supersaturated working fluid vapor (water) on
the surface of the aerosol particles so that the they are grown to optically detectable diameters
(Hering and Stolzenburg, 2005). The aerosol particles reach a supersaturation region, which
is produced by the disposal of two consecutive sections, a conditioner tube where the air
sample is cooled, and a heated growth section where, as the mass diffusivity of water is faster
than the thermal diffusivity of air, the particles size grows as water vapours condenses on
the particle surface. The particles grow to the the desired diameter and are focused through
a nozzle into an optical chamber where a laser beam focuses light onto the particles, and
the resulting signal corresponding to the count of a particle is measured by a photodetector
(Hakala et al., 2013).The 3783 WCPC model was operated at a flow mode of 3 L min�1

and a time resolution of 5 min, whereas the airborne 3788 N-WCPC model measured at 1 s
resolution with flow rate of 0.6 L min�1. The 3783 WCPC instrument provides size range
with a lower limit down to 7 nm and measured concentration range up to 2.5 · 105 cm�3,
whereas the 3788 N-WCPC lower size limit was down to 2.5 nm and measured concentration
up to 4 · 105 cm�3.

Particle number size distribution (PNSD) measurements for particles with particles di-
ameters between 0.2 and 17.8 µm were obtained for Chapter 8 with a fine dust aerosol
spectrometer (FIDAS 200S, Palas Gmbh).

The FIDAS 200S has incorporated an in-house meteorology station, an inlet system com-
posed of a specific sampling head (Sigma-2) and a sampling tube with an Intelligent Aerosol
Drying System (IADS). The dried air sampled is introduced into an optical chamber equipped
with a LED light source where the light scattering of the particles enables the measurement
of the number of particles for different particle diameter size ranges. During Chapter 8,
the FIDAS PNSD measurements were performed for 61 bins in an optical diameter range of
0.2-17.8 µm, a time resolution of 120 s, and an inlet flow rate of around 0.3 m3 h�1.

Dust total particle number concentration was determined from the FIDAS PNSD by inte-
grating all the measured particles for all the bins up to the the desired size cut-off, x,

Nx =

Z rx

0.2
N(r)dr, (4.1)
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where N(r) is the number of particles for each given diameter size bin, and rx is the upper
limit of the desired size range.

4.2.3 Particle mass concentration

The particle mass concentration measurement used in Chapters 6, 7 and 8 were obtained
through a combination of gravimetric measurements of offline filters and/or a real time
monitors. Both methods report the mass concentration of aerosol particles below a given size
cut-off in micrograms per cubic meter (µg m�3), commonly referred to as PMx, where x is
the size cut-off of the measured particles.

Gravimetric particle mass concentration measurements

For Chapters 6 and 7, offline levels of PM2.5 and PM10 were measured via 24-hour filter
samples at Barcelona, Montseny and Montsec d’Ares monitoring stations. The instrumentation
used consisted of automatized sequential high-volume samplers with different cut-off inlets
(PM2.5 and PM10) sampling one filter during 24 hours, every 4 days. The models deployed at
the monitoring stations were: a MCV CAV-A model, at Barcelona and Montseny for PM2.5,
a DIGITEL DH-80 (DIGITEL inc., Switzerland) at Barcelona and Montseny for PM10, and a
MCV CAV-A/M-S model at Montsec d’Ares for PM2.5.

These instruments sample the air particles for the different sizes with a flow-rate of
30 m3h�1. The sample is collected on quartz microfiber filters (150 mm diameter, Pallflex
2500 QAT-UP), which are pre-treated to eliminate volatile compounds impurities, and
weighted following the EN 12341 standard (CEN, 1999). After sampling, the weight of
the filters is obtained following the same procedure, and the PM mass concentration is
derived as the difference in weight between the filters before and after sampling.

Real time particle mass concentration

Real time PM mass concentrations measurements have been obtained by comparing and
adjusting measurements from optical particle counter (OPC) with offline gravimetric mea-
surements (Gebhart, 1993; McMurry, 2000). For Chapter 6 two OPC models of the brand
GRIMM were used, namely, models GRIMM 1.108.8.80 and GRIMM 1.129-Sky-OPC, hereafter
referred to as 1.108 and 1.129 (Grimm, 2000), whereas in Chapter 8, PM values of mineral
dust were derived from the mineral dust focused OPC from the brand Palas, model FIDAS
200S (Sect. 4.2.2).

These OPC measure the number volume concentrations at different size bins and convert
the results to PM mass concentrations via an internal instrument software. The aerosol
particles are sampled at a constant flow and led into a cell that is designed to allocate just
one particle per measurement, where a laser diode beam is focused onto and a photodetector
measures the scattered light by the particles. The photodetector associates each scattered
light pulse to a single particle, and its intensity to the particle size.
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The GRIMM 1.108.8.80 and GRIMM 1.129-Sky-OPC models sample aerosol particles at
a flow of 1.2 L min�1. The particle size is accurately determined by the modulation of the
light intensity of the laser diode through a so-called Multiplex Mode. Since the particle size
and concentration is measured at each size bin, an internal software calculates the total PM
mass concentration at three different particle sizes, PM1, PM2.5 and PM10 by integrating the
measurements from all the size bins. Differences between the OPC models are given by the
wavelength of the laser diode (780 nm for 1.108 and 655 nm for 1129), the modulation
range of the intensity, which determines the number of channel bins (15 vs 31 bins) and its
range (0.3� 20 and 0.25� 32 µm).

For the FIDAS 200S model (instrument details commented in Sect. 4.2.2), the PM2.5 and
PM10 mass concentrations of mineral dust were derived by applying the third moment from
the particle size distribution obtained with the FIDAS optical particle counter,

m3 = PMx = ⇢ · ⇡
6
·
Z rx

0.2
r3N(r)dr, (4.2)

where ⇢ represents the mineral dust particle density, rx is the upper diameter size bin limit
of the desired size cut-off, r is the mean particle radius, and N(r) is the number of particles
measured for each size bin.

4.2.4 Scattering coefficients

Aerosol particle scattering coefficients were measured on-line with multi-wavelength integrat-
ing nephelometers. The scattering measurements used through-out the thesis were performed
with a multi-wavelength integrating nephelometer Aurora 3000 instruments installed at the
three EGAR monitoring station (Chapters 5 and 6). The Aurora 3000 was also used during
the aircraft measurement campaign performed within the PRISMA project (Chapter 6).
Moreover, a multi-wavelength integrating polar nephelometer Aurora 4000 (Chapter 8) was
deployed during the measurement campaigns performed within the FRAGMENT project.

Multi-wavelength Aurora 3000 integrating nephelometer

The Aurora 3000 is a LED-based integrating nephelometer (Ecotech Pty Ltd, Australia)
that measures total scattering (bscat,�) and hemispheric backscattering (bbscat,�) at three
wavelengths in the visible spectrum (450, 525 and 635 nm). The working principle of the
integrating nephelometer is such that aerosol particles enter a cell where an optical glass
light source emits light following a Lambertian illumination function, and the scattering of
light produced by the light source interaction with the particles follows a geometrical path
formed by mirrors inside the cell, which leads to a photodetector. Due to the truncation errors
produced by the geometric limitations of the cell, the angular integration ranges between
10° and 171° cell. To measure the hemispheric backscatter, a shutter attached to the light
source moves periodically between two set positions: i) a total scattering position in which
the backscatter does not influence the measurements, and ii) a backscatter position, in which
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the shutter blocks the light emitted in the forward position, and therefore the measured
scattered light by the photodetector corresponds to the hemispheric backscattering.

Calibration and maintenance of the nephelometers was performed following GAW (GAW,
2016) and ACTRIS (ECAC-CAIS, 2022) guidelines. A full calibration using CO2 as span gas
was performed three times per year, while zero adjusts were performed more frequently
using internally filtered particle-free air. To avoid the enhancement of light scattering by the
condensation of water vapour on the particles surface, the RH threshold was set to less than
40 % by using a processor-controlled automatic heater inside the Aurora 3000 nephelometer
(Fierz-Schmidhauser et al., 2010). Forward scattering coefficients were corrected for the
non-ideal illumination of the light source and for the truncation of the sensing volumes
following the procedure described in Müller et al. (2011a).

Multi-wavelength Aurora 4000 integrating polar nephelometer

The Aurora 4000 is a LED-based polar integrating nephelometer (Ecotech Pty Ltd, Australia)
that measures the total scattering at multiple angles for three wavelengths (450, 525 and
635 nm). The Aurora 4000 working principle is based on the Aurora 3000 with the main
difference due to the shutter ability to be set at a larger range of positions. The larger number
of possible positions from the shutter (with a maximum of 17), allows for a larger range
of angular integrated particle light scattering measurements. In Chapter 8, the number of
angles was set to 7: 0, 10, 25, 40, 55, 70, 90, 180°.

Due to its use in an intensive measurement campaign, full calibrations with CO2 as span
gas were performed before and after the field measurement campaigns. The RH threshold
was also set by using a processor-controlled automatic heater inside the cell to ensure a
sampling RH of less than 40 %. Forward (0°) and backward (180°) scattering coefficients
were corrected for non-ideal illumination of the light source and for truncation of the cell
following the procedure described in Müller et al. (2011a).

4.2.5 Absorption coefficients and Black Carbon
concentration

Absorption coefficients and Black Carbon (BC), or equivalent Black Carbon (eBC), mea-
surements were performed using different instruments depending on the necessities of
each study. The deployed instruments were: a Dual-Spot Multi-Wavelength Aethalometer,
AE33, a Multi-Angle Absorption Photometer, MAAP, and an offline Multi-Angle Photometer,
PP_UniMI.

Multi-Wavelength Dual Spot Aethalometer (AE33)

The AE33 aethalometer was used for all the studies included in this thesis: Chapters 5, 6, 7,
and 8, with a comprehensive and full characterization of this instrument presented in Chapter
5. Chapter 5 reports on the behaviour of an important parameter of the AE33 instrument,
the multiple scattering correction factor. A thorough analysis of this correction factor is
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fundamental in order to calculate the absorption coefficients from the AE33 aethalometers.
Moreover, during the measurements performed with the aircraft, shown in Chapter 6, a more
compact non-commercial dual-spot Aethalometer (model AE43) was used. This aethalometer
was designed and manufactured specifically for aircraft measurements and it is based on the
same working principle as the commercial AE33.

The AE33 multi-wavelength aethalometer (model AE33, Magee Scientific, Aerosol d.o.o.;
Drinovec et al., 2015) measures the attenuation of light, batn, passing true an aerosol loaded
filter-tape at 7 different wavelengths (370, 470, 520, 590, 660, 880, and 950 nm). Specifically,
the new AE33 model is based on the measurement of the transmission of light through two
sample spots with different flows and particle loading relative to the reference spot. It then
derives the eBC concentration and the attenuation coefficients by applying eqs. (4.3) and
(4.4), respectively, following Drinovec et al. (2015):

eBC =
S · (�ATN1/100)

F1(1� ⇣) · �abs · C(1� k�ATN1) ·�t
, (4.3)

batn =
S · (�ATN1/100)

F1(1� ⇣) · (1� k�ATN1) ·�t
, (4.4)

where S is the filter surface area loaded with the sample, F1 the volumetric flow of the spot
1, ⇣ the lateral airflow leakage, �abs the mass-absorption cross-section (also known as MAC),
k the loading factor parameter, and �ATN1 the variation of attenuation of light of the filter
tape loaded with the sample of the spot 1, ATN1, during the measurement timestamp �t.

The Aethalometer absorption coefficient can be derived by dividing the attenuation coeffi-
cient (eq. 4.4) by the multiple scattering parameter C of the filter tape

babs =
batn
C

=
1

C
· S · (�ATN1/100)

F1(1� ⇣) · (1� k�ATN1) ·�t
. (4.5)

In most AE33 applications, it is generally assumed that the measured light attenuation is
only due to the absorption of light by the collected particles (eqs. 4.3-4.4), and the cross-
sensitivity to scattering of the multiple scattering factor C is neglected, and it is assumed
to be constant (Drinovec et al., 2015). However, as we have shown in Chapter 5, these
assumptions are a first approximation since the attenuation of transmitted light is also
influenced by the multiple scattering of light by the collected particles (Bond et al., 1999;
Arnott et al., 2005). Introducing this dependence, and following Arnott et al. (2005), eq.
(4.4) and (4.5) can be reformulated as

batn =
S

F

�ATN

�t
· f(ATN) +ms · bsp, (4.6)

babs =
batn
Cf

�m · bsp, (4.7)
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where ms is the cross-sensitivity to scattering, and is related to m through m = ms/Cf .
Cf refers to the filter multiple scattering parameter, that depends solely on the filter tape
properties. The absorption coefficient (babs) can be expressed as a function of the single-
scattering albedo (SSA = bscat/bext), similar to the approach by Schmid et al. (2006),

babs =
batn
Cf

· 1

1 +m · SSA
1�SSA

(4.8)

from which measured multiple parameter, C, affected by the cross-sensitivity to scattering
can be expressed as

C = Cf

✓
1 +m · SSA

1� SSA

◆
= Cf +ms ·

SSA

1� SSA
(4.9)

Therefore, eq. (4.9) shows that the effective multiple scattering parameter, C, depends
on the physical properties of collected particles and that the actual AE33 cross-sensitivity to
scattering is more pronounced when the measured aerosol particles have higher SSA. The
analysis of the dependency of the effective multiple scattering parameter C with the SSA
yields the experimental fit constants (Cf and ms) that describe the relationship between C
and SSA. Therefore, the factor C to be used at measurements sites or experiments under high
SSA is recommended to be obtained either by measuring the absorption coefficient with an
independent reference instrument, or by applying an iterative approach to the SSA and C
values, assuming a parametrized ms and Cf values.

Multi-Angle Absorption Photometer (MAAP)

The MAAP photometer was deployed at the three EGAR monitoring stations: Barcelona,
Montseny and Montsec d’Ares and was used in Chapters 5, 6 and 7.

The Multi-Angle Absorption Photometer model 5012 (MAAP, discontinued; Thermo Fisher
Scientific, USA) measurement principles are described in Petzold and Schönlinner (2004).
The MAAP absorption coefficient at a single wavelength (637 nm) is derived by an internal
software using a radiative transfer model from the measurements of transmission of light
through the filter tape and backscattering of light at two different angles. The measurements
of backscattered light allows the instrument to correct on-line for the artifacts due to the
presence of the filter tape. MAAP measurements for this thesis were obtained with either a 1
or 5 min time resolution at a flow rate of 5 L min�1, and with a PM10 inlet cut-off.

The MAAP focuses a radiation beam over a spot where the aerosol particles from the
sampled air are accumulated over a plane membrane filter made of quartz. The incident
radiation is emitted by a laser diode with an estimated wavelength of 670 nm, that was
actually found to be of 637 nm, and for this reason the absorption coefficient needs to
be reported at 637 nm after a correction factor of 1.05 is applied (Müller et al., 2011b).
Sensors are placed at multiple angles to measure the forward scattering and attenuation at
✓0 = 0°, and backscatter radiation at ✓1 = 130° and ✓2 = 165°. The absorption coefficient
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is then derived applying a radiative transfer scheme based on Hänel (1987), where the
values for the back-scatter fraction by the filter and the asymmetry factor are fixed. Then,
the BC concentration is derived by applying a mass absorption cross-section (MAC) of
6.6 m2 g�1 to the absorption coefficient. As opposed to the Aethalometer that derives
the absorption coefficient from attenuation measurements and has to resolve measuring
artifacts (e.g. multiple scattering, filter loading, cross-sensitivity to scattering, etc.), the
MAAP obtains directly the absorption coefficient and, as a consequence, it is considered a
reference instrument for the absorption coefficient (Collaud Coen et al., 2010; Saturno et al.,
2017).

Offline Multi-Wavelength Polar Photometer (PP_UniMI)

A benchtop PP_UniMI polar photometer measurements of absorption at several wavelengths
was used as a reference for absorption coefficients at Chapter 5.

The polar photometer PP_UniMI working principle is based on the experimental set-up
proposed by Hänel (1987; 1994) and Kopp et al. (1999). It was first described in Vecchi et al.
(2014), with a later evolution described in Bernardoni et al. (2017). The PP_UniMI measures
the transmitted and scattered radiation at 4 wavelengths (405, 532, 635 and 780 nm) in a
range of scattering angles from 0° to 173° with a resolution down to 0.4°, and then derives
the absorption coefficient by applying a radiative transfer model.

Although the same working principle applies for both MAAP and PP_UniMI, i.e. the
measurement of transmitted and scattered light radiation and deriving the absorption co-
efficients by applying a radiative transfer scheme, some crucial differences separate them.
Fundamentally, the PP_UniMI is capable of measuring at several wavelengths between the
short-UV and the near-infrared, hence covering a larger part of the spectrum compared to the
single wavelength of the MAAP (637 nm). More importantly, the higher number of angles
used by the PP_UniMI as well as the more sophisticated radiative transfer model allow for a
more precise characterization of the absorption. However, the PP_UniMI measurements are
performed off-line, whereas the MAAP is able to perform online measurements and allows
for continuous measurements, thus presenting a better applicability at monitoring stations in
comparison with the PP_UniMI. Furthermore, an inter-comparison between the MAAP and
PP_UniMI for different measurement sites, including Barcelona and Montseny, was reported
in Valentini et al. (2020). In this study, the MAAP absorption measurements were found
to be around 14% lower than the PP_UniMI, which was mainly associated to the improved
radiative transfer scheme and larger number of measuring angles for the PP_UniMI, since
no differences were observed between MAAP and PP_UniMI when the latter was used as a
MAAP (PaM), i.e. using a data inversion with similar assumptions as those performed in the
MAAP. Hence, when data from both instruments is available, since they are comparable, the
MAAP can be adjusted to the PP_UniMI measurements.

60



4.2 Instrumentation

4.2.6 Offline aerosol chemical composition analysis

In addition to the particle mass concentration levels obtained from the gravimetric analysis of
the offline filters (Sect. 4.2.3), a complete chemical speciation can be obtained following the
procedures proposed by Querol et al. (2001). The chemical composition obtained by offline
filters was used for Chapters 6 and 7.

Bulk chemical analysis

The bulk chemical composition is obtained by performing different techniques over different
sections of the quartz filters. Each filter section corresponds to a piece representing a quarter
of the original filter.

The first quarter of the filter was used for the determination and characterization of major
elements (Al, Fe, K, Ca, Na, Mg, S, P, Ba, Cr, Cu, Mn, Ni, Sr, Pb, Ti, V, Zn) and the trace
elements (Li, Be, B, Sc, Ti, V, Cr, Mn, Co, Ni, Cu, Zn, Ga, Ge, As, Rb, Y, Zr, Nb, Mo, Cd, Sn, Sb,
Cs, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, W, Tl, Pb, Th and U). With
this aim, it undergoes an acid digestion procedure. The acids are then evaporated via heating
of the sample at 230 °C. The remaining dry sample is mixed into a solution which is then
used to determine the major elements through Inductively Coupled Plasma Atomic Emission
Spectrometry (ICP-AES, IRIS Advantage TJA Solutions, THERMO), and the trace elements
through Inductively Coupled Plasma Mass Spectrometry (ICP-MS, X series II, THERMO).

The second quarter of the filter was used for the determination of the concentrations of
SO2�

4 , NO�
3 , Cl�, and NH+

4 . With this aim the filter portion was leached with ultra-pure
water to dissolve ions. The SO2�

4 , NO�
3 and Cl� ions concentration was measured through a

ion chromatography system (Dionex Aquion Ion Chromatography, Thermo Fisher Scientific
Inc., USA), and the NH+

4 concentrations with ammonia selective electrode (MODEL 710 A+,
THERMO Orion).

Two rectangular punches of around 1.5 cm�2 are used for the OC-EC analysis through
a Thermal-optical method (cf. Subsect. 4.2.7) using the Sunset Laboratory OCEC analyzer
following the EUSAAR 2 thermal-optical transmittance (TOT) protocol (Cavalli et al., 2010).
The sampled punches are placed inside a sample oven which is heated up step-wise to
remove the organic carbon and catalytically oxidize it to carbon dioxide; then, this carbon
dioxide is reduced to methane which is measured with a Flame Ionizatoin Detector (FID). The
concentration levels of methane are used to calibrate the measurement to a known quantity
of carbon. The char formed during the catalytic process is corrected via the transmittance of
light of a pulsed diode laser. Thus, from both the response of the FID and the char correction,
the concentrations of organic carbon (OC) and elemental carbon (EC) from the sample can
be obtained.

Finally, the remaining filer is stored for possible future analysis of the filter sample.
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In addition, in order to obtain the complete chemical mass balance, additional components
were indirectly obtained following different empirical equations. These additional compo-
nents were: i) CO2�

3 , calculated as CO2�
3 = 1.5 · Ca (Querol et al., 2001); ii) SiO2, calculated

as SiO2 = 2.5 ·Al2O3 (Querol et al., 2001); and iii) the organic matter (OM), which was
determined from the OC measurements by applying a factor to correct for the addition of
heteroatoms of the organic matter (H,N, O) missing in the OC, OM = X · OC (Takahama
et al., 2011). The applied X factor at Barcelona and Montseny stations used in Chapter 7
was 1.6 at Barcelona and 2.1 at Montseny station (Minguillón et al., 2015)

4.2.7 Real-time aerosol chemical composition analysis

A real-time online analysis with a high time resolution was needed for the correct analysis
of the different aerosol sources and chemical species affecting the measurements when
analysing sub-diurnal cycles. This was the case during the flights intensive measurements
in Chapter 6 and during the absorption enhancement analysis due to the mixing of organic
and inorganic aerosols with the BC particles in Chapter 7. With this objective, a pair of
instruments were used: i) a Semi-Continuous OC-EC analyzer to measure the amount of
organic and elemental carbon of the measured carbonaceous particles, and ii) an Aerosol
Chemical Speciation Monitor (ACSM) which measures mass concentration and chemical
species of non-refractory aerosol particles in real-time.

Semi-Continuous OC-EC Field Analyzer

The field-deployable Sunset Semi-Continuous OC-EC Field Analyzer (Sunset Laboratory
Inc., Forest Grove, Oregon, USA) provides semi real-time measurements of OC and EC.
The measurements were obtained using the EUSAAR2 thermal-optical transmittance (TOT)
protocol (Cavalli et al., 2010; Karanasiou et al., 2020) following the recommendations
provided by the CEN standard - EN 16909:2017 for PM2.5 (CEN, 2017). This protocol
provides thermal OC and thermal EC, with their sum representing Total Carbon, TC.

The Semi-Continuous OC-EC analyzer follows the same working principle as the Thermal-
optical OC-EC analyzer for offline filters by Sunset (Sect. 4.2.6). The only difference between
the two OC-EC analyzers is that the measured quartz-filter samples are manually changed for
the offline version, whereas the Semi-Continuous model collects the sampled particles into
a quartz filter that after each measuring procedure has a 25 min period where the oven is
filled with methane and heated so that all the EC sample is vaporized (Turpin et al., 1990;
Bae et al., 2004).

Quadrupole Aerosol Chemical Speciation Monitor (Q-ACSM)

The Quadrupole Aerosol Chemical Speciation Monitor (Q-ACSM; Aerodyne Research Inc.,
Billerica, Massachusetts, USA) provides real-time characterization and monitoring of the
mass and chemical composition of non-refractory submicron particles (e.g. organic aerosols,
sulphate, nitrate, ammonium and chloride). The Q-ACSM follows the same working principle
as the Aerodyne Aerosol Mass Spectrometer (AMS; Jayne et al., 2000; Canagaratna et al.,
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2007), but is designed to be smaller and simpler to use, with the only main difference being
that the AMS also reports the particle size distribution. The Q-ACSM presents a detection
limit for non-refractory particles below 0.2 µg m�3 for 30 min of signal averaging at ambient
conditions (Ng et al., 2011).

The Q-ACSM samples submicrometric air particles at a flow rate of 0.1 L min�1 through
a critical orifice (100 µm diameter) into an aerodynamic lens that is used to transport and
focus the submicron particles into a set of vacuum chambers. The focused aerosol particles
beam is transmitted through the first two chambers into the final detection chamber, where
the particles are flash-vaporized on a hot oven at 600°C, so that non-refractory material
is detected and chemically characterized via a hard electron impact (70eV) residual gas
analyzer (RGA) quadrupole mass spectrometry. An internal calibration system, composed
of a naphthalene source that provides a characteristic ion mass to charge fraction spectra
used for calibrating the measured ions, is collocated inside the detection chamber. The ion
signal correction has to be corrected for contributions both from the ambient background
and the naphthalene source inside the detection chamber. This correction is carried out by
an automated filter-valve system, where the resulting signal is obtained as the difference
between the sample mode and filter signals. To transform the ion spectra signals into chemical
species concentrations (organics and inorganics), a set composed by a fragmentation table
(Allan et al., 2004), the ion transmission correction, and response factor are used. The
instrument was operated with 24 scans per measurement with a 30 min resolution. Data
acquisition software (v. 1.1.4.5, 1.5.2.1 and 1.6.0.0) and analysis (v. 1.6.1.1) software were
implemented in Igor Pro (Wavemetrics, Inc.) and provided by Aerodyne Research Inc. Data
corrections and calibrations were performed as described in Via et al. (2021).

4.2.8 Remote sensing measurements

Remote sensing measurements, both active and passive, allows for the analysis of columnar
vertical profiles of both aerosol physical and optical properties. The main difference between
passive and active remote sensing measurements is based on the instrument working principle:
active remote sensing instruments, such as ceilometers (used in Chapter 6), send a radiation
beam into the atmosphere and then measure the radiation backscattered by the particles,
thus providing vertically resolved aerosol backscatter profile, detection of cloud and fog, and
planetary boundary height, among others. Passive remote sensing instrument, such as sun-sky
photometers (also used in Chapter 6), measure the solar radiation field and then compare it
with the expected radiation from a black body radiation, thus measuring vertical-integrated
aerosol properties of the atmosphere at that given location such as the AOD.

CHM15k-Nimbus ceilometer

The ceilometer used for the active remote sensing measurements of attenuated backscatter
was a Jenoptik (now Lufft) CHM15k-Nimbus (G. Lufft Mess- und Regeltechnik GmbH,
Germany). The CHM15k uses a pulsed ND:YAG laser emitting at a wavelength of 1064 nm
with a pulse energy of 8.4 µJ, a frequency of around 5-7 kHz, and a beam divergence below
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0.3 mrad. The attenuated backscattered signal is collected on a telescope with a 0.45 mrad
field of view. The instrument was operated continuously with a temporal resolution of 1
min and vertical resolution of 15 m, reaching a maximum height of 15.36 km a.g.l. The
CHM15k-Nimbus ceilometer presents a complete overlap between the laser beam and the
telescope field of view at 1.5 km and a measurement range of 15 km (Heese et al., 2010),
and an overlap of around 60% at around 500 m a.g.l. (Martucci et al., 2010; Pandolfi et al.,
2013). The CHM15k-Nimbus ceilometer used at Chapter 6 is deployed in the valley below
Montsec d’Ares mountain top-station at around 760 m a.s.l. and less than 2.5 km away from
the cabin, thus the overlap is above a 85 %, so that the results obtained from the ceilometer
are comparable with the scattering measurements of the MSA station. The instrument was
subject to calibration following Bucholtz (1995) and Wiegner et al. (2014). Further details
and information on the CHM15k-Nimbus ceilometer deployed at Montsec d’Ager station can
be consulted in Titos et al. (2017).

AERONET CE-318 sun-sky photometer

The AERONET CE-318 sun-sky photometer (Cimel Electronique, France) is a robust automatic
solar-powered radiometer tracking the sun over the sky and making sun measurements that
provide the aerosol optical depth, precipitable water and multispectral Ångström exponent
(Holben et al., 1998; Holben et al., 2001). The instrument has a field of view of around
1.2 ° with two detectors measuring direct sun, aureole and sky radiance. The spectral range
of the measurement between the short-UV and the near-IR allow for measurements at 340,
380, 440, 500, 675, 870 940 and 1020 nm wavelengths. The instrument tracks the position
of the sun with a microprocessor based on time, latitude and longitude, and points the
head of the photometer to the sun with a set of azimuth and zenith motors with a precision
of 0.05°. The measurements have been performed with a temporal resolution of 5 min in
a sequence such as that a filter for each wavelength is positioned in front of the detector
and direct sun measurements are obtained, then the aerosol optical depth is computed for
all the measured wavelengths with the exception of 940 nm, which is used to retrieve the
precipitable water. The AERONET CE-318 sun-sky photometer was deployed at MSA station,
so that the measurements could be coupled with the CHM15k-Nimbus ceilometer to retrieve
via the application of the GRASP algorithm the vertical profiles of physical parameters such
as the particle number concentration, and the scattering coefficient, among others.

4.3 Atmospheric air-masses classification

For the characterization of the air masses affecting the areas under study, an array of model-
based tools were used, namely backward trajectory and dust and aerosol weather forecasting
models. These models are able to provide the origin of the air masses at different height
levels as well as the spatial and temporal evolution of the concentration of the main relevant
aerosol particles.
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4.3.1 Atmospheric transport modeling system: HYSPLIT

The determination of the air mass origin was performed using backward trajectories provided
by the Lagrangian trajectory model designed and developed by the NOAA Air Resources
Laboratory: HYSPLIT (Draxler and Hess, 1997; Draxler and Hess, 1998; Draxler, 1999; Stein
et al., 2015, https://www.ready.noaa.gov/HYSPLIT.php). The HYSPLIT model backward
trajectories were used for the determination of the air mass origin at Chapter 6, as well as
for the determination of mineral dust advection into the measurement area in Chapters 5,
and 7.

HYSPLIT (HYbrid Single-Particle Lagrangian Integrated Trajectory) model is able to com-
pute air and particle mass trajectories, as well as complex aerosol dispersion and deposition
simulations. It is based on a Lagrangian model, under the main assumption that the disper-
sion of an air parcel can be computed by integrating the advection of each air parcel over the
three-dimensional (3-D) meteorological grid. That is, the dispersion of the air parcel results
in a trajectory that only requires the 3-D velocity field. The backward trajectories calculated
throughout this study were obtained at a daily basis at noon (12:00 UTC) for 3 different
heights: 750, 1500, and 2500 m a.g.l. The trajectories were computed using meteorological
data from the Global Data Assimilation System with a 1° resolution (GDAS-1) for the previous
120 hours, which has been set to be the most accurate time lag for determining the origin
of an air mass (Su et al., 2015). The backward trajectories were visually classified upon its
origin sector into: 1) Atlantic North, AN; 2) Atlantic North-West, ANW; 3) Atlantic South-West,
ASW; 4) North African, NAF; 5) Mediterranean, MED; 6) European Continent, EU; 7) Winter
Regional, WREG; and 8) Summer Regional, SREG.

4.3.2 Aerosol dispersion forecasting models

Forecasts from aerosol compounds dispersion and deposition models have been used along
with the backward trajectories for Chapters 5, 6 and 7 with the aim of identifying at a
synoptic scale the different aerosol particles and its composition affecting the measurements.
Multiple forecasting models outputs were used and intercompared to obtain a more accurate
description of the different events, namely: NAAPS, BSC-DREAM8b and NMMB/BSC-Dust,
and SKIRON.

Navy Aerosol Analysis and Prediction System (NAAPS)

The Navy Aerosol Analysis and Prediction System (NAAPS) is a global 3-D aerosol forecasting
model developed and maintained by the Naval Research Laboratory, Marine Meteorology
Division, in Monterey, USA (Westphal et al., 2009, https://www.nrlmry.navy.mil/

aerosol/). NAAPS is an offline model that forecasts sulphate, smoke, dust and sea salt
aerosol concentration and visibility for the entire globe, as well as some specific regions such
as Sahara, Sahel, Europe, etc.
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BSC-DREAM8b and NMMB/BSC-Dust forecasting models

BSC-DREAM8b and NMMB/BSC-Dust are online forecasting models developed and main-
tained by the Earth Science Division of Barcelona Supercomputing Center (BSC) that provide
short and mid-term dust weather forecasts (Pérez et al., 2006; Pérez et al., 2011; Basart
et al., 2012, https://dust.aemet.es/products/daily-dust-products).

BSC-DREAM8b and NMMB/BSC-Dust are based on the Euler-type partial differential non-
linear equations for mass continuity, and use the NCEP/Eta atmospheric model, and a dust
module coupled with NMMB/NCEP atmospheric model, respectively. BSC-DREAM8b is a
regional model that provides the dust cycle forecasting for large parts of Europe, North-
Africa and the middle East, whereas NMMB/BSC-Dust is run globally. BSC-DREAM8b is the
evolution of the previous BSC-DREAM dust forecasting mode, with the main improvements
due to a more detailed size bin distribution and a dust-radiation interaction feature. At
present, BSC-DREAM8b model has become obsolete and is no longer available, and has been
replaced with a new model developed by the BSC, the MONARCH (Badia et al., 2017; Basart
et al., 2020; Klose et al., 2021), that in addition to the NMMB/BSC-Dust dust module, has a
full chemistry module scheme that includes gas-phase interactions and all the aerosol species
(volcanic ash, sea-salt, sulphates, organic aerosols, black carbon, etc.). MONARCH produces
daily forecasts for 72 hours of dust surface concentrations, dry and wet deposition, and the
dust optical depth.

SKIRON/Eta dust forecasting model

SKIRON/Eta is an atmospheric model that incorporates a module for dust uptake from
North-Africa and Eurasia main sources, and then computes its transport and deposition
on the surface developed by the University of Athens, Atmospheric Modeling and Weather
Forecasting Group, Greece (Kallos et al., 1997; Nickovic et al., 2001; Kallos et al., 2006,
https://forecast.uoa.gr/en/forecast- maps/dust/europe). The SKIRON model
dynamically couples the dust module with the atmospheric model (ETA), enabling for a dust
cycle analysis at every step. This dynamic coupling results in a more accurate reproduction of
the dust sources, particle size distribution evolution, dust transport and three-dimensional
dust mass concentration. The SKIRON/ETA produces daily forecasts of the dust concentration
near ground, dry and wet deposition, as well as some meteorological variables for Europe,
the North Atlantic and Central Asia.

4.4 Data analysis

4.4.1 Intensive aerosol optical properties

In addition to the measurements obtained directly from the instruments, additional variables
were derived throughout the different chapters of this thesis to better constrain and charac-
terize the aerosol particles properties, independently of the concentration of particles. These
variables are referred to as intensive optical properties, since are independent of the particle
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number and mass concentration, and only depend on the physico-chemical properties of
collected particles, such as the mineralogy, the particle size distribution, the shape of the par-
ticle, etc. These intensive optical properties were obtained by combining the measurements
from the instruments described in Sect. 4.2 and by applying different fits and formulas to the
available datasets.

Single Scattering Albedo: SSA

The Single Scattering Albedo (SSA) describes the amount of radiation that is either scattered
or absorbed by the aerosol particles, i.e. the potential for either cooling or warming the
atmosphere. Thus, the SSA is considered to be one of the most important optical parameters
to describe the interaction of the aerosol particles with radiation. SSA is obtained as the
ratio between the scattering and the total extinction produced by the aerosol particles (i.e.
the sum of absorption and scattering), with theoretical values ranging between 0 for pure
absorbing aerosol particles, and 1 for pure scattering particles.

SSA =
bscat

bscat + babs
. (4.10)

The SSA was obtained at several wavelengths, by combining the absorption coefficients,
either from the AE33 at 7-�’s or from the MAAP at 637 nm, and the scattering coefficients
from the integrating nephelometer at 3-�’s. For this purpose, the scattering measurements
were extrapolated to the absorption coefficient wavelengths. Thus, by measuring the SSA for
different wavelengths, from the short-UV to the near-infrared, it was possible to report the
spectral behaviour of the SSA for aerosol particles with different chemical composition.

Various aerosol compounds present SSA values at a wavelength of 525 nm close to 1
for purely scattering particles, like OA non-absorbing compounds and inorganic aerosols,
such as ammonium sulphates. Moreover, SSA ranges between 0.75 and 0.84 for biomass
burning aerosols, whereas for freshly emitted BC particles, the SSA can get as low as 0.2-0.3
(Bond and Bergstrom, 2006; Laskin et al., 2015). In particular, SSA values for mineral dust
range between 0.9 and 0.96 at around 550 nm (Claquin et al., 1999; Schladitz et al., 2009),
with the iron and iron-oxides concentration of the mineral dust considered to be the major
responsible for this variation. Additionally, as a consequence of the spectral variation of the
imaginary refractive index of these iron oxides particles, the SSA of mineral dust particles
presents lower SSA values for the shorter wavelengths (0.92 at 370 nm and 0.98 at 880 nm;
Di Biagio et al., 2019).

Ångström Exponent: scattering, absorption and single scattering albedo

The Ångström Exponent, ↵, was first proposed by Ångström (1929), as a wavelength-
independent parameter to describe the dependence with the wavelength of light extinction by
the aerosol particles. It is commonly used to analyze the spectral variation of any parameter

67



Chapter 4 Methodology

(�(�)) that follows, or can be approximated as, a power-law relationship with the wavelength,

�(�) = �0 · ��↵. (4.11)

The main approaches for obtaining ↵ are: i) from the ratio of �(�) for a pair of wavelengths,
ii) by fitting the �(�) data on a log-log space with a linear regression, and by iii) applying non-
linear fits. The first two approaches were the ones used this thesis, with the second method
as the preferred option given its higher sensitivity to a larger number of wavelengths.

The first approach to obtain ↵ uses the ratio of �(�) for a pair of wavelengths, �1,�2, which
can be described by

�(�1)

�(�2)
=

✓
�1

�2

◆�↵

, (4.12)

so that, by converting it into the log space, the Ångström Exponent, ↵, can be expressed as

↵�1,�2 = � ln (�(�1)/�(�2))

ln (�1/�2)
(4.13)

The second method to obtain ↵ fits the desired parameter (�) with a linear regression to
the points of the multiple wavelengths plotted in the log-log space,

ln(�(�)) = �↵ ln(�) + � (4.14)

where the fitted slope, ↵, defines the Ångström Exponent.

In this thesis, the three parameters for which the Ångström Exponent have been obtained
are: absorption (babs), scattering (bsp), and single scattering albedo (SSA).

The absorption Ångström Exponent (AAE) was obtained following the aforementioned
methods using the multi-wavelength absorption measurements derived by the AE33. In the
case that the AAE was obtained using a pair of �’s (eq. 4.12), the selected wavelengths were
470 and 950 nm, as proposed by Zotter et al. (2017); otherwise the AAE was derived using
the linear regression in the log-log space to the 7-�.

The AAE depends on the internal mixing state, as well as on the chemical and mineralogical
composition of the aerosol particles. Typical AAE values for freshly emitted BC particles range
between 0.8 and 1.1 (Kirchstetter et al., 2004; Bergstrom et al., 2007; Petzold et al., 2013;
Lack and Langridge, 2013). This variation is associated with the BC particle size, with a value
of 1 associated to BC particles below 50 nm diameters, and a range between 0.8 and 1.1 for
the BC particles formed by coagulation and collapse of smaller BC spherules (e.g. Gyawali
et al., 2009; Zhang et al., 2008). BrC aerosol particles and mineral dust particles present
higher AAE values due to the higher absorption efficiency of these particles at the short-UV
region of the spectrum compared to the near-IR (Kirchstetter et al., 2004; Chen and Bond,
2010). For BrC particles, the AAE variation is introduced by the higher absorption towards
the short-UV wavelengths of the organic aerosol particles, with AAE values between 1.5 and
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5 (Schnaiter et al., 2003; Bergstrom et al., 2007; Cappa et al., 2019). For mineral dust, AAE
values range between 2 and 6.5 (Schuster et al., 2016; Caponi et al., 2017). The variation
in the AAE of the dust particles is caused by the spectral variations in the refractive index
introduced by iron oxide containing particles, mainly goethite and magnetite (e.g. Müller
et al., 2009; Schladitz et al., 2009; Schuster et al., 2006).

The scattering Ångström Exponent (SAE) was determined by performing a linear regression
to the integrating nephelometer multi-wavelength scattering measurements in the log-log
space. Additionally, the use of a SAE obtained through two sets of wavelengths was used for
performing the corrections to the forward (0°) and backward scattering (180°) as proposed
in Müller et al. (2011a).

SAE values lower than one are associated with the presence of coarse particles, that in the
main area of study are mainly associated with Saharan mineral dust outbreaks, and in the
mineral dust emission source regions are linked to stronger emission processes; whereas SAE
around 1.5 indicate the predominance of fine particles (Seinfeld and Pandis, 1998; Schuster
et al., 2006; Pandolfi et al., 2018). Indeed, when first proposed the use of the Ångström
Exponent, it was already studied its relationship with the aerosols particle size (Ångström,
1929).

The single scattering albedo Ångström Exponent (SSAAE) was obtained by fitting a linear
regression to the calculated multiple-wavelength SSA at the 7-� of the AE33 in the log-
log space. For this purpose, the 3-� scattering coefficients obtained with the integrating
nephelometer were extrapolated to the 7-� of the AE33 using the SAE (eq. 4.11). The SSAAE
was used as an indicator for the presence of mineral dust particles when values are <0
(Collaud Coen et al., 2004; Ealo et al., 2016).

Backscattering Fraction: BF

The hemispheric Backscattering Fraction (b or BF) is a simplified representation of the angular
distribution of scattering and is calculated as the ratio of hemispheric backscattering and
total scattering,

b = BF =
bbscat
bscat

. (4.15)

The backscatter fraction is an indicator of the particles size, with a higher relative amount
of backward radiation compared to forward radiation for smaller particles, and vice-versa, a
higher relative amount of forward scattering for coarser particles (Andrews et al., 2011b).
Typical b values range between 0.10 and 0.15 (Andrews et al., 2011b). It is also affected
by the asphericity of the particles, with less spherical particles presenting lower BF values
(Doherty et al., 2005).

Asymmetry Parameter: g

The asymmetry parameter (g) describes the angular distribution of light scattering by aerosol
particles. Theoretically, the g values range between -1 for completely backscattered light, and
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+1 for entirely forward scattered light. For symmetric scattering with respect to the plane
perpendicular to the incidence direction, the g is 0. The asymmetry parameter is defined
as the intensity-weighted average cosine of the scattering angle, i.e. the angle between the
incident and scattering light radiation (✓):

g = hcos✓i = 1

2

Z ⇡

0
sin ✓P (✓) cos ✓d✓, (4.16)

where P (✓) is the phase function (i.e. the angular distribution of scattered light, cf. Sect.
1.3).

The asymmetry parameter can also be derived by applying the Henyey-Greenstein approx-
imation, where an empirical function for g is obtained based on its relationship with the
backscatter fraction, b. This relationship was first described by Andrews et al. (2006) based
on Wiscombe and Grams (1976) for a wavelength of 550 nm and a refractive index of 1.55 +
0.015i for measurements below 40% RH:

g = �7.143889 · b3 + 7.4644393 · b2 � 3.96356 · b+ 0.9893. (4.17)

This empirical relationship proposed by Andrews et al. (2006) has been the main method
followed in this thesis for deriving the asymmetry parameter when the scattering measure-
ments were obtained with the integrating nephelometer Aurora 3000 (Chapters 5, 6 and
7). Conversely, if the scattering measurements were performed with the multi-angle polar
integrating nephelometer Aurora 4000 (Chapter 8), the asymmetry parameter was obtained
following eq. (4.16), by calculating the phase function (eq. 1.7) from the multi-angle
scattering measurements (Liou, 2002; Horvath et al., 2018).

Typical overall asymmetry parameter, g, values range between 0.5 and 0.7 with the
variations associated to the particle number size distribution, shape factor and the chemical
composition (e.g. Andrews et al., 2011a; Pandolfi et al., 2018). In particular, for mineral dust
particles, g values between 0.6 and 0.85 are assumed in most climate models (Sokolik and
Toon, 1999; Horvath et al., 2018; Ryder et al., 2018).

Mass Absorption, Scattering, and Extinction Efficiency: MAE, MSE, MEE

The mass efficiency of the extensive optical properties represents the ratio of radiation that is
absorbed (MAE), scattered (MSE), and extincted (MEE), by the particles per unit of mass.

The mass absorption efficiency (MAE), also referred to as mass absorption cross-section
(MAC), is obtained at a given wavelength as the ratio between the absorption coefficient at
that given wavelength and the mass concentration of the absorbing particles (eq. 4.18).

MAE =
babs

MPM,abs
(4.18)

70



4.4 Data analysis

The mass scattering efficiency (MSE), also referred to as mass scattering cross-section
(MSC), is obtained similarly to the MAE, as a fraction between the scattering coefficient and
the mass concentration (eq. 4.18).

MSE =
bscat
MPM

(4.19)

The extinction coefficient is the combination of both the absorption and scattering coeffi-
cients, and therefore the mass extinction efficiency (MEE), also referred to as mass extinction
cross-section (MEC), is calculated as the ratio between the extinction coefficient and the mass
fraction (eq. 4.18).

MEE =
bext
MPM

(4.20)

Absorption enhancement of BC particles

The absorption enhancement, Eabs, is defined as the ratio between the measured ambient
MAC, MACobs, and the reference MAC for pure BC particles, MACref . For this case, the
observed ambient MAC is defines as in eq. (4.18), but instead of the PM concentration, it is
the specific concentration of elemental carbon, or pure BC, that is used,

MACobs =
babs
MEC

, (4.21)

Eabs =
MACobs

MACref
. (4.22)

The reference MACref can be obtained either from the same experimental data that is
used for obtaining Eabs, or from the literature. A highly used literature MACref for pure BC
is the one provided by Bond and Bergstrom (2006) at 550 nm, 7.5± 1.2 m2g�1. There are
two main approaches for experimentally determining MACref : i) using a combination of
instruments that evaporate the semi-volatile and inorganic species, and therefore only the
absorption by pure BC is measured, and ii) by fitting the MACobs against the OC to EC ratio
and using the intercept, i.e. when there are no organic compounds available to enhance the
absorption, as MACref .

Since the absorption enhancement of BC is produced by both its external and internal
mixing with other particles, Eabs can be expressed as

Eabs = Eabs,int + Eabs,ext, (4.23)

where Eabs,int and Eabs,ext refer to the absorption enhancement produced by the internal
and the external mixing, respectively. If the absorption measurements are performed at
several wavelengths, it is possible to determine the fraction of the absorption enhancement
which is produced either by the internal or external mixing of particles with BC by assuming
that the BrC particles do not absorb at 880 nm, i.e. the external mixing effect on Eabs is
null, and it is only driven by the internally mixed BC particles. Some studies assume a
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wavelength-independent Eabs,int (Liu et al., 2015b; Zhang et al., 2018), however there are
several studies showing the possibility of absorbing particles internally mixed with BC, which
can alter its AAE (e.g. Lack and Cappa, 2010; Lack and Langridge, 2013). By taking into
consideration the possible influence of this absorbing particles on the variations of Eabs with
the wavelength, or by using the lensing effect terminology, the brown coatings (cf. Lack and
Cappa, 2010), the absorption enhancement for the internally mixed BC at a given wavelength
can be described as,

E�
abs,int = 1 +

MAC880nm
BC,int ·

�
880
�

�AAE

MAC�
ref

, (4.24)

E�
abs,ext = E�

abs � E�
abs,int, (4.25)

where AAE is the spectral dependency for pure BC particles, MACBC,int is the internal mixing
mass absorption cross-section, and � is the wavelength.

4.4.2 Trend analysis

For datasets that present long measurement periods, an analysis of the trends was performed
with the aim of observing whether the main variable of interest and additional variables
which could be influencing it had a positive or negative evolution over the last decade, such
as in Chapter 7.

The trend analysis was performed by applying the widely used Theil-Sen estimator method
(Collaud Coen et al., 2020, and therein). This method fits a line to the data points, where the
fitted slope is obtained as the median of slopes of all the pair of points, and the intercept is
determined as the median of values of the dependent variable minus the fitted slope by the
value of the independent variable.

This estimator is used for determining trends due to its lower sensitivity to the presence of
outliers in the sample in comparison with a least squares regression. All the Theil-Sen trends
performed in this study have been performed using the Theil-Sen function from the Openair
package (Carslaw and Ropkins, 2012) in the programming language R (www.r-project.org;
Team et al., 2013).

4.4.3 Optimized Noise-reduction Algorithm (ONA)

The post-processing Optimized Noise-reduction Algorithm (ONA) was used in Chapter 5 for
noise reduction of high-temporal resolution BC data from the AE33. The method was applied
following the approach introduced by Hagler et al. (2011) for very high-time resolution
of absorption measurements, then implemented for the Aethalometer in Springston and
Sedlacek (2007), and afterwards by Backman et al. (2017) in remote Arctic stations. It was
implemented for the three sets of stations deployed at the western Mediterranean basin:
Barcelona, Montseny and Montsec d’Ares (cf. Sect. 4.1.1).
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4.4 Data analysis

The ONA algorithm is based on averaging the data with a varying timestamp. This adaptive
averaging time-step (�t) is set by fixing the incremental light attenuation of light through
the filter tape (�ATN1, cf. 4.3) to a constant value, conversely to the internal instrument
software (cf. Sect. 4.2.5), that fixes �t and measures ltaATN1 for the given time-step.
Since �ATN1 determines the possible range of �t, it needs to be high enough so that the
signal-to-noise ratio is large; yet as low as possible so that the intrinsic variability of the
measurements is conserved, thus a �ATN1 was set to 0.01 as per recommendation of the
AE33 manufacturer.

A direct cause of fixing the �ATN1 step in eq. (4.3) is that the ONA recalculated BC
concentration is determined by the time needed to reach the fixed attenuation value, hence:
the faster �ATN1 is reached, the smaller the �t is, and the higher that the BC concentration
are. The advantage of applying this methodology is that it filters the noise introduced into
the BC values by �ATN1 measurements close to the detection limit when a fixed �t is used
(i.e. the method used for deriving BC by the AE33 internal software), whilst maintaining
the higher BC concentration measurements. This avoids the introduction of a bias to the
measurements as is the case when performing a rolling average or averaging over a �t larger
than the original timestamp from the instrument.
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5
ABSORPTION COEFFICIENTS
RETRIEVAL: CORRECTION
FACTORS AND RELATIONSHIPS

Objective
Improve the measurement of the absorption coefficients from a filter-based dual-spot multi-
wavelength aethalometer (AE33, Aerosol d.o.o.). Filter-base instruments derive the absorp-
tion by applying several correction factors to the measurements of light attenuation. The
AE33 applies a parameter that corrects for the multiple scattering of the particles within the
filter, the parameter C. This parameter is the only correction factor which is not corrected
on-line by the instrument software, and provides the largest contribution to the absorption
measurements uncertainty. With this aim, an accurate analysis of the average values at differ-
ent backgrounds and the relationships with the physico-chemical properties of the samples
aerosol particles proves crucial for a correct measurement of the absorption coefficients by
the AE33.

Methodology
• Use of long-period datasets for the two most used AE33 filter tapes, previous model

M8020, and currently used M8060, at an urban background station in Barcelona, a
regional station in Montseny and a mountain-top station in Montsec d’Ares.

• Intercomparison via a multi-instrumental approach comparing the absorption coeffi-
cients form the AE33 with an online multi-angle photometer (MAAP, Thermo Sci.)
and an offline photometer; and the use of a integrating nephelometer (Aurora 3000,
Ecotech, Inc.) for deriving the single scattering albedo.

• Application of an Optimized Noise-reduction Algorithm (ONA) for noise reduction of
the AE33 dataset. Applying this technique to reduce the signal noise is specially relevant
at stations with values close to the detection limit such as Montsec d’Ares.
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Results
• Large increase of the cross-sensitivity to the scattering of the C parameter with the

single-scattering albedo (SSA) of the sampled aerosol particles for SSA values above
0.92-0.95, especially at the regional and mountain-top background stations. A higher
dependency was found for the currently used filter tape model.

• Larger impact of the dependency of C with the SSA for the mountain-top station,
Montsec d’Ares due to the higher SSA values measured on average and its larger
exposure to Saharan dust outbreaks.

• Seasonal dependence of the C parameter highly correlated with the seasonal variation
of the SSA.

• Statistically significant increase of the C with the wavelength at the mountain-top
station for Saharan mineral dust outbreaks reaching the site.

Conclusions
• Sampling of aerosol particles with SSA values above 0.92-0.5 can introduce up to a

3-fold increase in the multiple scattering parameter, C, and consequently, if not token
into account, a 3-fold reduction of the absorption measurement.

• The high cross-sensitivity to scattering of C proves crucial for an accurate measurement
of the absorption coefficients at stations characterized by high SSA, as mountain-top
stations and other remote stations.

• The spectral dependence of the C parameter for sites influenced by coarse mineral dust
can introduce an increase of the AAE measurements at the mountain-top station.

Publication
• Yus-Díez, J., Bernardoni, V., Močnik, G., Alastuey, A., Ciniglia, D., Ivančič, M., Querol,

X., Perez, N., Reche, C., Rigler, M., Vecchi, R., Valentini, S., and Pandolfi, M.: “De-
termination of the multiple-scattering correction factor and its cross-sensitivity to
scattering and wavelength dependence for different AE33 Aethalometer filter tapes: A
multi-instrumental approach”. In: Atmospheric Measurement Techniques Discussions, 14,
6335–6355, https://doi.org/10.5194/amt-14-6335-2021, 2021.
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Abstract. Providing reliable observations of aerosol parti-
cles’ absorption properties at spatial and temporal resolu-
tions suited to climate models is of utter importance to bet-
ter understand the effects that atmospheric particles have
on climate. Nowadays, one of the instruments most widely
used in international monitoring networks for in situ sur-
face measurements of light absorption properties of atmo-
spheric aerosol particles is the multi-wavelength dual-spot
Aethalometer, AE33. The AE33 derives the absorption co-
efficients of aerosol particles at seven different wavelengths
from the measurements of the optical attenuation of light
through a filter where particles are continuously collected.
An accurate determination of the absorption coefficients
from the AE33 instrument relies on the quantification of the
non-linear processes related to the sample collection on the
filter. The multiple-scattering correction factor (C), which
depends on the filter tape used and on the optical proper-
ties of the collected particles, is the parameter with both the
greatest uncertainty and the greatest impact on the absorption
coefficients derived from the AE33 measurements.

Here we present an in-depth analysis of the AE33
multiple-scattering correction factor C and its wavelength
dependence for two different and widely used filter tapes,
namely the old, and most referenced, TFE-coated glass, or
M8020, filter tape and the currently, and most widely used,
M8060 filter tape. For performing this analysis, we com-
pared the attenuation measurements from AE33 with the
absorption coefficients measured with different filter-based
techniques. On-line co-located multi-angle absorption pho-
tometer (MAAP) measurements and off-line PP_UniMI po-
lar photometer measurements were employed as reference
absorption measurements for this work. To this aim, we used
data from three different measurement stations located in
the north-east of Spain, namely an urban background station
(Barcelona, BCN), a regional background station (Montseny,
MSY) and a mountaintop station (Montsec d’Ares, MSA).
The median C values (at 637 nm) measured at the three sta-
tions ranged between 2.29 (at BCN and MSY, lowest 5th
percentile of 1.97 and highest 95th percentile of 2.68) and
2.51 (at MSA, lowest 5th percentile of 2.06 and highest 95th
percentile of 3.06). The analysis of the cross-sensitivity to
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scattering, for the two filter tapes considered here, revealed
a large increase in the C factor when the single-scattering
albedo (SSA) of the collected particles was above a given
threshold, up to a 3-fold increase above the average C values.
The SSA threshold appeared to be site dependent and ranged
between 0.90 to 0.95 for the stations considered in the study.
The results of the cross-sensitivity to scattering displayed a
fitted constant multiple-scattering parameter, Cf, of 2.21 and
1.96, and a cross-sensitivity factor, ms, of 1.8 % and 3.4 %
for the MSY and MSA stations, respectively, for the TFE-
coated glass filter tape. For the M8060 filter tape, Cf values
of 2.50, 1.96 and 1.82 and ms values of 1.6 %, 3.0 % and
4.9 % for the BCN, MSY and MSA stations, respectively,
were obtained. SSA variations also influenced the spectral
dependence of C, which showed an increase with wavelength
when SSA was above the site-dependent threshold. Below
the SSA threshold, no statistically significant dependence of
C on the wavelength was observed. For the measurement sta-
tions considered here, the wavelength dependence of C was
to some extent driven by the presence of dust particles during
Saharan dust outbreaks that had the potential to increase the
SSA above the average values. At the mountaintop station, an
omission of the wavelength dependence of the C factor led
to an underestimation of the absorption Ångström exponent
(AAE) by up to 12 %. Differences in the absorption coeffi-
cient determined from AE33 measurements at BCN, MSY
and MSA of around 35 %–40 % can be expected when using
the site-dependent experimentally obtained C value instead
of the nominal C value. Due to the fundamental role that the
SSA of the particles collected on the filter tape has in the
multiple-scattering parameter C, we present a methodology
that allows the recognition of the conditions upon which the
use of a constant and wavelength-independent C is feasible.

1 Introduction

Atmospheric aerosol particles play an important role in the
Earth’s radiative balance directly by scattering and absorb-
ing solar and terrestrial radiation and indirectly by acting as
cloud condensation nuclei. Large uncertainties still exist re-
garding the effects that atmospheric particles have on climate
(Myhre et al., 2013). In fact, the aerosol–radiation interaction
depends on aerosol properties such as aerosol size distribu-
tion, mixing state and refractive index, among others (e.g.
Bond et al., 2013). Globally, aerosols have helped to reduce
the warming effect from greenhouse gases because of their
net cooling effect on climate (Myhre et al., 2013). However,
this influence is likely to be reduced over the coming decades
as air pollution measures are implemented around the world
(Samset et al., 2018), as is already the case in parts of Europe
and North America (Collaud Coen et al., 2020). Therefore,
in order to properly constrain global models, it is necessary
to better characterize the atmospheric absorption by aerosols

from observations. Among the atmospheric aerosols, black
carbon (BC) stands out as phenomenologically different, be-
ing the most efficient light-absorbing aerosol component and
being responsible for the second-most-important contribu-
tion to positive climate forcing after carbon dioxide (Myhre
et al., 2013). However, there are still large uncertainties re-
lated to the radiative forcing of BC particles. In fact, the
climate forcing potential of BC is influenced by BC prop-
erties which are strongly source and site dependent (IPCC,
2001; Ramanathan et al., 2001; Kirchstetter et al., 2004a; Ra-
manathan and Carmichael, 2008; Myhre et al., 2013; Bond
et al., 2013; Liu et al., 2015). In addition to BC, atmo-
spheric absorption by aerosol particles is also driven by spe-
cific organic compounds (e.g. from incomplete combustion,
biomass smoldering, and secondary and biogenic sources)
often referred to as brown carbon (BrC) and by mineral dust
(e.g. Alfaro et al., 2004). Unlike BC, which absorbs radiation
in a wide range of wavelengths (from UV to infrared) with a
wavelength-independent refractive index, the BrC and min-
eral dust refractive index increases at shorter wavelengths,
close to the UV range (Kirchstetter et al., 2004a; Andreae
and Gelencsér, 2006; Bergstrom et al., 2007; Laskin et al.,
2015; Cappa et al., 2019). Therefore, having at one’s dis-
posal accurate absorption measurement techniques is crucial
to determining particles’ light absorption which can after-
wards be used in climate projections (Mengis and Matthews,
2020; Wang et al., 2020). Moreover, there is also the need for
standard aerosol particles to use as a reference for the quality
assurance of absorption measurements, such as the recently
developed flame-generated soot in Ess and Vasilatou (2019).

There are three main approaches in the literature to deter-
mining aerosol particles’ light absorption: by measuring the
suspended particles in a cell, e.g. with photo-thermal interfer-
ometry or photo-acoustic techniques, and by either on-line
or off-line filter-based photometer methods (e.g. Lin et al.,
1973; Terhune and Anderson, 1977; Hansen et al., 1984;
Stephens et al., 2003; Moosmüller et al., 2009; Ajtai et al.,
2010; Vecchi et al., 2014). Among the indirect methods for
measuring absorption, the “subtraction method”, which does
not rely on a filter, calculates the absorption from the dif-
ference between extinction and scattering by suspended par-
ticles (Singh et al., 2014). However, this method can lead
to large errors at large single-scattering albedo (SSA) values
when the extinction is dominated by scattering (Onasch et al.,
2015). On-line measurement methodologies based on parti-
cle suspension, such as photo-acoustic spectroscopy (PAS)
(Ajtai et al., 2010), have the advantage of measuring di-
rectly the absorption by particles suspended in a sampling
cell avoiding filter-based artefacts. However, in the case of
photo-acoustic spectroscopy measurements, the heating of
the sample and the evaporation of coating materials on the
sample may lead to higher detection limit and artefacts im-
pairing the measurement accuracy (Lack et al., 2006; Linke
et al., 2016). The photo-thermal interferometry (PTI) is an
absorption measurement technique originally developed for
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measurements of trace gases that has also been applied to
aerosol measurements (Lee and Moosmüller, 2020; Visser
et al., 2020). However, the aforementioned techniques have
so far proved difficult to deploy in a field setting, thus limit-
ing their broader use in international measurement networks.
Filter-based instruments (either on-line or off-line) rely on
the sampling of aerosol particles collected in a filter matrix
and on the measurement of the resulting change in light in-
tensity with a photometer, either in the transmittance (Hansen
et al., 1984; Bond et al., 1999; Drinovec et al., 2015) or
in both transmittance and reflectance (Petzold and Schön-
linner, 2004). This method is affected by artefacts resulting
mainly from the effects that the filter has on the measure-
ments. Off-line in-house-made filter-based polar photome-
ters, which measure both transmittance and reflectance, are
deployed at some research centres. Examples are the MWAA
(multi-wavelength absorption analyser) deployed at the Uni-
versity of Genoa (Massabò et al., 2013) and the PP_UniMI
polar photometer deployed at the University of Milan (Vec-
chi et al., 2014; Bernardoni et al., 2017). These methods can
perform accurate absorption measurements by increasing the
number of measuring angles (Massabò et al., 2013; Vecchi
et al., 2014; Bernardoni et al., 2017), thus allowing an accu-
rate determination of the filter artefacts.

The main advantage of the on-line filter-based methods is
that these techniques are easy to use, allow for unattended
operation, are relatively inexpensive and provide real-time
data. For these reasons, these methods are widely used in in-
ternational networks such as the Global Atmosphere Watch
(GAW, World Meteorological Organization) and the Euro-
pean Aerosols, Clouds and Trace Gases Research Infrastruc-
ture (ACTRIS; https://www.actris.eu, last access: 20 Septem-
ber 2021). The most used filter-based instruments are the
Aethalometer (Hansen et al., 1984; Drinovec et al., 2015),
the particle soot absorption photometer (PSAP; Bond et al.,
1999), the continuous light absorption photometer (CLAP;
Ogren et al., 2017) and the multi-angle absorption photome-
ter (MAAP; Model 5012, Thermo Fisher Scientific Inc.,
USA; Petzold and Schönlinner, 2004). The measured mass
concentration of light-absorbing carbonaceous aerosols in-
ferred via optical attenuation of light is referred to as equiva-
lent BC (eBC; Petzold et al., 2013). The main artefacts af-
fecting the light absorption measurements of these instru-
ments are the multiple light scattering within the filter, the
filter loading effect and the particle scattering correction (Li-
ousse et al., 1993; Bond et al., 1999; Weingartner et al., 2003;
Schmid et al., 2006; Collaud Coen et al., 2010; Lack et al.,
2014). Algorithms for correcting these artefacts have been
applied and their efficacy tested over the years (Weingart-
ner et al., 2003; Arnott et al., 2005; Schmid et al., 2006;
Virkkula et al., 2007; Collaud Coen et al., 2010; Virkkula
et al., 2015). Currently, due to the described limitations of
the filter-based photometers and other in situ methods, no ref-
erence technique for measuring near-real-time aerosol parti-

cles’ light absorption is available (Petzold et al., 2013; Lack
et al., 2014).

The filter loading effect consists in the accumulation of
particles and the consequent loss of sensitivity of the instru-
ment with an increasing particle load (Bond et al., 1999;
Weingartner et al., 2003; Lack et al., 2008; Moosmüller et al.,
2009). The cross-sensitivity to scattering is the consequence
of the multiple light scattering within the filter fibres and be-
tween particles and fibres; thus it is largely dependent on
the single-scattering albedo of the deposited aerosols. For
the older Aethalometer model (AE31) the filter loading ef-
fect has been thoroughly studied, and different methods for
its quantification have been suggested. These methods use
for example the discontinuity between the eBC concentra-
tion measurements before and after a filter spot is changed
(Weingartner et al., 2003; Virkkula et al., 2007) or the rela-
tionship between the eBC concentration and light attenuation
(Park et al., 2010; Segura et al., 2014; Drinovec et al., 2015)
to correct for the filter loading effect. For the AE33 model the
loading effect is corrected on-line using dual-spot technology
(Drinovec et al., 2015). In addition, the different physical
and chemical properties of the collected particles influence
particle optical properties, such as the backscatter fraction
and the single-scattering albedo (SSA), thus also affecting
the multiple scattering of the collected particles and the filter
loading effect (Weingartner et al., 2003; Lack et al., 2008;
Virkkula et al., 2015; Drinovec et al., 2017). Among the on-
line filter-based instruments, the multi-angle absorption pho-
tometer (MAAP) also uses the measurements of light scat-
tered by the blank and loaded filter in order to take into ac-
count both the loading effect and the aerosol particles’ mul-
tiple scattering. Consequently, the MAAP directly provides
particle absorption coefficients similar to those obtained with
other types of instruments (e.g. PAS instruments; Petzold and
Schönlinner, 2004; Petzold et al., 2005).

The multi-wavelength dual-spot Aethalometer software
(AE33, Magee Scientific, Aerosol d.o.o. – Drinovec et al.,
2015) corrects the loading effect on-line and directly imple-
ments the use of a correction factor (C) related to the multi-
ple scattering within the filter matrix to convert the measured
attenuation to an absorption coefficient. This C factor is gen-
erally assumed a priori, but it can be experimentally deter-
mined by using independent absorption measurements or by
comparisons with other filter photometers (e.g. Weingartner
et al., 2003; Arnott et al., 2005; Drinovec et al., 2015; Back-
man et al., 2017). For previous filter tapes and Aethalometer
versions different values of the multiple-scattering parame-
ter have been reported: for the AE31 quartz filter Weingart-
ner et al. (2003) proposed a value of 2.14 which later on
was recommended to be 3.5, i.e. larger by a factor of 1.64
(Müller, 2015; World Meteorological Organization, 2016);
for the AE33 Drinovec et al. (2015) found a C value of
1.57 for the Pallflex Teflon-coated glass fibre (TFE-coated
glass, also known as M8020), which, after re-normalization
using the factor 1.64, resulted in C = 2.57. Moreover, differ-
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ent experimental C-factor values have been obtained rang-
ing between 2.57–4.24 (Müller et al., 2011b; Drinovec et al.,
2020; Laing et al., 2020; Valentini et al., 2020a; Bernardoni
et al., 2020). In addition, the quartz filter for the AE31 and
the TFE-coated glass filter for the AE33 have been found to
feature a cross-sensitivity to scattering, ms, ranging between
1 % and 3 % (Müller et al., 2011a; Müller, 2015; Drinovec
et al., 2015; Zhang et al., 2018; Corbin et al., 2018; Laing
et al., 2020; Drinovec et al., 2020). However, to the best of
our knowledge, so far, no in situ ambient measurements have
been used for a detailed characterization of the new recom-
mended M8060 filter tape. Moreover, no sensitivity studies
of the cross-sensitivity to scattering of the C factor have been
reported and only very few studies have dealt with the wave-
length dependence of C for either the previous or the current
filter tapes.

The recent comparison between the MAAP and the off-
line PP_UniMI polar photometer carried out by Valentini
et al. (2020b) pointed to a possible measurement bias of the
MAAP absorption coefficients. It is well established that the
MAAP, although limited to one measuring wavelength, is the
most accurate filter-based on-line method available for the
determination of the absorption coefficient (Petzold et al.,
2005; Sheridan et al., 2005; Andreae and Gelencsér, 2006;
Müller et al., 2011a). Therefore, it is often taken as the ref-
erence in inter-comparison exercises with other instruments,
such as the AE33, e.g. in Backman et al. (2017). The discrep-
ancy between the MAAP and PP_UniMI reported by Valen-
tini et al. (2020b) was mainly attributed to the value of the
fraction of backscattered radiation set in the MAAP algo-
rithm and directly measured by PP_UniMI due to its high
angular resolution which scans the whole scattering plane
(a resolution of 0.4� in the scattering angle range 0–173�).
Valentini et al. (2020b) also reported no differences between
the MAAP and PP_UniMI when PP_UniMI was used with
the same assumptions as those used in the MAAP (PaM as
defined in Valentini et al., 2020b).

The main objective of this study is to characterize the
C factor for different filter tapes used in AE33 instruments
including the currently used M8060. To this aim, we com-
pared the absorption coefficient measurements from the off-
line PP_UniMI polar photometer with the on-line MAAP
and AE33 measurements performed at three measurement
stations (urban background, Barcelona, BCN; regional back-
ground, Montseny, MSY; and mountaintop, Montsec d’Ares,
MSA) in the western Mediterranean Basin (WMB). The nov-
elty of this study relies on the seasonal and diel variation
analysis of the C factor and, especially, on the exploration
of the cross-sensitivity to scattering of C and its relationship
with the intensive optical properties of the collected particles
at the three sites. This analysis allowed us to obtain both the
multiple-scattering parameter, Cf, and the cross-sensitivity
to scattering, ms, constants for the M8060 filter currently
used by the AE33 Aethalometers. Moreover, we compared
the results for the M8060 filter tape with the previously used

TFE-coated glass filter tape (T60A20, also referred to as
M8020) (Weingartner et al., 2003; Arnott et al., 2005; Dri-
novec et al., 2015). As previously mentioned, the comparison
between PP_UniMI and the MAAP was reported in Valentini
et al. (2020b) where data from the BCN and MSY stations
were also used to evaluate the performances of PP_UniMI
vs. the MAAP. One of the main objectives of this study was
to use the multi-wavelength absorption coefficient measure-
ments from the off-line polar photometer extrapolated to the
seven AE33 measurement wavelengths to study the wave-
length dependence of the AE33 C factor at the three mea-
surement sites.

2 Methodology

2.1 Measurement sites

Aerosols measurements were performed at Barcelona
(BCN; urban background; 41�23024.0100 N, 2�6058.0600 E;
80 m. a.s.l.), Montseny (MSY; regional background;
41�4604600 N, 2�2102900 E; 720 m a.s.l.) and Montsec d’Ares
(MSA; mountaintop; 42�30500 N, 0�4304600 E; 1570 m a.s.l.)
monitoring supersites (NE Spain). As shown later, these
stations are characterized by aerosols with different physical
and chemical properties that influenced the differences
obtained in the C values. A detailed characterization of the
three measurement stations can be found in previous works
(e.g. Querol et al., 2001; Rodrıguez et al., 2001; Reche et al.,
2011, for BCN; Pérez et al., 2008; Pey et al., 2009; Pandolfi
et al., 2011, for MSY; Pandolfi et al., 2014a; Ripoll et al.,
2014; Ealo et al., 2016, for MSA). Briefly, the BCN station
is located within the Barcelona metropolitan area of nearly
4.5 million inhabitants at a distance of about 5 km from the
coast. The MSY station is located in a hilly and densely
forested area, 50 km to the N–NE of Barcelona and 25 km
from the Mediterranean coast. The MSA station is located
in a remote high-altitude emplacement on the southern
side of the Pre-Pyrenees at the Montsec Range, 140 km to
the NW of Barcelona and 140 km to the WNW of MSY.
These supersites are part of the Catalonian Atmospheric
Pollution Monitoring and Forecasting Network and of the
ACTRIS and GAW networks. Aerosol optical properties at
the three sites were measured following standard protocols
(WMO/GAW, 2016).

The area of study is characterized by high concentrations
of both primary and secondary aerosols, especially in sum-
mer (Rodríguez et al., 2002; Dayan et al., 2017; Rivas et al.,
2020; Brean et al., 2020) from diverse emission sources. An-
thropogenic emissions from road traffic, industry, agriculture
and maritime shipping, among others, strongly contribute
to the air quality impairment in this region (Querol et al.,
2009b; Amato et al., 2009; Pandolfi et al., 2014b). Moreover,
the Mediterranean Basin is also highly influenced by natural
sources, such as mineral dust from African deserts and smoke
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from forest fires (Bergametti et al., 1989; Querol et al., 1998;
Rodrıguez et al., 2001; Lyamani et al., 2006; Mona et al.,
2006; Koçak et al., 2007; Kalivitis et al., 2007; Querol et al.,
2009b; Schauer et al., 2016; Ealo et al., 2016; Querol et al.,
2019, among others).

2.2 Aerosol characterization

2.2.1 Aerosol absorption and eBC measurements

The on-line aerosol absorption coefficient, babs, was mea-
sured at the three sites with a multi-angle absorption pho-
tometer (MAAP; Model 5012, Thermo Fisher Scientific
Inc., USA; Petzold and Schönlinner, 2004). This instru-
ment derives the absorption coefficient at 637 nm (Müller
et al., 2011a) and eBC concentration using a radiative trans-
fer model from the measurements of transmission of light
through the filter tape and backscattering of light at two
different angles. Black carbon, eBC, and attenuation mea-
surements, batn, were also performed with the AE33 multi-
wavelength Aethalometer (model AE33, Magee Scientific,
Aerosol d.o.o.; Drinovec et al., 2015). The AE33 is based
on the measurement at seven different wavelengths (370,
470, 520, 590, 660, 880 and 950 nm) of the transmission
of light through two sample spots with different flows and
particle loading relative to the reference spot. It derives the
eBC concentration and the attenuation coefficients by apply-
ing Eqs. (1) and (2), respectively, following Drinovec et al.
(2015):

eBC = S · (1ATN1/100)

F1(1 � ⇣ ) · �abs · C(1 � k1ATN1) · 1t
, (1)

batn = S · (1ATN1/100)

F1(1 � ⇣ ) · (1 � k1ATN1) · 1t
, (2)

where S is the filter surface area loaded with the sample; F1
the volumetric flow of spot 1; ⇣ the lateral airflow leakage;
�abs the mass-absorption cross-section; k the loading factor
parameter; and 1ATN1 the variation in attenuation of light of
the filter tape loaded with the sample of spot 1, ATN1, during
the measurement timestamp 1t .

The Aethalometer absorption coefficient can be derived by
dividing the attenuation coefficient (Eq. 2) by the multiple-
scattering parameter C of the filter tape:

babs = batn

C
. (3)

Off-line multi-wavelength particle absorption coefficients
were obtained using the PP_UniMI polar photometer (Vecchi
et al., 2014; Bernardoni et al., 2017) measurements on the
MAAP filter spots. A total of 85 filter spots collected at BCN
in the period October 2018–June 2019, 126 filter spots col-
lected at MSY between June and December 2018 (Valentini
et al., 2020b), and 122 filter spots collected at MSA between
June and November 2018 were analysed. The time elapsed

between the MAAP measurements and the MAAP spots
analysis with PP_UniMI in Milan varied between 1 year and
1 month. Once selected and cut, each MAAP spot was stored
in a petri dish in a fridge and then sent to Milan. We assumed
that there were no major particle losses affecting the mea-
sured optical properties, although some volatile compounds
could have been evaporated over the period. PP_UniMI mea-
sures the transmitted and scattered radiation at four wave-
lengths (405, 532, 635 and 780 nm ) in a range of scattering
angles from 0 to 173� with a resolution down to 0.4� and ap-
plies a radiative transfer model to derive the absorption coef-
ficients. The PP_UniMI working principle and the detailed
analysis of the inter-comparison between the MAAP and
PP_UniMI for different measurement sites, including BCN
and MSY, were reported in Vecchi et al. (2014), Bernardoni
et al. (2017) and Valentini et al. (2020b). As mentioned be-
fore, in these studies no differences were observed between
the MAAP and PP_UniMI when the latter was used as a
MAAP (PaM), i.e. using a data inversion with similar as-
sumptions to those performed in the MAAP.

Here we obtain the wavelength-dependent attenuation co-
efficients batn(�) derived exclusively from the AE33 mea-
surements by multiplying the eBC concentrations provided
by the AE33 (Eq. 4) by the default wavelength-independent
instrumental filter constant C0 from the AE33 setup file (1.57
for the TFE-coated glass fibre tape T60A20, also referred to
as M8020, and 1.39 for the M8060 filter tape):

batn(�) = eBC(�) · �abs(�) · C0

= S

F

1ATN(�)

1t
· f (ATN,�), (4)

where f (ATN,�) is the function which contains all the cor-
rections, i.e. filter loading and leakage, which are performed
by the AE33 for each wavelength (Drinovec et al., 2015).
Note that the new filter tape M8060 structurally differs from
the old filter tape M8020 in filter fibre material, thickness
and density, thus leading to different C0 values (details can
be found in the following online document from Magee Sci-
entific: https://mageesci.com/tape/Magee_Scientific_Filter_
Aethalometer_AE_Tape_Replacement_discussion.pdf, last
access: 20 September 2021).

Then, we determine the average and seasonal multiple-
scattering factor C both as the ratio between the AE33 at-
tenuation coefficients and the absorption coefficients babs(�)

measured by the MAAP and PP_UniMI (Eq. 5) and also by
applying a Deming regression between the AE33 attenua-
tion coefficients and the MAAP absorption coefficients for
the overall average values for each filter tape.

C(�) = batn(�)

babs(�)
(5)

This value of the multiple-scattering parameter C(�) is the
value derived from the experimental comparison of differ-
ent instruments, contrasting the default instrumental constant
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value C0. The data at the BCN station were available from
between 2016 and 2020; at MSY and MSA data were mea-
sured from 2013 to 2020. Different AE33 filter tapes were
used during these periods at the three stations as shown in
Fig. S1 in the Supplement.

2.2.2 Aerosol scattering measurements

On-line particle total scattering (bsp) and hemispheric
backscatter (bbsp) coefficients were measured on-line at the
three sites with LED-based integrating nephelometers (Au-
rora 3000, Ecotech Pty Ltd, Knoxfield, Australia) operating
at three wavelengths (450, 525 and 635 nm). Calibration of
the nephelometers was performed three times per year us-
ing CO2 as the span gas, and zero adjusts were performed
once per day using internally filtered particle-free air. The
RH threshold was set by using a processor-controlled auto-
matic heater inside the Aurora 3000 nephelometer to ensure
a sampling RH of less than 40 % (World Meteorological Or-
ganization, 2016). �sp coefficients were corrected for non-
ideal illumination of the light source and for truncation of the
sensing volumes following the procedure described in Müller
et al. (2011b).

2.3 Data treatment and conceptual model

The different analyses were performed considering the
absorption coefficients provided by either the MAAP or
PP_UniMI as reference absorption measurements depending
on either time resolution and coverage or the measurement
availability at several wavelengths. The AE33 and MAAP
data (provided with a high temporal resolution) were used to
study the seasonal variations and the cross-sensitivity to scat-
tering of the C factor. The AE33 and PP_UniMI data (pro-
vided with a low temporal resolution but at different wave-
lengths) were used to determine the wavelength dependence
of the C factor.

2.3.1 Average and seasonal value analysis and

cross-sensitivity to scattering analysis

As previously mentioned, the seasonal analysis of the C fac-
tor, analysis of its average values and the study of its cross-
sensitivity to scattering were performed using the long-term
high-time-resolution dataset from the MAAP and AE33 mea-
surements at the three measurement sites. For this, we ap-
plied Eq. (5) using the absorption coefficient from the MAAP
and the AE33 attenuation coefficient extrapolated to the
637 nm wavelength of the MAAP through the Ångström
exponent obtained from the AE33 measurements at seven
wavelengths.

The cross-sensitivity to scattering which, as shown later,
can strongly affect the C-factor values is neglected in AE33
applications where it is generally assumed that the measured
light attenuation is only due to the absorption of light by
the collected particles (Eqs. 1 and 2). Moreover, it is also

generally assumed that the multiple scattering by particles is
sample independent, or constant, and can be taken into ac-
count by introducing the multiple-scattering correction fac-
tor C (Drinovec et al., 2015). However, this assumption is a
first approximation, since the attenuation of transmitted light
is also due to the scattering of light by the collected particles
(Bond et al., 1999; Arnott et al., 2005). Taking this depen-
dence into account and following Arnott et al. (2005), we
parameterized the light attenuation coefficient as

batn = S

F

1ATN
1t

· f (ATN) + ms · bsp (6)

to obtain the relationship between the absorption, attenuation
and scattering coefficients:

babs = batn

Cf
� m · bsp . (7)

The cross-sensitivity to scattering, which is denoted by
the constant ms, is related to m through m = ms/Cf. Here
Cf refers to the multiple-scattering filter parameter, that is a
value (possibly wavelength dependent) that depends only on
filter properties. If we rearrange Eq. (7) by expressing the
scattering coefficient through the single-scattering albedo,
we obtain the dependence of the absorption as a function of
SSA (Eq. 8), similarly to Eq. (17) in Schmid et al. (2006).
The measured multiple parameter, C, affected by the cross-
sensitivity to scattering can be expressed as shown in Eq. (9).

babs = batn

Cf
· 1

1 + m · SSA
1�SSA

(8)

C = Cf

✓
1 + m · SSA

1 � SSA

◆

= Cf + ms · SSA
1 � SSA

(9)

The effective multiple-scattering parameter, C, depends on
the physical properties of collected particles. By comparing
data from different instruments (AE33, MAAP and neph-
elometer) we were able to parameterize the cross-sensitivity
of C to scattering (Eq. 8). Equation (9) shows that the
actual AE33 cross-sensitivity to scattering is more pro-
nounced when the measured aerosol particles have higher
SSA, whereas for particles with lower SSA Eq. (9) converges
to Eq. (5).

By analysing the dependency of the effective multiple-
scattering parameter C on the SSA, we obtained the
experimental-fit constants (Cf and ms) that describe the re-
lationship between C and SSA. Furthermore, we will present
in Sect. 3.1 how the cross-sensitivity to scattering of C de-
pended on some intensive aerosol particle optical properties
that strongly depend on aerosol particle size distribution and
chemical composition (Figs. S3–S5).

The AE33 data treatment applied to obtain the C season-
ality and the cross-sensitivity to scattering included a pre-
process filtering method following the approach suggested in
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Springston and Sedlacek (2007) and Backman et al. (2017).
This filtering method consists in setting a threshold value
for the measured attenuation variation, 1ATN1, that is high
enough for the signal-to-noise ratio to be large; herein we
have used a fixed value of 0.01. As can be deduced from
Eq. (1), the faster the fixed 1ATN1 is reached, the shorter
the period 1t , implying therefore a higher eBC concentra-
tion value during the same period. The method we employed
determines the period at which the 1ATN1 step is reached
and recalculates the eBC concentration for this 1t . As a con-
sequence of this eBC recalculation, we filtered out the noise
resulting from very small values close to the detection limit
of the instrument while maintaining the higher eBC values
measured without introducing a bias into the measurements
as is the case when averaging. With the aim to study the sea-
sonality of the C factor and its cross-sensitivity to scattering,
we averaged babs,MAAP and bsp coefficients to match the cor-
responding AE33 variable timestamp, 1t , which ranged be-
tween approximately 3 and 14 min (see Fig. S2). Moreover,
the time granularity of the measurements varied between 1
and 5 min, depending on the software used for data logging
(see Table S1 in the Supplement). Given the length of the
measurement periods, we assumed that the AE33 filter tapes
considered here were characterized under a wide range of
aerosol particle properties typically observed at the measure-
ment stations and that the non-simultaneity of AE33 mea-
surements with the two filter tapes did not prevent the com-
parison between the obtained C.

2.3.2 Wavelength dependence analysis

To study the wavelength dependence of the C factor we com-
pared the absorption coefficients at several wavelengths mea-
sured with PP_UniMI with the attenuation coefficients ob-
tained from the AE33 (Eq. 5). Since the off-line PP_UniMI
measurements were performed on the MAAP spots, the mea-
sured attenuation and scattering coefficients from AE33 and
the nephelometer, respectively, were averaged over the times-
tamp of each one of the selected MAAP spots. The absorp-
tion coefficients from PP_UniMI were interpolated and ex-
trapolated to the seven AE33 wavelengths using the attenua-
tion Ångström exponent, obtained through a log–log fit from
the PP_UniMI absorption measurements.

Valentini et al. (2020b) reported that the MAAP overesti-
mates the absorption coefficient compared to PP_UniMI. For
BCN and MSY Valentini et al. (2020b) reported a MAAP
overestimation of 18 % and 21 %, respectively. By applying
the same methodology as in Valentini et al. (2020b) we ob-
tained a difference between the MAAP and PP_UniMI for
MSA of 19 % (Fig. A1), similar to the biases obtained for
BCN and MSY. For this reason, Valentini et al. (2020b) also
studied the comparison between the MAAP and PP_UniMI
using the same assumptions for the PP_UniMI data inversion
as those performed in the MAAP (PaM approach) and re-
ported a 1 : 1 correlation between the two instruments. Given

that most of the Aethalometer C values reported in the litera-
ture were obtained by comparing AE33 attenuation measure-
ments and MAAP absorption measurements, we also report
here the median C values obtained comparing the AE33 with
PP_UniMI (Table S2) and with PaM (Table S3).

3 Results

3.1 Multiple-scattering parameter cross-sensitivity to

scattering

The cross-sensitivity to scattering of the C factor at the three
stations was obtained by analysing the relationship between
the multiple-scattering parameter C (at 637 nm) and the mea-
sured SSA (Eq. 9).

The SSA was obtained independently at 637 nm using
simultaneous MAAP and multiple-wavelength integrating
nephelometer data. C was obtained through Eq. (5) from the
AE33 attenuation coefficient, extrapolated at 637 nm using
the absorption Ångström exponent (AAE) from AE33 and
the MAAP absorption coefficients at 637 nm. The analysis
was performed by binning the SSA data using Freedman and
Diaconis (1981) criteria and then averaging the obtained C

values within each SSA bin. Binned data were then fitted fol-
lowing Eq. (9) to obtain the experimental values of both Cf
and ms.

Figure 1 and Table 1 show the results of the fit for BCN,
MSY and MSA for both M8020 and M8060 filter tapes.
Moreover, Table 1 compares the C values obtained here with
those reported in the literature for the M8020 filter tape. For
M8020, we calculated a constant Cf of 2.21 ± 0.01 and a
cross-sensitivity to scattering, ms, of 1.8 ± 0.1 at MSY and
of 1.96 ± 0.02% and 3.4 ± 0.1 % at MSA. For the M8060
filter tape, the fit yielded a multiple-scattering constant Cf of
2.50±0.02 and a cross-sensitivity to scattering of 1.6±0.3 %
at BCN, a Cf of 1.96±0.01 and a ms of 3.0±0.1 % at MSY,
and a constant Cf of 1.82 ± 0.02 and a ms of 4.9 ± 0.1 % at
MSA.

As a consequence of the cross-sensitivity to scattering, we
can appreciate in Fig. 1 a clear increase in C with increas-
ing SSA with an up-to-3-fold increase in C for SSA > 0.90–
0.95 depending on the station and filter tape considered. The
cross-sensitivity to scattering was evident for both filter tapes
at the regional (MSY) and mountain (MSA) stations where
the probability of measuring SSA higher than 0.90–0.95 was
high (57 %–70 % of the data in Fig. 1). Conversely, at the
urban site (BCN), where the SSA was on average lower
(12 % of SSA data were above 0.90), a lower cross-sensitivity
to scattering was observed. This significant increase in the
C factor at high SSA, if not accounted for, can lead to a large
overestimation of both eBC concentrations and absorption
coefficients from Aethalometer instruments. This effect can
have a larger impact at sites where high SSA values are typ-
ically observed such as remote Arctic sites and mountaintop
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Figure 1. Cross-sensitivity to scattering analysis for TFE-coated glass tape (also known as M8020; a, b) and M8060 filter tape (c–e) for the
BCN (c), MSY (a, d) and MSA (b, e) stations obtained by attenuation coefficients from the AE33, absorption coefficients from the MAAP
and scattering coefficients from the integrating nephelometer. Each data point represents the mean and the vertical bars the first and third
quartile for each bin. The multiple-scattering constant, Cf, and cross-sensitivity to scattering, ms, are determined by fitting Eq. (9) to the
binned data.

Table 1. AE33 multiple-scattering parameter C for some measurement stations (including BCN, MSY and MSA, in italics) and cross-
sensitivity to scattering for the BCN, MSY and MSA stations compared to literature values for AE33 TFE-coated glass (M8020). Different
approaches, as mentioned in Sect. 3.2, have been used to obtain the factor C. Since the literature values are obtained through either one of
the methods, we include these values in their corresponding column (C or CDeming).

Site Characteristics Filter type Reference C CDeming Cf ms (%)

Barcelona Urban background M8020 This study 2.29 ± 0.49 1.99 ± 0.02 – –

M8060 This study 2.44 ± 0.57 2.20 ± 0.02 2.50 ± 0.02 1.6 ± 0.3

Leipzig Urban background M8020 Müller (2015) 3.2

M8020 Bernardoni et al. (2020) 2.78

Rome Urban background M8060 Valentini et al. (2020a) 2.66

Klagenfurt Urban background M8020 Drinovec et al. (2020) 1.57

Montseny Regional background M8020 This study 2.29 ± 0.46 2.05 ± 0.02 2.21 ± 0.01 1.8 ± 0.1

M8060 This study 2.23 ± 0.30 2.13 ± 0.01 1.96 ± 0.01 3.0 ± 0.1

Montsec d’Ares Mountaintop M8020 This study 2.36 ± 0.59 2.21 ± 0.03 1.96 ± 0.02 3.4 ± 0.1

M8060 This study 2.51 ± 0.71 2.05 ± 0.02 1.82 ± 0.02 4.9 ± 0.1

Mt Bachelor Mountaintop M8020 Laing et al. (2020) 4.24
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sites (Collaud Coen et al., 2004; Gyawali et al., 2009; An-
drews et al., 2011; Pandolfi et al., 2014a, 2018; Schmeisser
et al., 2018; Ferrero et al., 2019; Laj et al., 2020), as well
as in places where increasing or decreasing trends of SSA
have been observed (Collaud Coen et al., 2020). This cross-
sensitivity to scattering of the filter explains the higher C fac-
tors obtained on average at these types of sites (Table 1) and
suggests the need to use either a site-specific C value or a
C value that takes into account the SSA measured by an inde-
pendent absorption method. Given its impact on the absorp-
tion coefficient, this effect needs to be taken into account for
climate studies.

In order to further characterize the observed cross-
sensitivity to scattering, we explored how the variations in
C with SSA depended on different intensive aerosol parti-
cle optical properties, namely the AAE (Fig. S3), backscatter
fraction (BF, Fig. S4) and single-scattering albedo Ångström
exponent (SSAAE, Fig. S5). We found that large C values
and high SSA were often obtained when the sampled aerosol
composition was dominated by mineral dust during Saha-
ran dust outbreaks, as demonstrated by the occurrence of
negative SSAAEs at high SSA (Fig. S5). In fact, Saharan
dust outbreaks, which are common in the WMB (Escud-
ero et al., 2005; Querol et al., 2004, 2009b, a, 2019; Ealo
et al., 2016; Yus-Díez et al., 2020), have the potential to in-
crease the SSA above the average values especially at the
regional (MSY) and remote (MSA) stations (e.g. Pandolfi
et al., 2014a). In prior studies, negative values of the SSAAE
have been associated with an aerosol mixture dominated by
mineral dust (Collaud Coen et al., 2004; Ealo et al., 2016;
Yus-Díez et al., 2020). Moreover, we observed that high C

values (for SSA > 0.95) were also associated with AAE val-
ues higher than around 1.5 (see Fig. S3), thus indicating a
relatively higher absorption efficiency of the collected par-
ticles in the UV, consistent with the presence of either dust
or brown carbon (BrC) particles (Kirchstetter et al., 2004a;
Chen and Bond, 2010; Zotter et al., 2017; Forello et al.,
2019, 2020). Furthermore, low BF values, indicative of the
predominance of large particles, were also on average as-
sociated with high SSA values (see Fig. S4). Note that the
dependence of C vs. SSA on the aforementioned intensive
optical properties was not clearly observed in BCN, where,
at least for the period under study, local pollution masked
the effects of coarse dust particles on the measured inten-
sive optical properties and on SSA which kept values lower
than around 0.90–0.95. The observed dependency of C on in-
tensive aerosol particle optical properties demonstrated that
both particle size distribution and chemical composition can
affect the reported C-vs.-SSA relationships.

3.2 Multiple-scattering correction factor – average

values and seasonal variation

Here we present the average values and the seasonal cycle of
the C factor calculated at 637 nm at BCN, MSY and MSA.

Figure 2. Density distribution of the C factor for each filter type,
M8020 and M8060, as obtained through Eq. (5) using both the at-
tenuation coefficient from the AE33 and the absorption coefficient
from the MAAP. The vertical line represents the median value of
each distribution.

We analysed the multiple-scattering parameter C values both
through a Deming regression, taking into account the mea-
surement error in the MAAP (12 %; Petzold and Schönlin-
ner, 2004) and in the AE33 (15 %; Zanatta et al., 2016; Rigler
et al., 2020), and by calculating the median value of the C-
factor density distribution. The uncertainties in the C fac-
tor were derived as either the methodological error from the
regression slope of the Deming fit or the half width at half
maximum (HWHM) of the density distribution of the C fac-
tor. We present here the results from both the aforementioned
methods because both methods have been reported in the lit-
erature (e.g. Backman et al., 2017; Bernardoni et al., 2020;
see Table 1 in this work).

The density distribution of the C factor obtained from
the ratio (with a variable time resolution, as mentioned in
Sect. 2.3.1), showed a quasi-Gaussian distribution at the
three measurement sites with a small tail towards higher C

values (Fig. 2).
The median values of the C factor for the M8020 filter tape

were 2.29±0.48, 2.29±0.46 and 2.36±0.59 for BCN, MSY
and MSA, respectively. These values were on average simi-
lar or slightly lower (with differences less than 7 %) com-
pared to the median C values obtained for the M8060 fil-
ter tape of 2.44 ± 0.57, 2.23 ± 0.30 and 2.51 ± 0.71 (see Ta-
ble 1). The Deming regression fit results (Fig. S6) showed C

values of 1.99 ± 0.02, 2.05 ± 0.02 and 2.21 ± 0.03 (at BCN,
MSY and MSA, respectively) for M8020 which were slightly
lower (with differences < 10 %) compared to the C values of
2.20±0.02, 2.13±0.01 and 2.05±0.02 obtained for M8060.
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Figure 3. Seasonal evolution of the C factor at the (a) BCN, (b)

MSY and (c) MSA measurement stations for both TFE-coated glass
(M8020) and M8060 filter tapes. The box plot boxes show the range
between the first and third quartile (IQR) with the median value for
each season distribution represented by the inner line; the maximum
whisker length is proportional to 1.5 times the third and first quartile
difference, or inter-quartile range (1.5 · IQR).

Note that the uncertainties from the Deming regression were
lower compared to the uncertainties derived as the HWHM of
the distributions because the Deming regressions were per-
formed using binned data (see Fig. S6). This also was the
likely explanation for the lower C values on average obtained
with the Deming regression compared to the median values
of the density distribution. The difference in the C values
between both methods ranged between 4 %–18 % depending
on the filter tape/measurement station considered (see Ta-
ble 1). However, both methods were consistent and provided
a higher C factor for the M8060 than for the M8020 filter
tape.

As reported in Table 1, overall, higher C values were found
at MSA, where both the SSA and the cross-sensitivity of the
filter tape to scattering were higher compared to at MSY and
BCN (see Figs. 1 and S7). The C values for the AE33 M8020
and M8060 filter tapes obtained at urban background stations
in Rome (Valentini et al., 2020a) and Leipzig (Müller, 2015;
Bernardoni et al., 2020) were in the same range as those
found in this work for BCN (Table 1).

Figure 3 shows the seasonal variability in the C factor
for the TFE-coated glass and M8060 filter tapes at the three
stations. The large variability in the obtained C parameters
(see Fig. 3) at the three sites during all the seasons, consistent
with the width of the C-factor density distribution (Fig. 2)
and the SSA seasonal evolution variability (Fig. S7) can be
appreciated.

On average, an increase in C was observed at MSY and
MSA in summer (JJA) for both filter tapes. This increase
was likely driven by a greater influence of diurnal processes
and the impact of the atmospheric boundary layer (ABL)
during the warm months at these two elevated stations and
by changes in the chemical and physical properties of col-
lected particles in summer compared to in winter (DJF). In
fact, spring and summer seasons in the WMB are charac-
terized by a high frequency of Saharan dust outbreaks (e.g.
Pey et al., 2013; Yus-Díez et al., 2020) and the formation of

high concentrations of secondary organic aerosols and sec-
ondary sulfate particles (e.g. Ripoll et al., 2015) which in
turn increase the particle scattering efficiency and the SSA
in summer compared to in winter (Pandolfi et al., 2011). Al-
though dust particles can absorb radiation (e.g. Sokolik and
Toon, 1999; Di Biagio et al., 2019), the effect of Saharan
dust outbreaks at the measurement stations considered here
was to increase the SSA (at 637 nm) over the average values.
In fact, as shown by Pandolfi et al. (2014a), both scattering
and absorption increased at MSY and MSA during Saharan
dust outbreaks, but the resulting SSA was higher compared to
other atmospheric scenarios typical of the area under study.
Therefore, the higher C values observed during Saharan dust
outbreaks were coherent with an increase in SSA over the
threshold above which C sharply increased (see Figs. 1 and
S3–S5). An increase in C when dust particles are deposited
on the filter tape was also reported by Di Biagio et al. (2017)
for the AE31 Aethalometer. Di Biagio et al. (2017) reported
C values for dust particles by generating particles by me-
chanical shaking of dust samples from different desert soils
using AE31 and MAAP measurements, and they reported C

values of between 3.6 and 3.96 for Saharan soils (Table 2 of
Di Biagio et al., 2017).

As shown in Sect. 3.1, high SSA increased the C values,
and, consequently, the C seasonality was affected, to some
degree, by the SSA seasonality. In fact, Fig. S7 shows that the
seasonal evolution of the SSA at MSY and MSA mirrored
quite well the seasonal evolution of C, with an increase in
both C and SSA towards the warm season. In BCN, the inter-
season variability in both C and SSA was less pronounced
and C remained fairly constant during the different seasons.
An exception was in the winter period (DJF) when both C

(M8060) and SSA showed minima. Nevertheless, the vari-
ability within each season was the largest in BCN, due to
a higher variability in the SSA values at this station within
each season compared to in MSY and MSA (Fig. S7). The
relationship between C and SSA can be also observed in
Fig. S8, where the diel cycles of both C and SSA were re-
ported. In BCN, both C and SSA showed two relative min-
ima in the morning and in the afternoon, mirroring the traffic
rush hours. At MSY, the sea-breeze-driven transport of pol-
lutants in the afternoon caused a reduction in both SSA and
C. Conversely, at MSA both C and SSA showed less vari-
ability in the diel cycles and less similarity was observed.
Note that the similarities commented on above between the
diel/seasonal cycles of C and SSA were more or less evident
depending on the season/station considered. In fact, we have
shown in Fig. 1 that high SSA (> 0.90–0.95) can strongly
affect the C values, but less dependency between C and SSA
was observed for lower SSA, thus also contributing to mask-
ing the similarities between C and SSA reported in Figs. 3,
S7 and S8, which were obtained averaging all available data,
including C values at lower SSA.
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Figure 4. Wavelength dependence of C at BCN, MSY and MSA comparing batn from the AE33 measured at each wavelength and babs
interpolated and extrapolated to the same wavelength from PP_UniMI. Box plots have been obtained as in Fig. 3 with the addition of the
mean value of the distribution for each wavelength represented by a marker. The values above the box plots between adjacent wavelengths
and between 370 and 950 nm wavelength box plots show the obtained p values, with p < 0.05 meaning a statistically significant difference.

3.3 Wavelength dependence analysis from the

PP_UniMI-vs.-AE33 comparison

The spectral dependence of the AE33 C factor, C (�), was
studied at the three stations by comparing the attenuation
coefficients, batn, from AE33 at seven different wavelengths
with the absorption coefficients, babs, from PP_UniMI. To
this aim, the PP_UniMI absorption coefficients were interpo-
lated and extrapolated to the seven AE33 wavelengths using
the absorption Ångström exponent (AAE) obtained from the
original PP_UniMI measurements. The obtained mean AAE
were 1.12 ± 0.17, 1.29 ± 0.24 and 1.35 ± 0.18 for the BCN,
MSY and MSA stations, respectively, with an increase from
the urban (BCN) to the regional (MSY) and remote (MSA)
sites due to the increase in the relative importance of non-
fossil BC sources (e.g. biomass burning) and Saharan dust at
the remote sites compared to BCN.

Figure 4 shows that at the urban (BCN) and regional
(MSY) stations the C factor did not present a statisti-
cally significant dependence on the wavelength. However,
Fig. 4c shows that at the remote MSA station the multiple-
scattering parameter C presented a statistically significant
increase between 370 nm (C = 3.47) and 950 nm (C =
4.03) (see Table S2). The observed increase in the C fac-
tor with wavelength affects the absorption coefficients de-
rived from the AE33 attenuation measurements and, con-
sequently, can affect all the intensive optical parameters
such as the AAE, SSA and SSAAE which can be de-
rived from the multi-wavelength AE33 absorption measure-
ments and scattering coefficient measurements. Moreover,
a wavelength-dependent C factor can impair Aethalometer-
based BC source apportionment analysis, such as that of the
Aethalometer model, used to determine the contribution from
fossil fuels vs. biomass burning emissions (Sandradewi et al.,
2008). Contradictory results have been reported in the litera-
ture about the spectral dependence of C for older versions of

the Aethalometer (model AE31). For example, Weingartner
et al. (2003) found a strong indication of the independence
of C from the wavelength, and Segura et al. (2014) did not
find any wavelength dependence of the multiple-scattering
parameter C. Conversely, Bernardoni et al. (2020) observed
a decrease in the C factor with wavelengths, although it was
not statistically significant.

As can be appreciated by comparing Figs. 2–4, the
multiple-scattering correction factors obtained using the
PP_UniMI reference instrument were larger than those ob-
tained with the MAAP as a consequence of the offset
in the absorption measurements between the MAAP and
PP_UniMI. A detailed discussion of this offset can be found
in Fig. A1 and in Fig. 2 in Valentini et al. (2020b).

Hereafter, we propose a possible explanation for the dif-
ferent spectral dependencies found for C at the measurement
sites considered here. We have shown in Sect. 3.1 that, in-
dependently from the measurement station considered, the
cross-sensitivity to scattering can strongly increase C for
SSA values above an upper threshold. To explore if the SSA
can also affect the C wavelength dependence, we studied
the wavelength dependence of C for SSA values above and
below the site-dependent SSA thresholds. Figure 5 shows
the comparison between the C factor at MSY and MSA
for SSA above (high SSA) and below (low SSA) the SSA
thresholds of 0.95 and 0.9, respectively, for MSY and MSA
(see Fig. 1). Figure 5 shows that at MSA there was a sta-
tistically significant increase in C with the wavelength for
SSA > 0.90, whereas no statistically significant increase was
observed for SSA < 0.90. For this specific analysis, based on
the PP_UniMI off-line measurements, 86 % of SSA values at
MSA (68 samples out of 79) were above the SSA threshold
of 0.95. At MSY, only 1 sample out of 126 was characterized
by an SSA value higher than the SSA threshold of 0.95, thus
preventing a robust statistical analysis of the C wavelength
dependence for high SSA at MSY. Despite this, a 17 % in-
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Figure 5. Wavelength dependence of C at MSY (a, c) and MSA (b,

d) obtained comparing batn from the AE33 measured at each wave-
length and babs interpolated and extrapolated to the same wave-
length from PP_UniMI. Box plots have been obtained as in Fig. 3
and separated into two categories depending on whether the SSA
was above (“high ssa”; a, b) or below (“low ssa”; c, d) the threshold
at which C sharply increases. As in Fig. 3, the values above the box
plots between adjacent wavelengths and between 370 and 950 nm
wavelength box plots show the obtained p values, with p < 0.05
meaning a statistically significant difference.

crease in C with the wavelength, from 2.85 at 370 nm to 3.43
at 950 nm, for this single point was observed (see Fig. 5a). At
MSY, similarly to MSA, C did not show any dependence on
the wavelength for SSA < 0.95 (see Fig. 5c). Thus, this anal-
ysis demonstrated that a high SSA of the particles deposited
on the filter tape can increase the C values, influencing at the
same time their wavelength dependence.

We have shown in Sect. 3.1 that the sharp increase in C

at high SSA at the stations herein analysed can be associ-
ated with the presence of particles dominated by dust, char-
acterized by low SSAAEs and BFs and high AAEs and SSA
(Figs. S3–S5). Therefore, we performed a similar C spec-
tral dependence analysis to that in Fig. 5 but separating the
days affected by Saharan dust (dust) from the days without
dust influence (no-dust). As shown in Fig. 6, no spectral de-
pendence of C was observed during either dust or no-dust
scenarios at MSY. This lack of dependence on the dust intru-
sions could be due to the limited number of off-line samples
at MSY characterized by high SSA (1 out of 126). Thus, due
to the low temporal resolution of off-line PP_UniMI mea-
surements, even during Saharan dust days the SSA at MSY
rarely increased above the SSA threshold. Nevertheless, us-

Figure 6. Wavelength dependence of C at MSY (a, c) and MSA (b,

d) obtained comparing batn from the AE33 measured at each wave-
length and babs interpolated and extrapolated to the same wave-
length from PP_UniMI. Box plots have been obtained as in Fig. 3
and separated into two categories depending on whether Saharan
dust outbreaks took place (dust) or not (no-dust). As in Fig. 3, the
values above the box plots between adjacent wavelengths and be-
tween 370 and 950 nm wavelength box plots show the obtained
p values, with p < 0.05 meaning a statistically significant differ-
ence.

ing high-time-resolution data (see Fig. 1) the potential effect
of dust particles to increase the SSA (and consequently C)
was evident at both MSY and MSA. At MSA (see Fig. 6)
C showed a statistically significant increase with wavelength
for both dust and no-dust samples due to the fact that the
samples with high SSA at MSA (86 %) were well distributed
between the two scenarios. Thus, these results confirmed that
the SSA was the main parameter that influenced the spectral
behaviour of the C parameter.

To further explore the possible causes that contributed
to the different C spectral dependencies observed, we per-
formed a similar analysis to that in Virkkula et al. (2015) by
comparing C and its wavelength dependence with different
intensive aerosol particle optical properties, namely the SSA,
BF and SSAAE. Virkkula et al. (2015) and Drinovec et al.
(2017) have shown that the AE33 factor loading parameter,
k, increases with an increasing BF (smaller particles) and de-
creases with increasing SSA and that the wavelength depen-
dence of k also depends on these two optical properties as
well as on the particle mixing state. In Fig. S9 in the Supple-
ment we present a similar analysis by studying the effects of
these intensive optical properties on the multiple-scattering
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parameter C instead of on k. Figure S9 shows the slope of C

with the wavelength (i.e. the wavelength dependence of C)
with the SSA, BF and SSAAE at the three sites. No clear re-
lationship was observed between the C slope and the three
intensive optical properties at both BCN and MSY. More-
over, the C slopes at these two sites were close to zero for the
considered intensive optical properties. The observed lack of
a C gradient was again likely due to the fact that at BCN
and MSY the SSA did not exceed the threshold value, even
when the SSAAE indicated the possible presence of Saharan
dust intrusions at MSY (see Fig. S9h). However, Fig. S9c
shows that at MSA there was a shift of the C slope towards
large positive values when SSA was above 0.95. Below this
SSA threshold value, the C slope was close to zero, con-
firming the reduced C wavelength dependence for low SSA
values at MSA. Moreover, when the SSAAE (BF) at MSA
(see Fig. S9i and f) decreased towards negative (low) val-
ues (Saharan dust intrusions), the slope of C increased, again
confirming the potential of coarse Saharan dust to increase
the SSA and, consequently, C especially at the remote site.
Note that, as already commented on (see Fig. 6), the C slope
also kept positive values at MSA for the samples not domi-
nated by dust (SSAAE > 0), thus further indicating the pre-
dominance effect of SSA on the C wavelength dependence.
Thus, the results presented in Fig. S9 confirm the effects of
SSA on C presented in Figs. 5 and 6.

The lack of points for BCN (none) and MSY (1 of 126)
for large SSA values, especially above the SSA threshold
obtained in Fig. 1, prevented extrapolating the results to
other measurement background conditions, and further stud-
ies should be performed to better characterize the spectral
behaviour of C and its dependency on the cross-sensitivity to
scattering under different atmospheric conditions/scenarios.
This is especially important, as already commented on, in
view of the contradictory results reported in the literature
(e.g. Weingartner et al., 2003; Segura et al., 2014; Bernar-
doni et al., 2020). The results presented here clearly indi-
cated that when the SSA exceeded a given site-dependent
threshold, as determined using the method in Sect. 3.1, the C

values and their wavelength dependence increased. For the
measurement sites considered here, Saharan dust outbreaks
were identified as a possible cause for SSA values higher
than the threshold. However, from a general point of view,
other factors, including the location of the measurement sta-
tions and/or absence of anthropogenic pollution, can deter-
mine the presence of a particle mixture with high or very
high SSA.

Finally, we performed a sensitivity study on the effects that
using a wavelength-dependent C (C(�)) had on the AAE de-
rived from AE33 measurements, comparing the results with
those obtained using the usual approach based on the ap-
plication of a constant C factor (C(const)). Figure 7 shows
that the AAE values for BCN and MSY did not present
any significant variation (see Table S4), with AAE mean
values of 1.19 ± 0.15 and 1.27 ± 0.12 (at BCN and MSY,

Figure 7. The absorption Ångström exponent (AAE) calculated
with a constant C(const) and the wavelength-dependent C(�) for
all stations. Box plots have been obtained as in Figs. 3 and 4, with
the markers indicating the mean AAE values.

respectively) for C(const) and 1.17 ± 0.15 and 1.25 ± 0.12
(for BCN and MSY, respectively) for C(�). These results
for BCN and MSY were coherent with the observed lack
of spectral dependence of C at these two stations (Fig. 4).
However, at MSA the observed increase in C with the wave-
length introduced an increase into the AAE of around 13 %,
from 1.19±0.07 (C(const)) to 1.35±0.07 (C(�)). Similarly,
Fig. S10a and b present the results of a sensitivity analysis
performed to understand the effects that using a constant or
a wavelength-dependent C had on the SSA at 470, 660 and
950 nm. As with the AAE, Fig. S10c shows no significant
variation in SSA at the three considered wavelengths at BCN
and MSY, again consistent with the observed lack of depen-
dence of the C factor on the wavelength at these two sites.
However, Fig. S10 shows a statistically significant increase
in the SSA at the MSA station of around 1.3 % at 660 nm
and 2 % at 950 nm when using C(�) instead of C(const).
Conversely, as expected, no statistically significant change
was appreciated at the lower wavelength, 470 nm. This vari-
ation introduced by C(�) into the AAE and SSA, although
not large, is relevant since it occurs at the threshold of the
SSA value for which a substantial increase in C as a function
of SSA is observed, as shown in Sect. 3.1.

4 Conclusions

In this work we studied the multiple-scattering parameter C

for two filter tapes used in AE33 dual-spot Aethalometers,
i.e. the previously used M8020 and the currently used M8060
filter tapes. For this, we used data collected at three differ-
ent background stations in NE Spain: an urban background
station in Barcelona, BCN; a regional background station
at Montseny, MSY; and a mountaintop station at Montsec
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d’Ares, MSA. We obtained the C correction factor com-
paring the AE33 attenuation measurements with the absorp-
tion coefficients measured from MAAP instruments and used
simultaneous scattering measurements from an integrating
nephelometer to characterize the cross-sensitivity to scatter-
ing of C. Moreover, we studied the C wavelength depen-
dence at the three sites comparing the AE33 attenuation co-
efficients with the absorption coefficients from the off-line
multi-wavelength PP_UniMI.

We presented here a novel approach to characterize the
cross-sensitivity to scattering of the C correction factor. This
approach consisted in fitting the measurements of C versus
SSA. The fits provided the constant Cf and a cross-sensitivity
factor ms. We applied the fits to the M8020 filter tape at MSY
and MSA, and we obtained higher cross-sensitivity values
of the C factor (1.8 ± 0.1% and 3.4 ± 0.1% at MSY and
MSA, respectively) compared to those reported in the liter-
ature (around 1 %–1.5 %). For the first time, we also char-
acterized here the cross-sensitivity to scattering of the new
M8060 filter tape. We obtained a higher cross-sensitivity to
scattering for the M8060 than for the M8020 filter tape, with
values of 1.6 ± 0.3%, 3.0 ± 0.1% and 4.9 ± 0.1% for BCN,
MSY and MSA, respectively. The multiple-scattering param-
eter, Cf, for the M8020 filter tape was 2.21 ± 0.01 at MSY
and 1.96 ± 0.02 at MSA. For the M8060 filter tape the fit
led to Cf values of 2.50 ± 0.02 at BCN, 1.96 ± 0.01 at MSY
and 1.82 ± 0.02 at MSA. The consequence of this cross-
sensitivity to scattering resulted in a large increase in the C

values, up to a 3-fold increase, for SSA values above 0.9–
0.95. This significant increase in the C factor at high SSA, if
not accounted for, can lead to a large overestimation of both
eBC concentrations and absorption coefficients measured by
Aethalometers. This can be especially relevant at sites typi-
cally characterized by an aerosol mixture with high SSA. In
fact, the effect of this cross-sensitivity to scattering of C was
the likely reason explaining the higher C values reported in
the literature for mountaintop and Arctic measurement sta-
tions. Here, we observed larger C values and higher cross-
sensitivity to scattering at the mountain station and much less
C variability at the urban site, where the SSA rarely exceeded
the SSA threshold from which changes in C can be observed.

Overall, the main difference between the two filter tapes
studied here was the higher cross-sensitivity to scattering ob-
served for the currently used M8060 filter tape compared to
the previously used M8020 filter tape. Despite the different
cross-sensitivity to scattering, both filter tapes showed aver-
age C values which fall within the measurement uncertain-
ties.

We found an average multiple-scattering parameter C at
637 nm of 2.29, 2.29 and 2.36 for the M8020 filter tape and
of 2.44, 2.23 and 2.51 for the M8060 filter tape for the BCN,
MSY and MSA measurement stations, respectively. Due to
the dominant effect of SSA on C, the obtained C factors
showed seasonal and diel variability at the three sites that
mirrored the variability in SSA. At MSY and MSA higher C

values were on average observed in summer due to changes
in the physical–chemical aerosol properties that led to SSA
values being on average higher in summer than in winter. A
larger fraction of dust particles and formation of secondary
organic aerosols and secondary sulfates likely explained the
observed increase in C in summer at these regional/remote
sites. However, at the urban background station of BCN the
C values remain fairly constant throughout the year.

We also analysed the wavelength dependence of the C pa-
rameter for the M8060 filter tape at BCN, MSY and MSA
by comparing the AE33 attenuation data with the off-line
PP_UniMI absorption measurements performed on selected
MAAP spots. Overall, we found a statistically significant in-
crease with the wavelength, from 3.47 for 370 nm to 4.03
for 950 nm at the mountaintop station (MSA), whereas at
the BCN and MSY background stations no statistically sig-
nificant dependence was found. The reason for the lack of
wavelength dependence of C at BCN and MSY was the
lack of MAAP spots characterized by high SSA. Thus, due
to the low temporal resolution of off-line PP_UniMI mea-
surements, the SSA at MSY and, especially, at BCN rarely
increased above the SSA threshold. Conversely, the wave-
length dependence of C at the mountain station was due to
the high probability of measuring SSA values higher than
the site-dependent SSA threshold, from which the C values
start to increase. For this analysis, we studied the C wave-
length dependence separately for samples characterized by
high SSA (higher than the site-dependent threshold) and low
SSA and observed that at MSA no dependence of C on
the wavelength was observed for samples with low SSA,
whereas a clear dependence was observed for the sample
with high SSA. Thus, the analysis presented here demon-
strated that a high SSA of the particles deposited on the fil-
ter tape can increase the C values, influencing at the same
time their wavelength dependence. Interestingly, only 1 sam-
ple (out of 126) collected at the MSY regional station was
characterized by high SSA, and for this sample the calculated
C strongly increased with wavelength. The results presented
here clearly indicated that when the SSA exceeded a given
site-dependent threshold, the C values and their wavelength
dependence increased. For the measurement sites considered
here, Saharan dust outbreaks were identified as a possible
cause for SSA values higher than the threshold. However,
other factors, including the location of the measurement sta-
tions and/or the absence of anthropogenic pollution, can de-
termine the presence of a particle mixture with high or very
high SSA. We also investigated the effect of considering a
wavelength-dependent C at the MSA station compared to
using a constant C for the absorption Ångström exponent
(AAE) and the single-scattering albedo (SSA) through sen-
sitivity tests. Results revealed an increase in the AAE by
13 % and an increase in the SSA by 1.3 % when using the
wavelength-dependent C factor compared to using a constant
C factor (i.e. with no � dependence). This effect may im-
pact any source apportionment method which takes into ac-
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count the multi-wavelength absorption values from the AE33
(e.g. the Aethalometer model).

In summary, based on the results herein presented, the ab-
sorption coefficients from AE33 data can be corrected with
different degrees of confidence depending on the information
available to estimate the multiple-scattering parameter C:

– A tailored dynamic multiple-scattering parameter can
be obtained if on-line simultaneous reference absorp-
tion measurements are available. In this case, a dynamic
C value with a high temporal resolution can be obtained,
allowing an in situ correction of AE33 data and allow-
ing the studying of, for example, the diel/seasonal cy-
cles of the multiple-scattering parameter. Here we used
on-line MAAP absorption measurements at one wave-
length for the determination of a dynamic C value at
the same MAAP wavelength.

– If independent reference multi-wavelength absorption
measurements are available, then the dependence of
the multiple-scattering parameter on wavelengths can
be studied. Here we determined the wavelength depen-
dence of the multiple-scattering parameter C by us-
ing the polar photometer (PP_UniMI) off-line absorp-
tion measurements performed on the MAAP filter spots
and by comparing the off-line PP_UniMI measurements
with AE33 attenuation data integrated over the MAAP
filter spots’ timestamp.

– If reference absorption measurements are not available
for the experimental determination of C, then the av-
erage values of the multiple-scattering parameter pro-
vided here for three different measurement stations can
be used as a reference.

– If both independent reference absorption measurements
and scattering measurements are available, then the
cross-sensitivity to scattering of the multiple-scattering
parameter C can be determined by studying the rela-
tionship between C and single-scattering albedo (SSA).
In this case, a parameterization can be obtained relating
C and SSA.

– If SSA measurements are not available, this work pro-
vides parameterized formulas that allow calculating C

over a wide range of SSA values.

Finally, the C values obtained in this work for different
station types (urban, regional, remote) may serve as a ref-
erence for similar background measurement sites where the
methodology presented here cannot be applied. Neverthe-
less, discrepancies may arise due to the possible differences
in aerosol sources, composition and mixing state at different
sites that, accordingly, will result in different aerosol particle
optical properties. Similar analysis performed at other mea-
surement sites with similar features may reduce the uncer-
tainties around the applicability of the results presented here
to other stations.

Figure A1. Comparison between the aerosol absorption coefficient
measured by PP_UniMI on sample spots (�ap_PP_UniMI) and the
MAAP (�ap_MAAP).

Appendix A: Absorption coefficient relationship

between the MAAP and the PP_UniMI polar

photometer for the MSA station

This appendix aims to show the result of applying the same
methodology as in Sect. 3.1 of Valentini et al. (2020b) to
the PP_UniMI-analysed dataset for obtaining the bias for
the MSA station in the absorption coefficient measurements
between the MAAP and the PP_UniMI polar photometer
(Fig. A1). It consists in the application of a Deming regres-
sion fit, which results in a slope of 0.81±0.01 for our dataset.

Code and data availability. The Montseny
(http://ebas.nilu.no/Pages/DataSetList.aspx?key=
562F658B11934EAC92BB0A2F0CD29A40, last ac-
cess: 20 September 2021; EBAS, 2021b) and Montsec
d’Ares (http://ebas.nilu.no/Pages/DataSetList.aspx?key=
4F862F47EC324FD6AAFA5CD8CF6F8EFB, last access:
20 September 2021; EBAS, 2021a) datasets used for this publica-
tion are accessible online on the WDCA (World Data Centre for
Aerosols) web page: http://ebas.nilu.no (last access: 20 September
2021). The Barcelona datasets were collected within different
national and regional projects and/or agreements and are available
upon request. The code used for analysis can be obtained upon
request to the corresponding author.
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knowledges support from the Slovenian Research Agency. IDAEA-
CSIC is also acknowledged.

Financial support. This research has been supported by the Min-
isterio de Economía, Industria y Competitividad, Gobierno de Es-
paña (CAIAC project (grant no. PID2019-108990PB-100)); the Eu-
ropean Cooperation in Science and Technology (Action CA16109
COLOSSAL); the Agència de Gestió d’Ajuts Universitaris i de
Recerca (AGAUR 2017 SGR41); and the European Commission,
Horizon 2020 Framework Programme (ACTRIS IMP (grant no.
871115)).

Review statement. This paper was edited by Pierre Herckes and re-
viewed by two anonymous referees.

References

Ajtai, T., Filep, Á., Schnaiter, M., Linke, C., Vragel, M.,
Bozóki, Z. Á., Szabó, G., and Leisner, T.: A novel
multi-wavelength photoacoustic spectrometer for the mea-
surement of the UV-vis-NIR spectral absorption coefficient
of atmospheric aerosols, J. Aerosol Sci., 41, 1020–1029,
https://doi.org/10.1016/j.jaerosci.2010.07.008, 2010.

Alfaro, S., Lafon, S., Rajot, J., Formenti, P., Gaudichet, A., and
Maille, M.: Iron oxides and light absorption by pure desert
dust: An experimental study, J. Geophys. Res., 109, D08208,
https://doi.org/10.1029/2003JD004374, 2004.

Amato, F., Querol, X., Alastuey, A., Pandolfi, M., Moreno, T., Gra-
cia, J., and Rodriguez, P.: Evaluating urban PM10 pollution ben-
efit induced by street cleaning activities, Atmos. Environ., 43,
4472–4480, 2009.

Andreae, M. O. and Gelencsér, A.: Black carbon or brown car-
bon? The nature of light-absorbing carbonaceous aerosols, At-
mos. Chem. Phys., 6, 3131–3148, https://doi.org/10.5194/acp-6-
3131-2006, 2006.

Andrews, E., Ogren, J. A., Bonasoni, P., Marinoni, A., Cuevas,
E., Rodríguez, S., Sun, J. Y., Jaffe, D. A., Fischer, E. V., Bal-
tensperger, U., Weingartner, E., Collaud Coen, M., Sharma, S.,
Macdonald, A. M., Leaitch, W. R., Lin, N.-H., Laj, P., Arsov,
T., Kalapov, I., Jefferson, A., and Sheridan, P.: Climatology of
aerosol radiative properties in the free troposphere, Atmos. Res.,
102, 365–393, 2011.

Arnott, W. P., Hamasha, K., Moosmüller, H., Sheridan, P. J., and
Ogren, J. A.: Towards aerosol light-absorption measurements
with a 7-wavelength aethalometer: Evaluation with a photoa-
coustic instrument and 3-wavelength nephelometer, Aerosol Sci.
Tech., 39, 17–29, https://doi.org/10.1080/027868290901972,
2005.

Backman, J., Schmeisser, L., Virkkula, A., Ogren, J. A., Asmi, E.,
Starkweather, S., Sharma, S., Eleftheriadis, K., Uttal, T., Jeffer-
son, A., Bergin, M., Makshtas, A., Tunved, P., and Fiebig, M.:
On Aethalometer measurement uncertainties and an instrument
correction factor for the Arctic, Atmos. Meas. Tech., 10, 5039–
5062, https://doi.org/10.5194/amt-10-5039-2017, 2017.

Bergametti, G., Dutot, A.-L., Buat-Menard, P., Losno, R., and Re-
moudaki, E.: Seasonal variability of the elemental composition
of atmospheric aerosol particles over the northwestern Mediter-
ranean, Tellus B, 41, 353–361, 1989.

Bergstrom, R. W., Pilewskie, P., Russell, P. B., Redemann, J., Bond,
T. C., Quinn, P. K., and Sierau, B.: Spectral absorption proper-
ties of atmospheric aerosols, Atmos. Chem. Phys., 7, 5937–5943,
https://doi.org/10.5194/acp-7-5937-2007, 2007.

Bernardoni, V., Valli, G., and Vecchi, R.: Set-up of a multi wave-
length polar photometer for off-line absorption coefficient mea-
surements on 1-h resolved aerosol samples, J. Aerosol Sci., 107,
84–93, https://doi.org/10.1016/j.jaerosci.2017.02.009, 2017.

Bernardoni, V., Ferrero, L., Bolzacchini, E., Forello, A. C., Gre-
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Figure S1. Multiple scattering parameter (C) availability for both M8060 and TFE filter tape at 
BCN, MSY and MSA measurement supersites. 
 
 

 
Figure S2. Normalized count distribution of the measurement timestamp, !" in minutes for a) 
BCN, b) MSY, and c) MSA. Time measurement resolution was set to 1 min when possible, in b) 
and c) the 5 min spikes are due to a measurement time resolution of 5 min during a certain period 
of time. 
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INSTRUMENT STATION TIMESTAMP 

AE33 

BCN 1 min 

MSY 1 min 

MSA 1 min 

MAAP 

BCN 1 min 

MSY 1 min 

MSA 1 min 

NEPHELOMETER 

BCN 1 min 

MSY 
5 min (2013-February 
February 2017); 1 min 
(February 2017-2020) 

MSA 
5 min (2013-February 
February 2017); 1 min 
(February 2017-2020) 

Table S2. Timestamp of the measurement for each instrument, AE33, MAAP and nephelometer, 
for each station. 
 
 

 
Figure S3. Multiple scattering parameter (C) dependence on the single scattering albedo (SSA) 
for the TFE-coated glass (upper panel) and the M8060 filter tape (lower panel) at: BCN (c), MSY 
(a,d) and MSA (b,e) measurement supersites as a function of the absorption Ångström exponent 
(AAE). 
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 4 

 
Figure S4. Multiple scattering parameter (C) dependence on the single scattering albedo (SSA) 
for the TFE-coated glass (upper panel) and the M8060 filter tape (lower panel) at: BCN (c), MSY 
(a,d) and MSA (b,e) measurement supersites as a function of the backscattered fraction at (BF). 

 
Figure S5. Multiple scattering parameter (C) dependence on the single scattering albedo (SSA) 
for the TFE-coated glass (upper panel) and the M8060 filter tape (lower panel) at: BCN (c), MSY 
(a,d) and MSA (b,e) measurement supersites as a function of the single-scattering albedo 
Ångström exponent (SSAAE). 
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 5 

 
Figure S6. Scatter-plot of the binned AE33 attenuation coefficient (batn (637 nm)) vs MAAP 
absorption coefficient babs (637 nm)) where the slope of the Deming regression, m, represents the 
multiple-scattering parameter C, and q is the intercept of the regression, for the TFE-coated glass 
filter tape (upper panels) and M8060 filter tape (lower panels) for BCN (a,d), MSY (b,e) and 
MSA (c,f). The non-zero intercept, q, is indicative of the additional signal due to the cross-
sensitivity to scattering of particles within the filter. 
 
 

 
Figure S7. Seasonal evolution of the SSA at a) BCN, b) MSY and c) MSA measurement stations 
for both M8020 and M8060 filter tapes. The box plot boxes show the range between the first and 
third quartile (IQR) with the median value for each season distribution represented by the inner 
line; the maximum whisker length is proportional to 1.5·IQR. 
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a) 

 

b): 

 

c): 

 

Figure S8. Diel evolution of the C and the SSA actor at a) BCN, b) MSY and c) MSA 
measurement stations. The measurement period of this cycles corresponds to all the available 
dataset for both M8020 and M8060 filter tapes (cf. Fig. S1). 
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 7 

 
Table S2. Multiple scattering factor (C) at each AE33 measuring wavelength obtained using the 
absorption coefficient from the PP_UniMI polar photometer for BCN, MSY and MSA 
measurement supersites. 
 
 

 
Table S3. Multiple scattering factor (C) at each AE33 measuring wavelength obtained using the 
absorption coefficient from the PP_UniMI polar photometer working as MAAP (PaM) for BCN, 
MSY and MSA measurement supersites. 
 
 

 #$$_&'()*(,) 
370 nm 470 nm 520 nm 590 nm 660 nm 880 nm 950 nm 

BCN 3.36 3.26 3.22 3.24 3.21 3.19 3.31 
MSY 2.68 2.67 2.72 2.77 2.79 2.62 6.67 
MSA 3.47 3.48 3.58 3.71 3.87 4.05 4.03 

 
#$.)(,) 

370 nm 470 nm 520 nm 590 nm 660 nm 880 nm 950 nm 
BCN 2.82 2.78 2.75 2.73 2.72 2.69 2.83 
MSY 2.32 2.33 2.42 2.46 2.47 2.26 2.32 
MSA 2.82 2.85 2.91 3.03 3.09 3.22 3.24 
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 8 

 
Figure S9. Relationship between the slope of the factor C and the wavelength, /0 , and the single-
scattering albedo at 520 nm (11234567), the backscatter fraction (8934567), and the single-
scattering albedo Ångström exponent (SSAAE) at BCN (left panel), MSY (middle panel) and 
MSA (right panel) measurement stations. The values of /0  (y-axis) for a given station changed 
depending on the dependent variable (x-axis) considered due to the method employed for binning 
the data. Here we used the Freedman-Diaconis rule to define the bin width that can, consequently, 
include different data points depending on the variable considered. The red points show bins with 
a number of measurements which range between 2 and 5 data points. 
 
 
 
 
 
 
 
Table S4. Mean values of the absorption Ångström exponent (AAE) for the sensitivity analysis 
performed in Fig. 3 on the AAE obtained using a wavelength-dependent C (:(;)) in comparison 
with an AAE obtained using a constant C, C(const), parameter. 
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b)  

 
 
 

c)  

 
Figure S10. Sensitivity analysis of the single scattering albedo (SSA) on the wavelength-
dependent C (C(λ)) in comparison with an SSA at 3 wavelengths (470, 660 and 950 nm) obtained 
using a constant C parameter (C(const)) for a) BCN, b) MSY and c) MSA measurement stations. 
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6
HORIZONTAL AND VERTICAL
AEROSOL PARTICLE
CHARACTERIZATION

Objective
Characterize the vertical profiles and the spatial distribution of the aerosol particles physico-
chemical properties under two different typical summer scenarios in NE Spain. These
scenarios, namely summer recirculation patterns and Saharan dust outbreaks, produce high
aerosol particle concentration values in the area of study, not only at the surface, but also
through several layers in the atmosphere. Characterizing the variations of the physico-
chemical properties between the different layers is key to improve the modelization of the
effects of the aerosol particles on Earth’s climate.

Methodology
• Analysis of the meteorological scenarios and the air-mass back-trajectories affecting the

area of study during the periods that instrumented flights were being performed.

• Coupling of surface based measurements from the regional background and mountain-
top stations, Montseny and Montsec d’Ares, respectively, with airborne measurements
from instrumented flights.

Results
• Higher PM concentration levels and extensive optical properties values at the measure-

ment sites during the Saharan dust event in comparison with the averages reported in
the bibliography and similar intensive optical properties. Conversely, similar overall
values for the extensive and intensive optical values during the recirculation pattern for
both stations, albeit slightly higher absorption and SSA at the mountain-top station.
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• Multiple layers with distinct properties in comparison with their adjacent aerosol layers
during the recirculation patterns, mainly characterized by the presence of BC particles
within the planetary boundary layer (PBL), and both BC and BrC particles at the layers
aloft. The different composition for these layers was mainly due to the ageing of
the aerosol particles during the recirculation processes and the advection of biomass
burning particles from wildfires.

• A more homogeneous vertical profile of the aerosol properties during the Saharan dust
events. There was, however, a larger relative proportion of BC particles closer to the
surface, and a higher relative proportion of mineral dust above, with multiple layers
with higher mineral dust concentration.

Conclusion
• High impact of the recirculation pattern and Saharan dust events, which often take

place simultaneously in summer, on the concentration values and the extensive optical
properties over the NE of Spain.

• The recirculation pattern creates a very homogeneous PBL around the area of study,
with additional multiple layers along the vertical profiles with similar values, although
showing a larger relevance of the BrC particles due to the ageing of the aerosol particles
and the advection of biomass burning particles.

• The Saharan dust events homogenize the vertical profiles of the optical properties, with
values typical of those found in the Mediterranean basin during these types of events.
In addition, several layers with a higher relative concentration of coarse mineral dust
particles can be measured.

Publication
• Yus-Díez, J., Ealo, M., Pandolfi, M., Perez, N., Titos, G., Močnik, G., Querol, X., and

Alastuey, A.: "Aircraft vertical profiles during summertime regional and Saharan dust
scenarios over the north-western Mediterranean basin: aerosol optical and physical
properties". In: Atmospheric Chemistry and Physics, 21, 431–455, https://doi.org/10.
5194/acp-21-431-2021, 2021
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Abstract. Accurate measurements of the horizontal and ver-
tical distribution of atmospheric aerosol particle optical prop-
erties are key for a better understanding of their impact on
the climate. Here we present the results of a measurement
campaign based on instrumented flights over north-eastern
Spain. We measured vertical profiles of size-segregated at-
mospheric particulate matter (PM) mass concentrations and
multi-wavelength scattering and absorption coefficients in
the western Mediterranean basin (WMB). The campaign
took place during typical summer conditions, characterized
by the development of a vertical multi-layer structure, un-
der both summer regional pollution episodes (REGs) and Sa-
haran dust events (SDEs). REG patterns in the region form
under high insolation and scarce precipitation in summer,
favouring layering of highly aged fine-PM strata in the lower
few kma.s.l. The REG scenario prevailed during the en-
tire measurement campaign. Additionally, African dust out-
breaks and plumes from northern African wildfires influ-
enced the study area. The vertical profiles of climate-relevant
intensive optical parameters such as single-scattering albedo
(SSA); the asymmetry parameter (g); scattering, absorption
and SSA Ångström exponents (SAE, AAE and SSAAE); and
PM mass scattering and absorption cross sections (MSC and
MAC) were derived from the measurements. Moreover, we

compared the aircraft measurements with those performed
at two GAW–ACTRIS (Global Atmosphere Watch–Aerosol,
Clouds and Trace Gases) surface measurement stations lo-
cated in north-eastern Spain, namely Montseny (MSY; re-
gional background) and Montsec d’Ares (MSA; remote site).

Airborne in situ measurements and ceilometer ground-
based remote measurements identified aerosol air masses at
altitudes up to more than 3.5 kma.s.l. The vertical profiles of
the optical properties markedly changed according to the pre-
vailing atmospheric scenarios. During SDE the SAE was low
along the profiles, reaching values < 1.0 in the dust layers.
Correspondingly, SSAAE was negative, and AAE reached
values up to 2.0–2.5, as a consequence of the UV absorption
increased by the presence of the coarse dust particles. During
REG, the SAE increased to > 2.0, and the asymmetry param-
eter g was rather low (0.5–0.6) due to the prevalence of fine
PM, which was characterized by an AAE close to 1.0, sug-
gesting a fossil fuel combustion origin. During REG, some of
the layers featured larger AAE (> 1.5), relatively low SSA
at 525 nm (< 0.85) and high MSC (> 9 m2 g�1) and were
associated with the influence of PM from wildfires. Over-
all, the SSA and MSC near the ground ranged around 0.85
and 3 m2 g�1, respectively, and increased at higher altitudes,
reaching values above 0.95 and up to 9 m2 g�1. The PM,
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MSC and MAC were on average larger during REG com-
pared to SDE due to the larger scattering and absorption ef-
ficiency of fine PM compared with dust. The SSA and MSC
had quite similar vertical profiles and often both increased
with height indicating the progressive shift toward PM with
a larger scattering efficiency with altitude.

This study contributes to our understanding of regional-
aerosol vertical distribution and optical properties in the
WMB, and the results will be useful for improving future
climate projections and remote sensing or satellite retrieval
algorithms.

1 Introduction

Atmospheric aerosol particles play an important role in
Earth’s radiative balance directly by scattering and absorb-
ing solar radiation and indirectly by acting as cloud conden-
sation nuclei (Myhre et al., 2013). Globally, the aerosol parti-
cles’ direct radiative effect is negative at the top of the atmo-
sphere due to their net cooling on Earth’s atmosphere system
(Myhre et al., 2013). This estimation is, however, affected by
a large uncertainty which reflects the large spatial and tem-
poral variability of the optical, physical and chemical proper-
ties of optically active atmospheric aerosol particles (Myhre
et al., 2013). This variability is largely due to the wide va-
riety of aerosol sources and sinks, their intermittent nature
and spatial non-uniformity together with the chemical and
physical transformations that aerosol particles undergo in the
atmosphere (Myhre et al., 2013). These variables affect the
scattering and absorption properties of atmospheric particles
and consequently their radiative properties. Thus, uncertain-
ties remain regarding the effects that aerosol particles exert
on climate from local to global scales, and a detailed charac-
terization of their properties in the horizontal and vertical di-
mensions is needed (Andrews et al., 2011; Bond et al., 2013;
Haywood et al., 1999; Collaud Coen et al., 2013). Accurate
knowledge of their radiative forcing will improve both the
climate reanalysis and forecasting models, which are needed
in the current climate change context (Myhre et al., 2013).
The in situ surface distribution of atmospheric particles and
their physical and chemical properties is determined through
an array of networks across the US and Europe and to a
lesser extent in Asia and Africa (Laj et al., 2020), such as
the Global Atmosphere Watch (GAW, World Meteorologi-
cal Organization); the European Research Infrastructure for
the observation of Aerosol, Clouds and Trace Gases (AC-
TRIS; http://www.actris.eu, last access: 7 January 2021); the
Interagency Monitoring of Protected Visual Environments
(IMPROVE; http://vista.cira.colostate.edu/Improve/, last ac-
cess: 7 January 2021); the European Monitoring and Evalua-
tion Programme (EMEP, http://www.Emep.int, last access:
7 January 2021); and the NOAA Federated Aerosol Net-
work (NFAN; Andrews et al., 2019). These networks provide

detailed optical, physical and chemical properties of atmo-
spheric aerosol particles at the surface (Putaud et al., 2004;
Putaud et al., 2010; Andrews et al., 2011; Asmi et al., 2013;
Collaud Coen et al., 2013; Collaud Coen et al., 2020; Cavalli
et al., 2016; Zanatta et al., 2016; Pandolfi et al., 2018; Laj
et al., 2020).

Given that the radiative forcing by aerosols is produced in
the whole atmospheric column, the study of the vertical dis-
tribution of aerosol particles and their properties is of great
importance (Sheridan et al., 2012; Samset et al., 2013). In
fact, uncertainties regarding their vertical distribution and its
relationship with surface emission sources are still a subject
of intensive research. For example, Sanroma et al. (2010)
suggested that, during cloud-free conditions, high-altitude
aerosol particles are the major contributor to variations in
solar radiation flux reaching the surface, at least at the high-
altitude sites they studied. Moreover, the positive radiative
forcing associated with strongly absorbing particles, such as
black carbon (BC), is amplified when these particles are lo-
cated above clouds (Zarzycki and Bond, 2010, and references
therein), and the sign and magnitude of semi-direct BC ef-
fects depend on the BC location relative to the clouds and
cloud type (Bond et al., 2013), with different clouds dif-
ferently impacting the atmospheric heating rate of different
aerosol types (Ferrero et al., 2020).

Ground-based remote sensing measurements of aerosol
particles’ optical and physical properties are performed by
a number of projects, such as AERONET (AErosol RObotic
NETwork; https://aeronet.gsfc.nasa.gov, last access: 7 Jan-
uary 2021), which is the international federation of ground-
based sun and sky scanning radiometers and the European
Aerosol Research Lidar Network (EARLINET–ACTRIS,
https://www.earlinet.org, last access: 7 January 2021), pro-
viding column-integrated and vertically resolved optical
properties, respectively. Satellite and sun/sky photometer
measurements provide information on the aerosol properties
of the entire atmospheric column, top-down and bottom-up,
respectively. Polar-orbiting satellite observations provide a
wide spatial coverage yet are limited in time resolution to
once or twice a day. On the other hand, laser-based active
instruments such as lidars (light detection and ranging) and
ceilometers provide reliable information of the vertically re-
solved optical properties of aerosols, such as backscatter-
ing and extinction. Lidars measure at several wavelengths
(e.g. Raman-elastic lidars; Ansmann et al., 1992), whereas
ceilometers are usually limited to one wavelength.

The aforementioned remote sensing methods have thus
limitations for directly measuring the vertically resolved dis-
tribution of specific climate-relevant optical parameters or
variables such as SSA, the asymmetry parameter (g) or
absorption coefficients. Although not as frequent, airborne
measurements can provide the vertical profiles and horizon-
tal variability of these parameters, as well as of other aerosol-
related patterns. Instrumented flights are usually performed
for specific campaigns, with a duration ranging from multiple
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weeks to a few years, allowing for determining aerosol prop-
erties up to heights of a few kma.g.l. in the free troposphere.
For example, Esteve et al. (2012) performed a campaign over
Bondville (Illinois) aiming at comparing AERONET remote
sensing measurements with measurements of aerosol prop-
erties, such as scattering, absorption and other derived vari-
ables from instrumented flights. In Asia, Clarke et al. (2002)
measured aerosol particles’ microphysical, optical and chem-
ical properties over the Indian Ocean. Recently, Singh et al.
(2019) measured particle size, number (N ), spectral absorp-
tion and meteorology variables in different pollution lay-
ers along a Himalayan valley in Nepal by means of instru-
mented flights. Vertically resolved measurement campaigns
have been performed with tethered balloons, for example in
the Po valley (Ferrero et al., 2014); in the Arctic (Ferrero
et al., 2016); and with unmanned aerial vehicles (UAVs),
such as the ones over the eastern Mediterranean by Pikri-
das et al. (2019). Aircraft aerosol measurements over Eu-
rope were performed for example during the EUCAARI-
LONGREX (European Integrated project on Aerosol Cloud
Climate and Air Quality interactions Long Range Experi-
ment) campaign as shown by Highwood et al. (2012), who
presented the results of a closure study between measured
vertical aerosol particles scattering and absorption and Mie
theory. In North America, Sheridan et al. (2012) performed
flights between 2 and 3 times per week during 3 consecutive
years, measuring more than 400 vertical profiles of aerosol
particles and trace gas concentrations. The vertical profiles
of total and accumulation mode N concentration, BC mass
concentration, lidar measurements and the estimated radia-
tive aerosol effect during EUCAARI-LONGREX were pre-
sented by Hamburger et al. (2010), Groß et al. (2013) and Es-
teve et al. (2016). In the context of the ChArMEx/ADRIMED
measurement campaign (the Chemistry-Aerosol Mediter-
ranean Experiment/Aerosol Direct Radiative Impact on the
regional climate in the MEDiterranean region; e.g. Mallet
et al., 2016; Denjean et al., 2016) instrumented flights mea-
suring physical and chemical properties took place. These
measurement campaigns have demonstrated the usefulness
of instrumented flights providing aerosol properties which
cannot be measured with conventional remote sensing tech-
niques. These vertically resolved aerosol measurements are
restricted to the time span of the campaign as well as to the
regional area where these take place. However, aircraft mea-
surements might yield very relevant information for detailed
radiative forcing studies and might be extremely useful for
models aiming at simulating these effects over specific re-
gions. Moreover, the results could be extrapolated to other
periods when measurements are not available in the same
area or to other areas with similar meteorological patterns
and pollutant emissions.

Detailed studies of the vertical profiles of climate-relevant
aerosol properties are especially important in climate-
sensitive areas, such as the Mediterranean basin. This is one
of the regions in the world characterized by high loads of

both primary and secondary aerosol particles, especially in
summer (Rodríguez et al., 2002; Dayan et al., 2017), from di-
verse emission sources. Anthropogenic emissions from road
traffic, industry, agriculture and maritime shipping, among
others, negatively affect the air quality in this region (Querol
et al., 2009b; Amato et al., 2009; Pandolfi et al., 2014c).
Moreover, the Mediterranean basin is also highly influenced
by natural sources, such as mineral dust from African deserts
and smoke from forest fires (Bergametti et al., 1989; Querol
et al., 1998; Rodríguez et al., 2001; Lyamani et al., 2006;
Mona et al., 2006; Koçak et al., 2007; Kalivitis et al., 2007;
Querol et al., 2009b; Schauer et al., 2016; Ealo et al., 2016;
Querol et al., 2019, among others). In addition to this, the
distribution of the different types of aerosol particles in the
Mediterranean basin is largely modulated by regional and
large-scale circulation (Millán et al., 1997; Gangoiti et al.,
2001; Kallos et al., 2007). The complex orography surround-
ing the WMB (western Mediterranean basin) sea and the
high insolation, scarce precipitation and low winds during
summertime give rise to high rates of accumulation and for-
mation of secondary particles (Rodríguez et al., 2002). The
north-east of Spain provides a frame of study that represents
well the atmospheric summer conditions of the western and
central Mediterranean, characterized by frequent and severe
pollution episodes with high PM, UFP (ultra-fine particle)
and O3 formation (Pey et al., 2013; Pandolfi et al., 2014a;
Querol et al., 2017, among others). Typical atmospheric dy-
namics coupled to local orography results in local and re-
gional vertical recirculation with a consequent accumula-
tion of pollutants (Millán et al., 1997). Vertical recircula-
tion and ageing of pollutants is favoured by weak gradient
atmospheric conditions, scarce precipitation and continuous
exposure to solar radiation driving photochemical reactions
(Rodríguez et al., 2002; Pérez et al., 2004). This recirculation
is very relevant in midsummer, when the solar radiation in-
creases and the high-pressure periods last longer, so that the
vertical recirculation reaches further inland and creates reser-
voir strata (loaded with pollutants) at 1–3 kma.s.l. (Gangoiti
et al., 2001; Pérez et al., 2004). In fact, due to the geogra-
phy and climatic summer meteorological patterns, the for-
mation of strong breezes from the coast through the valleys
up to the Pyrenees and pre-Pyrenees range is frequent (Ripoll
et al., 2014). Additionally, and especially in spring–summer,
intense Saharan dust outbreaks (Querol et al., 1998, 2009b;
Querol et al., 2019; Rodríguez et al., 2001; Escudero et al.,
2007; Pey et al., 2013) and forest fires (Faustini et al., 2015)
influence air quality over the WMB. The above atmospheric
processes might coincide in space and time in the WMB
and result in summer radiative forcing above this area be-
ing among the highest in the word (Lelieveld et al., 2002,
and references therein). To the best of our knowledge, only
a few in situ aircraft- or balloon-borne measurement cam-
paigns aiming at studying the optical properties of tropo-
spheric aerosol particles were performed in the WMB such as
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those performed within the ChArMEx/ADRIMED campaign
(Denjean et al., 2016).

To better characterize the complex summer atmospheric
scenarios of the WMB and to better understand their ef-
fect on the concentrations and optical properties of aerosols,
we present here results from an aircraft measurement cam-
paign performed in the north-western Mediterranean within
the PRISMA project (aerosol optical properties and radia-
tive forcing in the western Mediterranean as a function of
chemical composition and sources). The main objective of
the PRISMA project was to study the spatial and vertical
distribution of the atmospheric aerosol particles with spe-
cial interest in their physical and optical properties to as-
sess the regional radiative forcing caused by the tropospheric
aerosols in the WMB. To this end two measurement cam-
paigns were performed in the summers of 2014 and 2015,
combining aircraft measurements with remote and in situ sur-
face measurements performed at the Montseny (MSY) and
Montsec (MSA) stations. Herein we focus on the 2015 cam-
paign, when vertical summer recirculation episodes, Saharan
dust outbreaks and plumes from wildfires simultaneously af-
fected air quality over the WMB. The combination of the
aircraft measurements with the available surface in situ and
remote measurements allowed for characterizing the sum-
mer recirculation coupled with Saharan dust outbreaks usu-
ally observed in the WMB in summer well. The results pre-
sented here provide a more exhaustive characterization of the
aerosol layers than the one that can be obtained by deploying
in situ surface and remote sensing techniques applied so far
in the region.

In the following section (Sect. 2) we describe the method-
ology, with a deeper analysis of the study area, measurement
stations and flight location as well as the main meteorolog-
ical scenarios. In Sect. 3 we will explain the main calcula-
tions of aerosol optical properties. The main results obtained
in this study are shown in Sect. 4 for the different meteoro-
logical scenarios for both surface and the vertical measure-
ments. Finally, we discuss the obtained results in the conclu-
sion (Sect. 5).

2 Methodology

2.1 Area of study and meteorology

Airborne aerosol measurements were performed in an area of
around 3500 km2 in the north-western Mediterranean area of
Catalonia, north-eastern Spain (Fig. 1). The area is close to
the Barcelona metropolitan area, where anthropogenic emis-
sions, mostly from road traffic, industry, agriculture and mar-
itime shipping (Barcelona is one of the major ports in the
Mediterranean) negatively affect the air quality (Querol et al.,
2001; Pey et al., 2013; Pérez et al., 2008; Amato et al., 2009;
Amato et al., 2016; Reche et al., 2011, among others). Fig-
ure 1 shows the study area, the location of the Montseny

(MSY; 720 ma.s.l.) and Montsec (MSA; 1570 ma.s.l.) mea-
surement stations, and the location and ID codes (P1–P7) of
the instrumented flights (Table 1).

This area is characterized by warm summers and tem-
perate winters with irregular and rather scarce precipitation
rates, especially in summer. The Azores high-pressure sys-
tem plays an important role in the synoptic meteorology of
the Iberian Peninsula (IP). In winter, the Azores anticyclone
is located at lower latitudes, and so the IP is more influenced
by low-pressure systems and the associated fronts coming
from the North Atlantic. However, in summer, the anticy-
clonic system intensifies and moves toward higher latitudes
inducing very weak pressure gradient conditions over the
IP. These atmospheric stagnant conditions, coupled to local
orography and sea breeze circulation, result in local and re-
gional atmospheric dynamics that favour the accumulation
and ageing of pollutants (Millán et al., 1997, 2002; Gangoiti
et al., 2001; Rodríguez et al., 2002; Pérez et al., 2004, among
others). The high surface temperatures give rise to the for-
mation of the Iberian thermal low, which induces the con-
vergence of surface winds from the coastal areas injecting
polluted air masses into the middle troposphere (3.5–5 km
height). During the daytime the sea breeze layer (up to 800 m
high) is channelled into the coastal and pre-coastal valleys up
to 90 km inland, transporting pollutants from the coastal area
(Gangoiti et al., 2001). On the mountain and valley slopes,
up-slope winds inject pollutants at higher levels. Sea breezes
and up-slope winds over the coastal and pre-coastal moun-
tains transport coastal pollutants inland, while a fraction of
these pollutants is injected in their return flows aloft (2–
3 km), forming high-pollution-loaded reservoir strata (Gan-
goiti et al., 2001). Pollutants are returned to the Mediter-
ranean Sea owing to the prevalence of westerly winds above
the mixing layer. Once in those upper layers, pollutants move
back towards the sea, and compensatory subsidence creates
stratified reservoir layers of aged pollutants. Then, the next
morning the lowermost layers are drawn inland again by the
sea breeze (Millán et al., 2002; Gangoiti et al., 2001).

Saharan dust outbreaks affect the Iberian Peninsula mostly
in spring–summer, increasing the PM levels. The meteo-
rological scenarios causing African dust transport over the
study area are described in Rodríguez et al. (2001) and Es-
cudero et al. (2005). Four main scenarios are differentiated:
northern African high located at the surface level (NAH-
S), Atlantic depression (AD), northern African depression
(NAD) and northern African high located at upper levels
(NAH-A). The WMB is mostly affected by the AD and NAD
in spring and fall, by the NAH-A in summer, and by the
NAH-S from January to March. Another potential significant
source of PM affecting air quality in the WMB is wildfires,
which might persist for several days and emit large amounts
of primary PM and precursors of secondary aerosols (Faus-
tini et al., 2015). In addition to the complex atmospheric pat-
terns, the scarce precipitation and the high exposure to so-
lar radiation drive photochemical reactions resulting in high
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Figure 1. Western Mediterranean basin and zoom over the north-east of Spain with the MSA and MSY stations and the number ID of
the instrumented flights (Table 1), with the shaded area indicating the horizontal area where measurements were taken. Satellite view from
© Google Earth.

Table 1. Flight measurement location and date. Vertical profiles were performed up to heights of 3.5 km a.s.l.

Profile Flight direction Date Time (UTC) Coordinates Area

P1 Upwards 7 Jul 2015 08:55–09:16 41.96� N, 0.75� E MSA
P2 Upwards 7 Jul 2015 15:31–15:53 41.65� N, 1.14� E Plain
P3 Upwards 8 Jul 2015 08:11–08:31 41.01� N, 0.94� E Coast
P4 Downwards 14 Jul 2015 09:44–10:00 41.60� N, 1.64� E Catalan pre-coastal mountain range
P5 Downwards 14 Jul 2015 10:56–11:12 41.85� N, 2.20� E Catalan pre-coastal mountain range
P6 Downwards 16 Jul 2015 10:07–10:23 41.84� N, 2.24� E Catalan pre-coastal mountain range

background levels of secondary aerosols and ozone (Ro-
dríguez et al., 2002; Pérez et al., 2004; Querol et al., 2016;
Querol et al., 2017).

2.1.1 Detailed synoptic and mesoscale meteorological

scenarios during flights

Airborne measurements of tropospheric aerosol particles
physical properties were conducted during 7–8 and 14–
16 July 2015 during the typical summer regional pollution
episodes and aerosol layering (Gangoiti et al., 2001). HYS-
PLIT (HYbrid Single-Particle Lagrangian Integrated Trajec-
tory model; Draxler and Hess, 1998) back trajectories in
Fig. 2 (calculated for 7 and 16 July 2015; see more trajec-
tories for the 8 and 14 July in Fig. S2) and the potential
temperature vertical profile (Fig. S3) show that both periods
were characterized by atmospheric stagnation (without ma-
jor synoptic flows venting the WMB). Under these summer
atmospheric scenarios sea breezes, and the vertical recircu-
lation of air masses develop. However, during the first pe-
riod an African dust outbreak affected the study area (Fig. 2),
probably by high-altitude transport from northern Africa and
subsequent impact on surface by convective circulations over
the continent. Moreover, plumes from wildfires reached also
the study area in the second period as the smoke forecast
from NAAPS indicated (Navy Aerosol Analysis and Pre-

diction System; http://www.nrlmry.navy.mil/aerosol, last ac-
cess: 7 January 2021; see Fig. 2).

The geopotential height at 500 hPa and sur-
face pressure from the ERA-INTERIM reanalysis
model (https://www.ecmwf.int/en/forecasts/datasets/
reanalysis-datasets/era-interim, last access: 7 January 2021)
show for the first day of the measurements a high-pressure
system covering central Europe (Figs. 3 and S1 in the
Supplement). On 7 July (coincident with the first measure-
ments), the Azores high-pressure system and a northern
European low governed the synoptic flow. This situation
persisted until 16 July, with an enhancement of the Iberian
and northern African thermal lows (Fig. 3).

Thus, during the campaign, the atmospheric scenario is the
typical one favouring stagnation in the WMB, which leads to
the recirculations of vertical air masses driven by local and
regional processes (Gangoiti et al., 2001). Furthermore, the
north-eastern African high pressure at high atmospheric lev-
els (NAH-A; Escudero et al., 2005) favoured the advection
of Saharan dust at high altitudes to the area of study from
noon on 4 July to the afternoon of 8 July 2015. We will refer
to this first period as the SDE (Saharan dust event) period, in
reference to the Saharan dust event that persisted during these
days. On 14 and 16 July, smoke from wildfires over northern
Africa and the IP affected the study area. During this sec-
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Figure 2. Upper panel shows the back trajectories at the MSA station, the dust concentration (µg m�3) near the ground as simulated by the
SKIRON forecast simulations (University of Athens) and the smoke surface concentration (µgm�3) forecasted by the NAAPS Prediction
System for 12:00 UTC of the 7 July 2015 (flights P1 and P2). The lower panels shows the same information for 12:00 UTC on 16 July 2015
(flights P6 and P7), although it should be noted that there is a smaller scale on the back-trajectory map, with a higher zoom in the study area.
GDAS: Global Data Assimilation System.

ond period there was no mineral dust on 14 July, while on
16 July a light dust outbreak took place (Fig. 2). Due to the
prevalence of summer regional pollution episodes with the
absence of a dominant strong Saharan dust event, we will re-
fer to this second measurement period as an REG (regional
pollution episode).

2.2 Measurements and instrumentation

2.2.1 Ground supersites and measurements

Surface measurements were performed at Montseny (MSY,
regional background) and Montsec (MSA, continental back-
ground) monitoring supersites (north-eastern Spain). MSY
(41�4604600 N, 02�2102900 E, 720 ma.s.l.) is located in a
densely forested area, 50 km to the north–north-east of
Barcelona and 25 km from the Mediterranean coast. MSA
(42�0300500 N, 00�4304600 E, 1570 ma.s.l.) is located in a
remote high-altitude emplacement in the southern side of

the pre-Pyrenees at the Montsec d’Ares mountain range, at
140 km to the north-west of Barcelona and 140 km to the
west-north-west of MSY (Fig. 1). Detailed descriptions of
the measurement supersites and of the measurements per-
formed can be found for example in Pérez et al. (2008),
Pey et al. (2009) and Pandolfi et al. (2011); Pandolfi et al.
(2014a, 2016) for MSY and Pandolfi et al. (2014b), Ripoll
et al. (2014) and Ealo et al. (2016, 2018) for MSA. These
supersites are part of the Catalonian Air Quality Monitor-
ing Network and are part of ACTRIS and GAW networks.
Aerosol optical properties at the sites were measured follow-
ing standard network protocols (WMO/GAW, 2016).

Similar instruments were used for in situ surface char-
acterization of physical, chemical and optical aerosol parti-
cle properties at both MSY and MSA. Aerosol particle to-
tal scattering (�sp) and hemispheric backscattering (�bsp) co-
efficients were measured every 5 min at three wavelengths
(450, 525 and 635 nm) with an LED-based integrating neph-
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Figure 3. Synoptic meteorology with 500 hPa geopotential and surface pressure at 12:00 UTC for the 1, 7, 14 and 16 July of 2015 as modelled
by the reanalysis model ERA-INTERIM, © http://www.wetter3.de last access: 7 January 2021). GFS: Global Forecast System.

elometer (Aurora 3000, Ecotech Pty, Ltd, Knoxfield, Aus-
tralia). Calibration of the two nephelometers was performed
four times per year using CO2 as span gas, while zero ad-
justs were performed once per day using internally filtered
particle-free air. The RH (relative humidity) threshold was
set by using a processor-controlled automatic heater inside
the Aurora 3000 nephelometer to ensure a sampling RH of
less than 40 % (GAW, 2016). �sp coefficients were corrected
for non-ideal illumination of the light source and for trun-
cation of the sensing volumes following the procedure de-
scribed in Müller et al. (2011b). Aerosol light absorption
coefficients (�ap) at seven different wavelengths (370, 470,
520, 590, 660, 880 and 950 nm) were obtained every 1 min
at both stations by means of aethalometers (Magee Scien-
tific AE33) with filter loading being corrected online by the
dual-spot manufacturer correction (Drinovec et al., 2015). At
both supersites a multi-angle absorption photometer (MAAP
– Multi Angle Absorption Photometer, Model 5012, Thermo,
Inc., USA; Petzold and Schönlinner, 2004) was also used
for obtaining the aerosol light absorption coefficient. MAAP

data in this work were reported at 637 nm by multiplying the
MAAP absorption data by a factor of 1.05 as suggested by
Müller et al. (2011a). At both sites the instruments were con-
nected to a PM10 cut-off inlet. Online surface in situ opti-
cal measurements were reported to ambient temperature (T )
and pressure (P ) using measurements from automatic and
co-located weather stations.

PM mass concentrations were obtained with an optical
particle counter (OPC) (Grimm 1108.8.80) connected to an
individual inlet. Particle number volume concentrations were
measured every 5 min in 15 size bins from 0.3 to 20 µm
and then converted to PM mass concentration by the in-
strument software. PM mass concentrations were corrected
by comparison with standard gravimetric PM measurements
(Alastuey et al., 2011). An Aerosol Chemical Speciation
Monitor (ACSM, Aerodyne Research Inc.) was used to mea-
sure real-time non-refractory submicron aerosol species (or-
ganic matter, nitrate, sulfate, ammonium and chloride). Mea-
surements with the ACSM at MSY were available from 4 to
12 July.
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Figure 4. Piper PA 34 Seneca aircraft (left panel) and the schematic of the aerosol inlet and sampling instruments inside the aircraft (right
panel). Aerosol sampling lines are shown in black, and sampling instruments are in blue. EPC: environmental particle counter.

PM10, PM2.5 and PM1 24 h samples were daily collected
on 150 mm quartz microfibre filters (Pallflex 2500 QAT-UP
and Whatman QM-H) using high-volume samplers (DIGI-
TEL DH80 and/or MCV CAV-A/MSb at 30 m3 h�1). The
daily concentrations of major and trace elements and soluble
ions (determined following the procedure by Querol et al.,
2001), as well as those of organic (OC) and elemental (EC)
carbon (by a thermal–optical carbon analyser, Sunset Labo-
ratory Inc., following the EU project EUSAAR2 (European
Supersites for Atmospheric Aerosol Research) protocol Cav-
alli et al., 2010), were measured during the whole campaign.
The ratio between the fine, PM1, and coarse, PM10, mode
is obtained as the fraction between these two concentration
measurements, PM1/10. The chemical analyses allowed for
the determination of around 50 PM components, accounting
for 75 %–85 % of the PM mass, the unexplained PM mass
being mostly due to unaccounted moisture and non-analysed
heteroatoms.

Active remote sensing measurements of attenuated
backscatter (�att) at 1064 nm were performed at MSA with
a Jenoptik CHM 15k Nimbus (G. Lufft Mess- und Regel-
technik GmbH, Germany) ceilometer. The instrument oper-
ated continuously with a temporal and spatial resolution of
1 min and 15 m, respectively. The maximum height of the
signal is 15.36 kma.g.l. Calibration based on the Rayleigh
calibration method was applied (Bucholtz, 1995; Wiegner
et al., 2014). The overlap between the laser pulse and tele-
scope field of views of the CHM 15k is greater than 60 %
at around 500 ma.g.l. (Martucci et al., 2010; Pandolfi et al.,
2013). Further details of the ceilometer installed at MSA
can be found in Titos et al. (2017). Passive remote sensing

measurements were obtained at MSA by means of a CE-318
sun/sky photometer (Cimel Electronique, France) included in
AERONET.

2.2.2 Airborne measurements

Flights were performed with a Piper PA 34 Seneca aircraft
(Fig. 4) over north-eastern Spain (Fig. 1) from around 0.5
up to 3.5 kma.s.l. Both the upward and downward flights
had approximately the same duration (20–30 min) (Table 1),
and the ascent and descent trajectories were performed in the
same area when possible. The method used to perform the
vertical profiles consisted of vertical ascensions and descents
following helical trajectories (Font et al., 2008), thus allow-
ing for the measurement of the aerosol particles properties
around a more constrained area. The turns during the ver-
tical helical motions were made with a radius large enough
(around 900 m) to assume that the particles entered straight
into the inlet. The flights were performed at a speed of around
160 kmh�1 with a vertical speed of 152 mmin�1, slightly
larger for the downwards flights. However, some losses may
arise due to the perturbation of the flow by the aircraft during
the sampling, the change in the pitch angle of the aircraft due
to the fuel load variation and ascending vs. descending ver-
tical motion. For most of the cases, the up and down profiles
were similar, showing therefore the representativeness of the
measured profiles and a minimum interference of the aircraft
emissions and turbulence. Whether to present an upward or
a downward vertical profile was decided based on which of
the two had better data availability and vertical resolution.
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During the flights, an external volume flow controller
(IONER PFC-6020) was connected to the nephelometer in
order to assure a constant sampling flow (5 Lmin�1). Simi-
larly to the in situ surface measurements, the scattering mea-
surements were performed at RH < 40 % (GAW, 2016). Dur-
ing the SDE period the vertical profiles of scattering were
collected using the Kalman filter available in the Aurora 3000
nephelometers, whereas during the REG period vertical pro-
files of this filter were switched off, and the raw �sp and �Bsp
coefficients were collected. As shown later, the Kalman fil-
ter had the effect of smoothing the measured scattering and
hemispheric backscattering coefficients.

Aerosol light absorption coefficient measurements at
seven different wavelengths (370 to 950 nm) were performed
with the AE33 aethalometer (Magee Scientific AE33, model
AE33 AVIO). The AE33 AVIO is a modified prototype,
based on the AE33 aethalometer which was re-designed for
aircraft measurements. The measurement and operational
principle is identical to the commercial AE33 (Drinovec
et al., 2015), but the AE33 AVIO model deploys a more pow-
erful internal pump to ensure a constant flow (4 Lmin�1)
with changing pressure. Aethalometer measurements were
performed at a 1 s resolution.

Particulate matter (PM) mass concentration was obtained
using an aerosol optical particle counter (OPC) (GRIMM
Spectrometer, model 1129-Sky-OPC). Particle number con-
centration was measured in 31 size bins at 6 s and at a flow
rate of 1.2 Lmin�1, for particles with a size diameter from
0.25 to 32 µm. The software instrument provides PM mass
concentration, which is calculated assuming a constant par-
ticle density. Total particle number concentration was mea-
sured at 1 s by means of a water-base condensation particle
counter (TSI EPC, model 3788) at a flow rate of 0.6 Lmin�1.
The instrument provides size range down to 5 nm and mea-
sured concentration range up to 2.5 ⇥ 105 N cm�3.

Temperature (T ) and relative humidity (RH) inlet sample
air was measured at 15 s with a Rotronic HL-RC-B wire-
less logger. This is a passive sensor, so no flow regulator
was needed to pass the air through the sensor. A Vaisala
DRYCAP® dew-point transmitter, model DMT143 was used
to measure dew point and water volume concentration of out-
door ambient air at 10 s via inlet 2. Ambient air was drawn
out at 10 s and at a flow rate of 2 Lmin�1. An external pump
with a flow regulator was connected to the Vaisala sensor
in order to maintain a constant flow. Pressure (P ) data were
obtained by means of a Kestrel 4000 anemometer. All the
aerosol data were converted to T and P sample air condi-
tions.

The inlet (Fig. 4), manufactured by Aerosol d.o.o. (https:
//mageesci.com, last access: 7 January 2021), was designed
to be close to isokinetic at a flight speed of 160 kmh�1,
thus minimizing the inlet losses. The inlet flow was set to
10 Lmin�1. It was mounted around 5 cm from the fuse-
lage just where the cockpit changes its shape. It was placed
around 1.5 m away in front of the leading edge of the wing

and 2.5 m away from the propeller in the back of the wing.
In order to determine aerosol sampling efficiency and par-
ticle transport losses we used the Particle Loss Calculator
(PLC) software tool (von der Weiden et al., 2009). The re-
sults (not shown) indicated that the losses at the inlet were
minimal for PM2.5 and that the losses inside the sampling
system were large for dust particles larger than around 4–
5 µm. To further confirm the PLC results, we compared the
PMx measurements at the MSA station with the PMx aircraft
measurements performed at the same altitude of MSA during
the closest flight to MSA at a distance of 10 km. This flight
(P1; 7 July 2015; Fig. 1) was performed during a Saharan
dust outbreak; thus the presence of dust particles in the at-
mosphere was significant. Table S1 in the Supplement shows
that differences were low, around 6 % for PM1 and 12 %
for PM2.5 with the aircraft underestimating the measure-
ments at MSA. However, the PM10 aircraft measurements
were around 47 % lower compared to the PM10 measure-
ments performed at MSA, thus confirming the PLC results.
Therefore, the inlet losses for particles other than dust were
minimal. In fact, Table S1 shows that for scattering and ab-
sorption measurements (which were performed in the PM10
fraction at MSA) the differences were < 9 % and < 16 %, re-
spectively, because of the high scattering efficiency of fine
particles compared to coarse particles (e.g. Malm and Hand,
2007) and because the absorbing fraction is mostly contained
in the fine aerosol particle mode.

3 Determination of the intensive aerosol optical

properties

The optical aerosol particle characterization was performed
measuring the extensive optical properties (�ap, �sp and
�Bsp) and calculating the intensive optical properties for
both in situ surface and aircraft-borne measurements. The
intensive optical properties (reported below) are mass-
independent properties which were determined starting from
the multi-wavelength measurements of extensive properties.
The intensive properties strongly depend on the physico-
chemical aerosol properties. Hereafter there is a brief de-
scription of the calculated intensive optical properties and the
equations used to derive them:

a. The scattering Ångström exponent (SAE) depends on
the physical properties of aerosols and mostly on the
particle size. SAE values lower than 1 are associated
with the presence of coarse particles, whereas SAE val-
ues > 1.5 indicate the presence of fine particles (Sein-
feld and Pandis, 1998; Schuster et al., 2006). The SAE
was calculated as linear fit in a log–log space using the
scattering measurements at the three wavelengths.
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b. The asymmetry parameter (g) represents the probabil-
ity of radiation being scattered in a given direction. The
range of values is [�1,1] for backward (180�) to for-
ward (0�) scattering, respectively. A value of around
0.7 is employed in the climate models (Ogren et al.,
2006). The g was calculated from the backscatter frac-
tions (BFs) using the semi-empirical formula provided
by Andrews et al. (2006).

c. The absorption Ångström exponent (AAE) depends
mostly on the chemical composition of sample parti-
cles. For pure BC, typical AAE values range from 0.9
to 1.1 (Kirchstetter et al., 2004; Petzold et al., 2013).
When brown carbon (BrC) or mineral dust are sampled
together with BC, the AAE increases because both BrC
and dust can efficiently absorb radiation in the ultravi-
olet and blue region of the spectrum compared to the
near-infrared (IR) (Kirchstetter et al., 2004; Chen and
Bond, 2010). The AAE was calculated as a linear esti-
mation in the log–log space using the multi-wavelength
absorption measurements from AE33. For the vertical
profiles reported here, the AAE was calculated using the
AE33 wavelengths for which the absorption measure-
ments were positive along the profile. For most profiles,
except for P3, which had all seven wavelengths avail-
able, the AAE was calculated from 370 to 590 nm.

d. The single-scattering albedo (SSA) reported here was
calculated as the ratio between the scattering and the ex-
tinction coefficients at 525 nm. SSA indicates the poten-
tial of aerosols for cooling or warming the atmosphere.

e. The single-scattering albedo Ångström exponent
(SSAAE) was calculated by fitting the SSA retrieved at
the same Aethalometer wavelengths used to calculate
the AAE. For this, the SSA was obtained by extrapolat-
ing the total scattering to the AE33 wavelengths using
the calculated SAE. SSAAE is a good indicator for the
presence of coarse particles (e.g. dust) when values
are < 0 (Collaud Coen et al., 2004; Ealo et al., 2016).

f. The mass scattering cross section (MSC) is the ratio be-
tween the scattering and the PM concentration. It repre-
sents the scattering efficiency of the collected particles
per unit of mass.

g. The mass absorption cross section (MAC) is the ratio
between the light absorption and the PM concentration.
It represents the absorption efficiency of the collected
particles per unit of mass.

4 Results

4.1 MSA and MSY in situ measurements

The time evolution of PM1, PM10 concentrations, PM1/10 ra-
tios, BC, PM components (as measured by ACSM at MSY),
�ap, �sp, SAE, AAE, g and SSA measured at MSY and MSA
during the first 3 weeks of July 2015 is presented in Fig. 5 to-
gether with the concentrations of major species (NO�

3 , SO2�
4 ,

NH+
4 , EC, OM (organic matter; with an OM/OC ratio of

2.1), mineral matter (MM; calculated as the sum of typi-
cal mineral oxides) and sea salt (SS; Na + Cl)) from offline
analysis of 24 h filters collected at MSY and MSA during
the days of the instrumented flights. Table 2 shows the mean
values of surface PM1, PM10, PM1/10, �sp 525 nm, �ap 637 nm,
SAE, AAE, SSA and g measured at the MSY and MSA sta-
tions on 7, 8 and 14–16 July compared to the mean values
typically measured during SDE and REG pollution episodes
as reported by Pandolfi et al. (2014b) and Ealo et al. (2016).

As shown in Fig. 5 an accumulation of pollutants took
place from 4 to 8 July, as evidenced by the gradual increase of
concentrations of SO2�

4 , BC, OA (organic aerosol), PM, to-
tal scattering and absorption coefficients. This accumulation
was favoured by the regional stagnation and vertical recircu-
lation of the air masses. Moreover, a Saharan dust outbreak
caused a progressive increase of PM10 at both stations, as
well as a simultaneous PM1/10 ratio decrease (Fig. 5c and d).
The dust event had a larger impact at MSA, where the PM10
levels increased sharply and were higher compared to MSY.
As reported in Table 2 and in Fig. 5, starting from 6 July, the
PM10 concentrations were higher compared to average PM10
usually measured during Saharan dust outbreaks at both sta-
tions. Then, the levels of pollutants, as well as the total scat-
tering and absorption coefficients, decreased on 9 July due to
the venting of the basin by an Atlantic north-western (ANW)
advection (not shown) that cleansed the northern area of the
IP (Gangoiti et al., 2006). This decrease was again sharper at
MSA than at MSY due to the location of MSA at the top of
a high mountain (Figs. 5c, d and S5). After this event, a new
regional pollution episode occurred which favoured again the
accumulation of pollutants until the end of the campaign.
Furthermore, according to NAAPS modelling outputs, rel-
atively high levels of smoke loads occurred in the air masses
affecting the study area on 14–16 July 2015 (Fig. 2).

The intensive optical properties, i.e. SAE (Fig. 5g), AAE
(Fig. 5h), g (525 nm; Fig. 5i) and SSA (525 nm; Fig. 5j),
showed values consistent with the accumulation process and
with the occurrence of the coarse Saharan dust particles,
as well as the effects of the wildfires occurring in the IP.
The SAE progressively decreased at both stations from val-
ues > 1.5–2.0 (indicating the predominance of fine particles)
on 4 July to values < 1.0 (indicating the predominance of
coarse particles) on 8 July 2015. The variability of g was
less pronounced compared to the variability of the SAE, es-
pecially at MSA, likely because of the lower sensitivity of
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Figure 5. Ground-based physical and chemical measurements at the MSA and MSY stations: (a) the evolution of submicron chemical
composition as measured by the ACSM and the AE33; (b) the offline chemical analysis of 24 h quartz filters from both the MSA and
MSY stations for the instrumented flights days; and (c, d) the temporal evolution of PM1, PM10 and the PM1/10 ratio at MSY and MSA,
respectively. The evolution during the measurement campaign of the scattering coefficient by the integrating nephelometer and the aerosol
optical depth (AOD) by the ceilometer and sun/sky photometer and absorption by the MAAP are shown in (e) and (f); the evolution of the
intensive optical properties such as the scattering Ångström exponent (SAE), from both the integrating nephelometer and columnar ceilometer
and sun/sky-derived scattering (COL in the figure), the absorption Ångström exponent (AAE), the asymmetry parameter (g), and the single-
scattering albedo (SSA at 525 nm) are shown in (g–j), respectively. The shadowed sections highlight the vertical-profile measurement periods
with the aircraft.

the g parameter to coarse PM compared to SAE (Pandolfi
et al., 2018). The AAE was considerably > 1.0 at both sites,
reaching values > 1.5. The high AAE was due to enhanced
UV absorption, which typically is observed when brown car-
bon (BrC) and/or mineral dust particles are present in the at-
mosphere (Kirchstetter et al., 2004; Fialho et al., 2005; San-
dradewi et al., 2008; Alastuey et al., 2011; Chen and Bond,

2010). Interestingly, the AAE measured in the whole column
with the sun photometer over MSA showed even larger val-
ues, up to 2.5, until the evening of 8 July. The cleansing effect
of the ANW on 9 July caused a reduction of the PM loads
and consequently of the measured scattering and absorption
coefficients at both sites. During this ANW flow the SAE in-
creased again to values of 1.5–2.0, whereas both the surface
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Table 2. Mean values of in situ surface PM1, PM10, PM1/10, �sp 525 nm , �ap 637 nm, SAE, AAE, SSA and g measured at the MSY and MSA
stations during the SDE period of 7–8 July and the REG period of 14 and 16 July compared to the mean values typically measured (denoted
by “avg”) during SDE and REG episodes as reported by Pandolfi et al. (2014a) and Ealo et al. (2016).

MSA MSY

SDE7�8 SDEavg REG7�8 REGavg SDE7�8 SDEavg REG7�8 REGavg

PM1 (µgm�3) 9.7 ± 5.6 8.4 ± 4.7 7.1 ± 3.0 7.9 ± 3.9 14.1 ± 4.6 12.3 ± 5.4 14.0 ± 4.6 11.8 ± 5.7
PM10 (µgm�3) 30.8 ± 8.3 21.0 ± 17.0 19.8 ± 8.5 12.6 ± 7.0 33.2 ± 3.3 25.4 ± 17.0 23.8 ± 5.7 15.6 ± 8.0
PM1/10 (%) 29.5 ± 10.1 39.6 ± 1.1 37.8 ± 10.8 46.2 ± 2.1 42.3 ± 13.6 – 60.0 ± 16.1 –
�sp 525 nm (Mm�1) 42.5 ± 11.2 53.6 ± 30.4 51.9 ± 10.9 47.0 ± 21.9 54.4 ± 14.9 60.2 ± 29.8 56.4 ± 12.8 50.6 ± 24.6
�ap 637 nm (Mm�1) 4.53 ± 1.66 2.84 ± 0.03 5.03 ± 1.60 2.50 ± 0.03 4.89 ± 2.19 4.04 ± 2.27 4.42 ± 1.59 4.26 ± 2.35
SAE 1.25 ± 0.31 1.33 ± 0.61 1.56 ± 0.19 1.81 ± 0.30 1.05 ± 0.28 1.50 ± 0.53 1.03 ± 0.29 1.92 ± 0.31
AAE 1.46 ± 0.25 1.41 ± 0.25 1.29 ± 0.15 1.27 ± 0.24 1.26 ± 0.17 1.27 ± 0.24 1.23 ± 0.12 1.24 ± 0.19
SSA 0.88 ± 0.03 0.93 ± 0.06 0.89 ± 0.02 0.92 ± 0.05 0.90 ± 0.03 0.91 ± 0.03 0.90 ± 0.03 0.88 ± 0.04
g 0.58 ± 0.03 0.60 ± 0.05 0.60 ± 0.02 0.57 ± 0.05 0.55 ± 0.02 0.60 ± 0.04 0.62 ± 0.08 0.58 ± 0.25

and column-integrated AAE decreased due to the removal of
dust by the ANW cleansing effect. As already mentioned, af-
ter the ANW advection, another regional pollution episode
developed until the end of the campaign.

In the following sections, we present a detailed descrip-
tion and interpretation of the evolution of pollutants and
aerosol optical parameters measured at MSY and MSA dur-
ing the SDE and REG period. The mean values of the consid-
ered pollutants and optical parameters during airborne mea-
surements are reported in Table 2, together with the mean
values typically registered during SDE outbreaks and REG
episodes.

4.1.1 Saharan dust event period, SDE

The attenuated backscatter from the ceilometer at MSA al-
lowed for identifying the occurrence of aerosol layers up
to 5 kma.g.l. (i.e. 5.8 kma.s.l.) in this period (Fig. 6). The
air masses featured significant dust concentrations which
were probably further accumulated in the region by the
regional vertical recirculation of air masses. Correspond-
ingly, the PM10 mass concentrations measured at MSY and
MSA were higher compared to the PM10 concentrations usu-
ally measured in dust outbreaks (Table 2). Mineral matter
concentrations during these days (Fig. 5b) reached 21 and
15 µgm�3 at MSA and MSY, respectively. The OA occurred
in very similar concentrations at both sites (⇠ 7 µgm�3).
Daily concentrations of SO2�

4 and EC from filters were
higher in the regional background (MSY) compared to the
continental one (MSA) due to the larger impact of regional
sources such as industries and road traffic and the emis-
sions from maritime shipping from the Mediterranean Sea
and the port of Barcelona. As expected, NO�

3 concentrations
were rather low at both sites due to the thermal instability
of nitrate in summer (Harrison and Pio, 1983; Querol et al.,
2001, 2004, 2009a).

Figure 5a shows that the evolution of the SO2�
4 concentra-

tion at the MSY station, as recorded by the ACSM, was simi-

lar to that of BC, both reaching a maximum on the evening of
7 July, with two subsequent minor peaks at midnight and on
the evening of 8 July (Fig. 5). The peak just after midnight, at
00:00 UTC on 8 July, was also reflected in the OA, NO�

3 and
NH+

4 concentrations. At MSA, ACSM measurements were
not available; however the measured absorption showed a
progressive increase on 8 July with a relative maximum be-
ing reached in the afternoon (Fig. 5d), when AAE at MSA
reached values > 2.0 (Fig. 5). This sharp increase in BC was
attributed to local biomass burning emissions (Fig. 2). Dur-
ing this first measurement period, the mean scattering and
absorption coefficients at both sites (Table 2) were above
the averaged values registered at the MSA and MSY stations
during dust and summer regional pollution events (Pandolfi
et al., 2014b). Figure 5e also shows the high AOD from the
MSA sun/sky photometer during the SDE period.

Table 2 shows that during this period the intensive param-
eters SAE, AAE, SSA and g reached values similar to the
typical coarse-PM-influenced ones recorded during dust out-
breaks at both stations (Pandolfi et al., 2014b). As already
pointed above, on the afternoon of 8 July a change due to
local biomass burning emissions was observed in the optical
aerosol properties at MSA compared to MSY. As a conse-
quence, the SAE and AAE at MSA increased to values > 1.5
and 2.0, respectively.

4.1.2 Regional pollution episode, REG

An REG episode developed during the second aircraft mea-
surement period leading to the accumulation of atmospheric
aerosols in the area. A wildfire outbreak from northern Africa
also took place (Fig. 2), as well as a light dust outbreak dur-
ing 16 July (Figs. 2 and 5). The REG episode resulted in the
development of aerosol layers at high altitude, as also ob-
served with the ceilometer at MSA (Fig. 6c and d). PM10
concentrations were rather constant and quite similar at both
MSA and MSY but on average lower than during the SDE
period. Only on 16 July, PM10 concentrations at MSA, due
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Figure 6. Time evolution of �att vertical profiles as retrieved by the ceilometer deployed at the MSA station during the July 2015 measurement
campaign for (a) 7, (b) 8, (c) 14 and (d) 16 July. The shadowed boxes highlight the measurements during the flights periods.

to the impact of the dust outbreak at the altitude of the MSA
station, were closer to an SDE scenario rather than an REG
scenario (Table 2). This pattern was also reflected in the
high PM1/10 ratio measured from 10 July with the excep-
tion of the afternoon of 16 July at MSA when the PM1/10 ra-
tio was lower. The lower impact of the dust outbreak during
these days compared to the first period was confirmed by the
markedly lower MM from PM speciation analysis (Fig. 5b).
Despite the higher MM at MSA, those of the remaining PM10
components and BC were similar at both sites.

The scattering (Fig. 5e) and absorption coefficients
(Fig. 5f) at both sites were above the average values (Ta-
ble 2) presented by Pandolfi et al. (2014a) and Ealo et al.
(2016) for REG episodes, due to the strong accumulation of
pollutants which took place from 10 July onward for this par-
ticular REG episode. AOD (Fig. 5e) during REG was rather
low when compared to the SDE period due to the absence
of dust, with the exception of 16 July, when AOD increased
simultaneously with the light dust outbreak and probably the
influence of wildfire pollution plumes.

The asymmetry parameter g showed similar values to
those observed during the SDE period at both sites and did
not change much during the dust event on 16 July because, as
already observed, g is less sensitive to variations of coarse-
mode aerosols. Consequently, the relatively lower SAE on
this day (especially visible at MSY) suggested variations in
the larger end of the accumulation mode particles and above
rather than in the lower end of the mode. The lower SAE at
MSY compared to MSA during REG (and especially during
16 July) was then probably due to a relative reduction of PM1
at MSY compared to the previous days, whereas PM10 kept
similar values (Fig. 5) yet lower compared to the SDE period
despite the light SDE event registered on 16 July (Table 2).
Moreover, the higher relevance of fine PM at MSA compared

to the MSY regional background could also explain the ob-
served difference. This could be due to a combination of fac-
tors including a higher exposure of the MSA station to the
fine PM from the wildfires, the lower impact of local and re-
gional sources at MSA, and the larger segregation of particles
during transport toward MSA due to its remote location. Dur-
ing REG, AAE decreased compared to the first period (espe-
cially at MSA), yet this was still > 1.0, indicating a mixing
of regional aerosols with BrC and mineral dust. AAE of the
whole column (sun/sky photometer data) was also close or
slightly > 1.0. Finally, the SSA varied only slightly between
REG and SDE at both sites.

4.2 In situ vertical profiles

Here we focus on the vertical profiles obtained by means
of airborne measurements during the two distinct SDE and
REG scenarios. Vertical profiles of optical extensive and in-
tensive properties, as well as PM concentrations for upward
and downward flights, are reported in Table 1. Our objective
is to analyse the vertical-profile variation of these properties
and their diurnal and spatial evolution and how these proper-
ties varied across layers in the troposphere. When possible,
direct comparison with the surface data measured at the MSA
station was made.

As reported above, the comparison of airborne measure-
ments at 1.5 kma.s.l. with in situ surface measurements at
MSA for P1 reached a good agreement (Table S1), with a
relative difference < 10 % for PM1 and PM2.5 concentrations
and the extensive and intensive optical properties. The large
underestimation of PM2.5�10, missing �47 % in the airborne
measurements, is the reason for excluding the PM10 fraction
from the vertical profiles. Consequently, we calculated the
MSC and the MAC for PM2.5.
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Figure 7. Vertical profiles from the extensive and intensive optical properties during the SDE period: scattering and absorption coefficients;
�sp and �ap, respectively, for several wavelengths; PM1, PM2.5 concentration and the PM1/2.5 ratio; single-scattering albedo (SSA); scat-
tering Ångström exponent (SAE); absorption Ångström exponent (AAE); single-scattering albedo Ångström exponent (SSAAE); and mass
scattering and absorption cross section, MSC and MAC, respectively, from left to right, for the aircraft-borne measurements for the (a) P1,
(b) P2 and (c) P3 vertical profile. The shadowed areas around the intensive optical properties denote the standard error of the variables.
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4.2.1 Saharan dust event, SDE

Figure 6a and b shows a clear atmospheric layering of pol-
lutants from 0.8 to 5.0 kma.g.l., i.e. 1.6 to 5.8 kma.s.l. The
magenta boxes in Fig. 6a and b highlight the time window
when flights were performed. Figure 7 shows the three ver-
tical profiles during the SDE period (Table 1, namely: P1
(Fig. 7a) and P2 (Fig. 7b), which were performed close to
the MSA station (Fig. 1), and P3 (Fig. 7c), which was per-
formed over the Catalan pre-coastal mountain range (Fig. 1).
We can observe from Fig. 7 that during the P1 and P3
flights the PM1 and PM2.5 concentrations were rather high
in the upper atmosphere (4–12 and 7–17 µgm�3 for PM1
and PM2.5, respectively, above 2.5 kma.s.l.). At lower alti-
tudes (< 1.5 kma.s.l.) even higher PM concentrations were
measured (10–16 and 16–22 µgm�3 for PM1 and PM2.5, re-
spectively) which were on the upper range of the typical sur-
face concentrations reported in Ealo et al. (2016) and Pan-
dolfi et al. (2014b) for SDE scenarios in the area. The ver-
tical profiles of PM during P1 and P2 showed a progressive
upwards reduction of PM concentrations, especially evident
above 2.5 kma.s.l. in P2 (Figs. 6 and 7). The vertical profiles
of scattering and absorption coefficients showed similar pat-
terns to the ones described for PM with an upward decrease.
As already stated, the use of the Kalman filter in the neph-
elometer measurements of P1, P2 and P3 had a smoothing
effect on the measured scattering coefficient, thus complicat-
ing a direct comparison with PM during these profiles.

The PM1/2.5 ratio (Fig. 7) during P1 ranged from around
0.6 to 0.75 along the profile with a relative minimum between
2.5 and 3 kma.s.l., where the SAE reached its lowest values
(< 1). Conversely, a clear increase of the PM1/2.5 ratio above
2.5 kma.s.l. was evident for P2, when the ratio reached 0.8.
The values of both SSAAE and SAE were consistent with
the PM1/2.5 ratio found for the different layers in P1 and
P2. The SAE during P1 and P2 ranged between 0.8 and 1.5,
and the SSAAE kept negative values along both profiles with
a pronounced minimum at the 3.0 kma.s.l. layer during P1,
highlighting a higher relative fraction of coarse particles at-
tributed to the dust outbreak over the area of study. It should
be noted that a direct comparison between the vertical pro-
files of PM1/2.5 and SAE was difficult because of the Kalman
filter, which smoothed the calculated intensive aerosol parti-
cles’ scattering properties and made the comparison difficult,
especially for g, which involves both the smoothed scattering
and the hemispheric backscattering coefficients. For this rea-
son, the g was not reported in Fig. 7. During P1 the AAE
ranged between around 1.7 and 2.5 with the highest values
measured above 2.5 kma.s.l. as a consequence of the pres-
ence of UV-absorbing dust particles in the atmosphere. Dur-
ing P2, the AAE showed more constant values (around 2)
with altitude, mirroring the less variable SAE compared to
P1. Both SSA and MSC showed increasing values with al-
titude during P1 and P2 ranging between 0.85–0.9 and 2–
4 m2 g�1, respectively, whereas the MAC (at 525 nm) kept

rather constant values (around 0.2 m2 g�1) with altitude with
slightly lower values above 2.0–2.5 kma.s.l.

Figure 7c shows the vertical profile P3, which was con-
sistent with P1 and P2, even if the calculated intensive op-
tical properties suggested a reduced effect of dust particles
during P3 compared to P1 and P2. PM concentrations dur-
ing P3 were similar to P2 profile, although the PM1/2.5 ratio
was higher, indicating an increased importance of the fine
aerosol mode during P3 compared to P2. The scattering and
absorption coefficients were similar to the values measured
during P1 and P2, although the scattering was higher dur-
ing P3. The intensive optical properties of P3 indicated the
predominance of coarse dust particles especially around 1.7
and 2.3 kma.s.l., where the SAE decreased up to values close
to 1 and the SSAAE was negative. In this altitude range the
AAE was on average higher compared to the rest of the pro-
file and especially around 1.8 kma.s.l., where it reached a
value of 2.5. As already noted, the observed AAE increase
at these altitudes was due to the UV absorption from dust
particles. Overall, during P3 the intensive properties such as
SAE, AAE and SSA showed more variability with altitude
compared to P1 and P2 as also reported by the ceilometer
measurements, which showed a more stratified atmosphere
on 8 July (P3) compared to 7 July (P1 and P2; Fig. 6a and b).

During P1, P2 and P3, the AAE varied considerably with
altitude and ranged between 1.5 and 2.5 depending on the
flight and altitude. These values were higher than those mea-
sured in situ at the MSA and MSY stations, as shown in
Fig. 5, and were higher compared to the typical AAE values
measured during SDE at these stations (Table 2). The lower
AAE measured at the MSA and MSY stations compared to
the AAE in the free troposphere measured during P1, P2
and P3 was due to the increased relative importance of BC
particles close to the ground and within the PBL (planetary
boundary layer; estimated from the observation of the pollu-
tant concentrations, the ceilometer profiles and the meteoro-
logical conditions: potential temperature in Fig. S3), which
reduced the AAE at the two measurement stations compared
to the values obtained with the flights in the free troposphere.
The UV absorption properties of African dust observed dur-
ing P1, P2 and P3 and the corresponding increase of AAE
were driven by the presence of iron oxides, such as hematite
and goethite, which efficiently absorb radiation at shorter
wavelengths (e.g. Alfaro et al., 2004). The obtained PM2.5
MAC values (around 0.2–0.25 m2 g�1) observed in the dust
layers during P1, P2 and P3 were consistent with the MAC
values, around 0.24 m2 g�1, recently reported for dust parti-
cles by Drinovec et al. (2020).

For the P1, P2 and P3 profiles both SSA and MSC pro-
gressively increased with altitude (Fig. 7). SSA in P1, P2
and P3 was rather similar and ranged from 0.83 to 0.93 from
1.5 to 3.5 kma.s.l. Higher SSA at higher altitudes was due
to different factors including the progressive reduction of
the relative importance of BC particles with altitude and the
presence of more efficient scatterers at higher altitudes, to-
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gether with the presence of dust, as evidenced by the higher
MSC and lower MAC. The MSC during the three flights
ranged from around 2 m2 g�1 at 1.5 kma.s.l. to 3–4 m2 g�1

at 3.5 kma.s.l. Pandolfi et al. (2014b) reported an MSC of
PM2.5 at the MSA station of 3.3 ± 1.9, which was consistent
with what was observed with airborne measurements at the
MSA altitude (around 1.5 kma.s.l.). Pandolfi et al. (2014b)
also showed that on average the highest MSC values at MSA
were observed in summer, mostly because of aerosol ageing
and the formation of efficient scatterers, such as secondary
SO2�

4 particles and OA during summer regional pollution
episodes. In the area under study OA is expected to be mostly
secondary organic aerosols (SOAs) (e.g. Querol et al., 2017).
Recently, Obiso et al. (2017) assessed the sensitivity of sim-
ulated MSC of MM, OA and SO2�

4 by perturbing particle
microphysical properties, such as the size distribution, re-
fractive index, mass density and shape. Perturbations were
performed by changing by ± 20 % the widely used OPAC
(optical properties of aerosols and clouds; Hess et al., 1998)
reference values. (Obiso et al., 2017) compared the simu-
lated MSC with the experimental MSC of PM and different
PM components determined at the MSY station. High MSC,
up to 4–5 m2 g�1, was simulated by Obiso et al. (2017) for
OAs and SO2�

4 , and both were more sensitive to perturba-
tions in the refractive index than to variations in the size dis-
tribution. Lower MSC was reported by the same study for
MM (0.5–2 m2 g�1), and it was found to be more sensitive to
perturbations of the size distribution of dust particles com-
pared to other particle properties. Ealo et al. (2018) calcu-
lated the MSC for different pollutant sources retrieved by
applying the positive matrix factorization (PMF) model on
PM10 chemically speciated data collected at the MSA sta-
tion. Ealo et al. (2018) found that the MSC changed consider-
ably depending on the sources considered, being the highest
for secondary SO2�

4 and the lowest for sources such as MM
and SS (both mostly associated with coarse particles) and for
anthropogenic sources, such as traffic or industry (also emit-
ting less efficient scattering particles such as BC). Thus, the
observed increase of MSC with altitude could be due to the
relative increase of SO2�

4 and OA particles, causing impor-
tant changes in the refractive indexes and size distributions
with altitude. These changes could be related to the ageing
of the particles, which is expected to be larger for particles at
higher altitudes.

4.2.2 Regional pollution episode, REG

Figure 8 shows the vertical profiles P4, P5, P6 and P7 over
the MSY station and the Catalan pre-coastal mountain range
(Fig. 1 and Table 1). The vertical profile of the attenuated
backscatter from the ceilometer (Fig. 6) showed layering of
aerosol with altitude for this period. As detailed below, the
observed aerosol layers probably originated mostly from the
vertical recirculation of air masses during summer regional
pollution episodes (Gangoiti et al., 2001). Moreover, a PM

outbreak from wildfire plumes during this period and a dust
outbreak on 16 July were also detected (Fig. 2).

In the P4 profiles, the PM concentrations, scattering and
absorption coefficients reached higher values below the
1.5. kma.s.l. layer (i.e. within the PBL where most of the
pollutants generated at ground were trapped) and decreased
with altitude. The high PM1/2.5 ratio ( > 0.95) for alti-
tudes > 1.5. kma.s.l. demonstrated the prevalence of fine
particles in the troposphere compared to the PBL. Accord-
ingly, along the profile, SAE was high (1.5–2.7), indicating
the predominance of fine particles, and SSAAE was positive,
indicating the absence of dust particles. Correspondingly,
the asymmetry parameter g decreased with altitude above
1.5. kma.s.l. down to 0.5, confirming the progressive shift to-
ward smaller particles with altitude and an increased effect of
particles in the lower end of the accumulation mode. Notable
was the decrease of SAE (below 1.5) and SSAAE (close to 0)
and the corresponding increase of g (up to 0.8), at around
3.3 kma.s.l., during P4, indicating the presence of coarse par-
ticles at this height. AAE kept values between 0.8 and 1.2
along the whole P4 profile, suggesting the lack of strong UV
absorbers (such as BrC or mineral dust) and the prevalence
of absorbing BC particles from fossil fuel combustion (e.g.
Bond et al., 2004; Zotter et al., 2017). Furthermore, the MAC
showed higher variability compared to P1, P2 and P3 profiles
reaching values up to 0.3, suggesting a relative increasing
importance of BC particles in the troposphere compared to
P1, P2 and P3. As already observed during the SDE period,
both SSA and PM2.5 MSC increased with altitude, especially
above 2 kma.s.l., suggesting the presence of efficient scat-
terers at these altitudes. Note that, as observed during the
first period of measurements, the MSC at 1.5 kma.s.l. (2–
3 m2 g�1) was consistent with the typical MSC recorded at
MSA (Pandolfi et al., 2014b). At higher altitudes the MSC
reached values close to 5 m2 g�1 with SSA around 0.95.

Profile P5 (Fig. 8b) was obtained 1 h after P4, and the dis-
tance between the two profiles was about 55 km (Table 1
and Fig. 1). The main differences between P4 and P5 were
the consistently higher total scattering and absorption coeffi-
cients and PM concentrations at all heights during P5 com-
pared to P4 and the presence of two layers at 2 and 3 kma.s.l.
along P5. As in P4, PM concentrations in P5 were dominated
by the fine mode (a PM1/2.5 > 0.9), as confirmed by a high
SAE (> 1.75); a positive SSAAE along the profile; and rather
low g values which decreased to 0.5 at 2 kma.s.l.

The absorption coefficient during P5 was dominated by
BC particles from fossil fuel combustion up to 2 km a.s.l with
AAE values around 1.0 or lower below 2 kma.s.l. and with
SSA and MSC reaching the lowest values around 0.7 and
1, respectively, at 2 kma.s.l., indicating the predominance of
absorbing BC particles at this altitude. From this layer up-
wards, SAE remained rather constant (1.8–2-2), whereas g,
SSA, AAE and MSC progressively increased with altitude.
Again, the increase of g with altitude could be indicative
of variations of particle size with altitude and a progressive
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Figure 8. Vertical profiles from the extensive and intensive optical properties, as in Fig. 7 plus the asymmetry parameter (g), for the aircraft-
borne measurements during the REG period for the (a) P4, (b) P5, (c) P6 and (d) P7 vertical profiles around the Catalan pre-coastal mountain
range close to the MSY station. The shadowed areas around the intensive optical properties denote the standard error of the variables.
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shift toward particles in the lower end of the accumulation
mode. Particles in this size range are efficient scatterers at the
nephelometer wavelengths, thus explaining the larger MSC.
These results together with the progressive increase of AAE
and positive SSAAE suggested the presence of fine BrC par-
ticles in the free troposphere probably from wildfire smoke
as also shown by modelling outputs in Fig. 2. The presence
of a clear separated layer at around 2.5–3 kma.s.l. was also
shown by ceilometer measurements (Fig. 6c).

The P6 profile Fig. 8c was obtained close to P5 (4 km
distance) on 16 July (2 d after P4 and P5; Table 1). Scatter-
ing and absorption coefficients and PM concentrations were
higher compared to P5 as a consequence of the progressive
accumulation of particles in the area due to the develop-
ment of the regional pollution episode. This hypothesis was
also supported by the higher aerosol load and layering in the
troposphere compared to 14 July according the ceilometer
measurements (Fig. 6). Both scattering coefficient and PM
concentrations decreased above the PBL (estimated to be
at 1.75 kma.s.l.), with a subsequent increase at higher alti-
tudes where these variables kept rather constant values close
to those observed within the PBL. Conversely, the absorp-
tion coefficient did not increase above the PBL, and, con-
sequently, the SSA increased (up to 0.93–0.97) in the free
troposphere compared to the SSA values obtained within the
PBL. The MSC showed a similar profile to SSA reaching
values around 3.5–5.0 m2 g�1, whereas the MAC decreased
with altitude above the PBL. The relative abundance of fine
particles during P6 was also supported by SAE values around
1.75 and low g values around 0.5–0.6 and a positive SSAAE
along the whole profile. The AAE ranged between 0.8 and
1.2, indicating that the absorption was dominated by BC par-
ticles.

The profile P7 was obtained around 30 min after P6 and
at a distance of around 60 km from P6 and about 5 km from
P4. Scattering and absorption coefficients and PM concen-
trations from P7 were rather similar to P6. The scattering
and absorption coefficients in the green spectrum and PM1
concentrations within the PBL (below 1.75 kma.s.l.) reached
50, 5 Mm�1 and 20 µgm�3, respectively. As for P6, scatter-
ing, absorption and PM decreased above the PBL and then
increased again in the free troposphere, with a relative maxi-
mum at 2.0–2.5 kma.s.l., followed by a further increase with
height, up to 3.5 kma.s.l.

Again, PM1/2.5 (0.95), SAE (1.75–2.0), a positive SSAAE
and g (0.5–0.6) indicated the prevalence of fine particles
in the free troposphere above the PBL during P7. As ob-
served during the previous flights, SSA and MSC had very
similar profiles. In P7, two peaks were observed at 1.8 and
2.5 kma.s.l., with a marked minimum at 2.2 kma.s.l. The
similarity of SSA and MSC profiles is attributed to the rel-
ative high proportion of non-absorbing particles compared
to the absorbing particles (high SSA) and the high scatter-
ing efficiency of the sampled particles. These two SSA and
MSC peaks were also simultaneous with a slight increase

of AAE indicating an aerosol mixture with BrC particles.
These AAE–SSA–MSC parallel profiles were persistent for
the whole REG period. The 1.8 kma.s.l. peak was coincident
with a reduction of scattering, absorption and PM concentra-
tions just above the PBL and could be associated with the
vertical diffusion along the day of a layer which, as shown in
Fig. 6d, at 00:00 UTC on 16 July was at 2 kma.s.l. The lower
SSA, MSC and AAE at 2.2 kma.s.l. were coincident with a
relative increase of scattering, absorption and PM concen-
trations and indicated the presence of a layer with a larger
relative proportion of BC particles. From there upwards, the
subsequent observed layer can be associated with the one at
3 kma.s.l. at midnight. If we consider also the ground MSA
data (Fig. 5) and those from P6, the first of these two layers
can be associated with reservoir strata (a recirculating layer
according to Gangoiti et al., 2001) above the PBL, which, as
day progressed and the convective dynamics intensified, was
then integrated into the PBL. Conversely, the largest layer
can be related to an outbreak of light mineral dust and smoke
from wildfire plumes affecting the PBL (and the MSA sta-
tion) later in the day. This was supported by the high albedo,
with SSA > 0.9 across the whole profile and increasing with
height. The AAE was close to 1.0 for the whole profile, with
peaks up to 1.5 where the PM concentration was at the low-
est concentrations. This could be caused by a higher relative
concentration of more brownish, aged and not very fine black
particles, which was related to reservoir strata, produced by
the vertical recirculation of air masses, with lower SAE and
higher g, SSA and MSC.

5 Conclusions

We reported on the results of an aircraft measurement cam-
paign aiming at studying the vertical profiles of physi-
cal properties (size-segregated PM mass concentration and
multi-wavelength scattering and absorption coefficients) of
atmospheric particles in the western Mediterranean basin
(WMB). Seven vertical profiles following helical trajectories
were obtained on 7–16 July 2015 over an area of 3500 km2

in north-eastern Spain. The measurement campaign was car-
ried out under typical summer regional pollution scenarios,
with vertical recirculation of air masses that cause interlayer-
ing of polluted layers in the first few kma.s.l. (Gangoiti et al.,
2001). These aged aerosol-rich layers are driven by complex
atmospheric dynamics, driven by the summer atmospheric
stagnation, high insolation, low precipitation and intricate
orography surrounding the WMB. We measured during two
regional pollution episodes, and these already complex sce-
narios were also affected by two African dust outbreaks and
long-range transported plumes of wildfires. The summer re-
gional pollution episodes finished by venting the polluted air
masses by synoptic western and northwestern flows, a fre-
quent occurrence in the WMB (Gangoiti et al., 2001, 2006).
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We measured vertical profiles of PM1 and PM10 concen-
trations and a set of climate-relevant aerosol optical param-
eters – single-scattering albedo (SSA), asymmetry parame-
ter (g), scattering and absorption Ångström exponents (SAE
and AAE), and PM mass scattering cross section (MSC).
These intensive optical properties depend on the microphys-
ical and chemical properties of atmospheric aerosol parti-
cles rather than on their mass and are key input parame-
ters in climate models. Simultaneous in situ surface mea-
surements performed at two monitoring supersites in the
region (Montseny, MSY, regional background, 720 ma.s.l.;
Montsec, MSA, remote, 1570 ma.s.l.) were also used to bet-
ter characterize the aerosol particles sampled during the in-
strumented flights.

Ceilometer profiles indicated the occurrence of aerosol
layers over the region up to more than 5 kma.s.l., and ground
measurements indicated that mean PM1 and PM10 mass con-
centrations and the scattering and absorption coefficients
were similar or even higher than the typical ones obtained
in the region during summer regional pollution episodes and
African dust outbreaks.

During all flights, PM concentrations, scattering and ab-
sorption were high up to around 3.5 kma.s.l. (maximum al-
titude reached by the aircraft), detecting the regional layer-
ing of aerosol-rich strata at these altitudes. The first mea-
surement period was affected by an African air mass out-
break with dust particles mixed with vertically recirculated
regional aerosols, whereas during the second period, the typ-
ical summer regional pollution episode and the advected
wildfire smoke plumes dominated over the area under study.
The measured optical properties were distinctively affected
by these two different scenarios. During the dust outbreaks,
SAE was rather low along the profiles, < 1.0 in the high-
dust loaded layers, where AAE increased up to 2.0–2.5, as
a consequence of the high UV absorption enhanced by the
presence of coarser dust particles. During the regional pollu-
tion dominated scenario, SAE reached higher values (> 2),
and g asymmetry parameter was rather low (0.5–0.6), in this
case due to the prevalence of fine primary and secondary par-
ticles, mostly from regional anthropogenic emissions and the
favourable conditions for secondary aerosol formation (high
insolation, relative stagnation and high biogenic emissions,
among others). Furthermore, the vertical variation of AAE
was not large, with values close to 1.0 (pointing to a high
proportion of fossil fuel combustion aerosols), with the ex-
ception of few layers with increased AAE, probably asso-
ciated with the influence of wildfire-related aerosols. MSC
was on average higher during the regional pollution episodes
compared to the dust outbreaks due to the higher scattering
efficiency of fine particles with a diameter closer to the wave-
length of the sampling visible light compared to coarse par-
ticles. Overall, MSC increased with altitude (2 m2 g�1 near
the surface up to 4–5 m2 g�1 in the upper levels) as the pres-
ence of more efficient scatterers increases. A previous mod-
elling study on MSC constrained with experimental measure-

ments performed at the MSY stations suggested that the ob-
served high MSC at higher altitudes might be due to the pre-
dominance of fine organic (mostly secondary) and inorganic
(mostly sulfate in summer) aerosols. The MSC and SSA ver-
tical profiles were rather similar during the flights with the
SSA also increasing with altitude and with a vertical variabil-
ity that depended on the composition of the observed layers.
Typical SSA values along the profiles ranged between 0.85
(near surface) and 0.95 (higher altitudes), with a minimum
of < 0.85 in polluted layers where smoke from wildfires was
probably present.

The results presented here provide a unique input for cli-
mate models aiming at studying the regional radiative and
climate effects of atmospheric aerosol particles in the WMB.
We presented robust vertically resolved measurements of in-
tensive aerosol particles optical properties in the WMB tro-
posphere where the well-known particle layering driven by
the regional pollution episodes accompanied by vertical re-
circulation takes place especially in summer. We have shown
that the distribution of aerosol particles and their optical
properties vary vertically along the layers formed during sev-
eral days under the typical high-PM summer regional pollu-
tion regime, as well as by the strength of the advection of
aerosol particles such as dust and smoke.
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Figure S1: Synoptic mete orology with the 500 hPa Geopotential and surface pressure at 12:00 UTC for 
the 7th and 16th of July of 2015 as modelled by the reanalysis model ERA-INTERIM, © 
www.wetter3.de. 
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Figure S2: HYSPLIT backtrajectories for the 8th and 14th of July of 2015 at 12:00 UTC ending at MSA 
station. 
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Figure S3: Vertical profiles of relative humidity (RH (%)) for a) P1, b) P2, c) P3, d) P6, and e) P7 as measured by the Kestrel unit placed in the aircraft. 
 

  
Figure S4: Vertical profiles of potential temperature (q (K)) for a) P1, b) P2, c) P3, d) P6, and e) P7 as measured by the Kestrel unit placed in the aircraft. 
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 5 

 
 
Figure S5: Daily off-line filter base chemistry analysis during the instrumented flights period of July 2015 for MSA (upper panel) and MSY (lower panel). 
 
 
 
 

143



 6 

Table S1: Comparison between aircraft borne measurements for P1 versus the in-situ measurements of MSA station as a reference at the same time that the flight was at a 
height of 1500 m a.s.l. approximately.  
 

 !"#$(&'	)*+	) !"-./(&'	)*+	) !"#(&'	)*+	) !"#/#$ !"#/-./ 123	/-/	4)	(")*#) 153	/6$	4)(")*#) SAE AAE G SSA 

P1 – FLIGHT 20.3 18.38 13.38 0.66 0.73 37.85 2.59 0.93 1.76 0.59 0.87 

P1 – MSA IN-SITU 38.4 20.8 14.2 0.37 0.68 41.44 3.06 0.90 2.12 0.62 0.86 

DIFF (%) 47.1 11.6 5.8 -78.2 -6.6 8. 7 15.36 -4.5 16.8 4.55 -0.22 
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7
AEROSOL MIXING EFFECTS
ON BC ABSORPTION
ENHANCEMENT

Objectives
Analyze the effects that the mixing of BC particles with organic and inorganic aerosol particles
have on the enhancement of the absorption efficiency of pure BC particles. The absorption
enhancement of the BC particles is key to better constrain in climate models the radiative
forcing of BC particles. Overall, climate models assume this enhancement to be constant,
however, several studies show dependencies with the amount and the type of mixing material
that the BC particles are mixed with. With this aim, an in-deep analysis of the relationships
of the absorption enhancement is performed using measurements from two measurement
sites with different aerosol composition, namely an urban background station (BCN) and a
regional background station (MSY).

Methodology
• Merging measurements from multiple instruments that provide the aerosol absorption

of BC particles, the mass concentration of pure BC, the ageing state of the aerosol
particles and the main composition of species.

• Compare the site-specific mass absorption cross-sections (MAC) reference values with
theoretical reference values from the literature to better represent the site-specific
characteristics.

• Assess the differential contribution of the internal and external mixing to the overall
absorption enhancement through a sensibility study.

• Separating the analysis of the absorption enhancement between winter and summer to
better evaluate the impact that the seasonal variations of the different species have on
the absorption enhancement.
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• Study the contribution of the different aerosol species to the total absorption enhance-
ment by applying a multi-lineal regression analysis.

• Perform a Theil-Sen trend analysis over decade-long measurements to analyze the
evolution over time of the absorption enhancement.

Results

• Large increase of the absorption enhancement for very high concentrations of mixing
material, especially at MSY regional background station. The higher amount of material
available for mixing with the BC particles at MSY allowed the absorption enhancement
to reach values up to 3, in comparison with the maximum of around 2 at BCN.

• More pronounced of the absorption enhancement with the ageing state of the particles
and the secondary to primary organic aerosol ratio.

• Higher increase of the absorption enhancement at the shorter wavelengths during
winter at BCN as a consequence of the higher relative contribution of oxidized organic
aerosols particles and BrC particles that produce a higher absorption at the short-UV
wavelengths in comparison with the near-IR.

• The highest contribution to the absorption enhancement at BCN was made by the
traffic-related hydrocarbons OA (HOA) and the cooking-related OA (COA), with a
larger contribution of biomass burning OA particles (BBOA) at the short-UV during
winter, as well as from highly oxidized particles. During summer, the overall absorption
enhancement values at BCN were lower, with the highest contribution from SIAs, and
from OAs from COA and HOA.

• Statistically significant positive trend at MSY station during the summer season as a
consequence of the positive trend for this season of the OC to EC ration and more
specifically of the SOA relative contribution to the total OA concentration.

Conclusions

• Clear relationship of the absorption enhancement with the amount of material available
for mixing, especially at the regional background station where the relative contribution
of OAs are usually higher.

• Need for source apportionment of the different aerosol compounds and an analysis on
their influence on the absorption enhancement.

• Potential positive trend of the absorption enhancement at areas with high OA concen-
trations and positive trends of SOA to total OA ratios.
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Abstract. Black carbon (BC) is recognized as the most important warming agent among atmospheric aerosol
particles. The absorption efficiency of pure BC is rather well-known, nevertheless the mixing of BC with other
aerosol particles can enhance the BC light absorption efficiency, thus directly affecting Earth’s radiative balance.
The effects on climate of the BC absorption enhancement due to the mixing with these aerosols are not yet
well constrained because these effects depend on the availability of material for mixing with BC, thus creating
regional variations.

Here we present the mass absorption cross-section (MAC) and absorption enhancement of BC particles (Eabs),
at different wavelengths (from 370 to 880 nm for online measurements and at 637 nm for offline measurements)
measured at two sites in the western Mediterranean, namely Barcelona (BCN; urban background) and Montseny
(MSY; regional background). The Eabs values ranged between 1.24 and 1.51 at the urban station, depending on
the season and wavelength used as well as on the pure BC MAC used as a reference. The largest contribution
to Eabs was due to the internal mixing of BC particles with other aerosol compounds, on average between a
91 % and a 100 % at 370 and 880 nm, respectively. Additionally, 14.5 % and 4.6 % of the total enhancement
at the short ultraviolet (UV) wavelength (370 nm) was due to externally mixed brown carbon (BrC) particles
during the cold and the warm period, respectively. On average, at the MSY station, a higher Eabs value was
observed (1.83 at 637 nm) compared to BCN (1.37 at 637 nm), which was associated with the higher fraction of
organic aerosols (OA) available for BC coating at the regional station, as denoted by the higher organic carbon
to elemental carbon (OC : EC) ratio observed at MSY compared to BCN. At both BCN and MSY, Eabs showed
an exponential increase with the amount of non-refractory (NR) material available for coating (RNR-PM). The
Eabs at 637 nm at the MSY regional station reached values up to 3 during episodes with high RNR-PM, whereas
in BCN, Eabs kept values lower than 2 due to the lower relative amount of coating materials measured at BCN
compared to MSY. The main sources of OA influencing Eabs throughout the year were hydrocarbon OA (HOA)
and cooking-related OA (COA), i.e. primary OA (POA) from traffic and cooking emissions, respectively, at both
370 and 880 nm. At the short UV wavelength (370 nm), a strong contribution to Eabs from biomass burning OA
(BBOA) and less oxidized oxygenated OA (LO-OOA) sources was observed in the colder period. Moreover, we
found an increase of Eabs with the ageing state of the particles, especially during the colder period. This increase
of Eabs with particle ageing was associated with a larger relative amount of secondary OA (SOA) compared to
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POA. The availability of a long dataset at both stations from offline measurements enabled a decade-long trend
analysis of Eabs at 637 nm, that showed statistically significant (s.s.) positive trends of Eabs during the warmer
months at the MSY station. This s.s. positive trend in MSY mirrored the observed increase of the OC : EC
ratio over time. Moreover, in BCN during the COVID-19 lockdown period in spring 2020 we observed a sharp
increase of Eabs due to the observed sharp increase of the OC : EC ratio. Our results show similar values of Eabs
to those found in the literature for similar background stations.

1 Introduction

The light-absorbing properties of atmospheric carbonaceous
aerosols, i.e. black carbon (BC) and organic aerosols (OA),
have been linked with a strong positive radiative forcing ef-
fect on Earth’s energy budget (Liu et al., 2015; Zhang et al.,
2018; Cappa et al., 2019). Recent scientific assessments (e.g.
Myhre et al., 2013) on the global warming effect of anthro-
pogenic agents have estimated that BC is the major aerosol
contributing to the absorption of solar radiation from the ul-
traviolet (UV) to the infrared (IR) part of the spectrum, with
a direct radiative forcing (DRF) of 0.71±0.17 W m�2 (Bond
et al., 2013). However, the DRF of carbonaceous aerosols
still presents large uncertainties given the limitations to con-
strain the spatial distribution, mixing state, and absorbing
properties of these atmospheric aerosols in climate models
(e.g. Myhre et al., 2013).

The BC particles can be mixed with less-absorbing and
non-absorbing material through either external mixing, a het-
erogeneous mixture of internally homogeneous particles, or
internal mixing, either a homogeneous mixture of internally
homogeneous particles or a heterogeneous mixture of parti-
cle composition and population (Bond and Bergstrom, 2006).
The mixing state of BC with these aerosol particles deter-
mines its mass absorption cross-section (MAC), which is a
spectral quantity relating to the volumetric absorptive effi-
ciency of a particle per unit mass, and is usually reported
in square metres per gram [m2 g�1]. The MAC of pure BC
(or elemental carbon (EC), depending on the measuring tech-
nique employed, Lack et al., 2014) is rather well constrained.
However, BC aggregates are rarely emitted as pure BC as
they are usually co-emitted and internally mixed with other
source-dependent aerosols that can enhance the MAC of BC
(e.g. Bond and Bergstrom, 2006; Knox et al., 2009; Lack and
Cappa, 2010). Moreover, the absorption of radiation by less-
absorbing particles externally mixed with BC, as absorbing
OA, also referred to as brown carbon (BrC) (Andreae and
Gelencsér, 2006), also contributes to increase the measured
absorption (Lack and Cappa, 2010). Different mixing states
of BC particles were the cause for the regional differences
found for the MAC in different background sites in Europe
(Zanatta et al., 2016). The enhancement that this mixing pro-
duces in the resulting observed MAC with respect to the the-
oretical pure BC MAC is defined as the absorption enhance-
ment (Eabs). Understanding the relationship of Eabs with the

BC mixing state and the different aerosol species/sources is
key to better parameterize the BC impact on radiative forc-
ing (Jacobson, 2001; Bond et al., 2013). Whilst several stud-
ies assume Eabs as only influenced by the internal mixing
(e.g. Lack and Cappa, 2010), we used an approach similar to
Liu et al. (2015) where the spectral enhancement of light ab-
sorption by BC is considered as due to both the external and
internal mixing of BC particles.

Externally mixed BrC particles also contribute to the en-
hancement of total absorption, although the absorption effi-
ciency of BrC significantly decreases from UV moving into
the visible range (e.g. Moise et al., 2015; Laskin et al., 2015;
Samset et al., 2018; Saleh et al., 2018; Saleh, 2020). BrC
absorption coefficient values found in the literature display
a large spatial variability (e.g. Liu et al., 2015; Saleh et al.,
2018; Saleh, 2020; Zhang et al., 2020) due to the specific OA
sources and composition found for each site. These differ-
ences in OA composition result in different BrC MACs, since
different OAs from different sources present variations in ab-
sorption efficiencies (e.g. Saleh et al., 2018; Saleh, 2020;
Zhang et al., 2020). Moreover, the MAC of different OA
compounds shows different behaviour along the UV–visible
(UV–VIS) range, hence the variation is found in the influence
of BrC on the absorption for this spectral range (Saleh et al.,
2018; Saleh, 2020). The internal mixing contribution to Eabs
has been thoroughly studied both through core–shell models
(Lack and Cappa, 2010) and by laboratory and field experi-
ments (e.g. Cappa et al., 2019). The main differences in Eabs
values reported in literature were associated with different
diameters of both BC cores and shells in the case of model
simulations, and to BC ageing in the case of laboratory and
field experiments. In fact, BC particle ageing can be seen as
a surrogate of the particle shell diameter since more ageing
implies more coating layers (Lack and Cappa, 2010). There-
fore, analysing the influence of both internal and external BC
mixing states on Eabs is fundamental for a correct character-
ization of the aerosol particle light absorption, and to better
constrain modelling results (Liu et al., 2015).

Several laboratory studies, field measurements, and mod-
elling results can be found in the literature about Eabs values
(e.g. Lack and Cappa, 2010; Cappa et al., 2012; Liu et al.,
2015; Zhang et al., 2018). However, the results fail to present
a ubiquitous Eabs value, with values ranging between almost
no absorption enhancement (Eabs ⇠ 1, Cappa et al., 2012), to
around 50 % absorption increase as assumed by some climate
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models (Eabs ⇠ 1.5, Liu et al., 2015, and references therein)
up to values of more than 100 %, especially at the shorter
wavelengths, where the BrC, externally mixed, can largely
contribute to the Eabs ( e.g. Chen et al., 2017). As a conse-
quence of the broad spectrum of values, several authors have
suggested to treat Eabs as a region-specific parameter in cli-
mate models to account for the different sources or processes
that may contribute to increase both the amount of BrC and
the degree of BC internal mixing (Lack et al., 2012; Liu et al.,
2015; Zhang et al., 2018).

To characterize the specific chemical species or sources
that affect, and to which extent, the Eabs, simultaneous
measurements of aerosol particle light absorption at multi-
wavelengths, EC concentrations, and particulate matter (PM)
chemical composition analysis are needed. Although specific
instrumentation (e.g. the single particle photometer, SP2; and
the soot particle aerosol mass spectrometer, SP-AMS) can be
used for direct measurements of the chemical composition
and internal mixing state of carbonaceous particles. Their
global implementation is sparse, thus impinging a global
characterization of Eabs values. Using more simple yet ro-
bust monitors to obtain the source-dependent chemical com-
position influencing the absorption enhancement is possible
(e.g. Zhang et al., 2018). The applied methodology consists
of obtaining each measurement, e.g. chemical speciation, EC
concentrations, light absorption, and aerosol ageing through
independent instruments, and merging the results to the low-
est timestamp possible.

Here we present an analysis of the BC light absorption en-
hancement measured at an urban station (Barcelona; BCN)
and a regional station (Montseny; MSY) in the western
Mediterranean basin. The chemical analyses were performed
using offline 24 h filter measurements at both stations (be-
tween 2010 and 2020). In BCN, online chemical composition
measurements with a higher time resolution were also avail-
able (2018). In BCN, EC measurements were performed with
a semi-continuous Sunset analyser (Karanasiou et al., 2020),
and submicron aerosol particle chemical composition mea-
surements were performed with an aerosol chemical specia-
tion monitor (ACSM; Via et al., 2021). Absorption measure-
ments were performed with a multi-wavelength Aethalome-
ter (AE33) and multi-angle absorption photometer (MAAP)
instruments. In Sect. 3.1, we present an overall analysis of
both MAC and Eabs, showing the Eabs seasonal variability
and the contribution of both external and internal BC mix-
ing states to Eabs. In Sect. 3.2, we performed an analysis of
the relationship between the absorption enhancement and the
amount of non-refractory (NR) material available for coating
with BC particles. Section 3.3 reports the results of a mul-
tilinear regression analysis performed to identify the main
sources/species responsible for the increase of Eabs at both
sites. Section 3.4 presents the influence of particle ageing in
the Eabs values. Finally, we performed a trend analysis of
Eabs using the decade-long offline filter measurements avail-
able at both stations (Sect. 3.5). To the best of our knowledge,

although some studies have shown the variability of MAC in
the Mediterranean basin (e.g. Pandolfi et al., 2014b; Zanatta
et al., 2016), this is the first study of Eabs in this region and
one of the few studies of its kind performed in Europe (Liu
et al., 2015; Zhang et al., 2018).

2 Methodology

2.1 Aerosol sampling sites and main characteristics

Measurements were performed at the BCN (urban
background, Palau Reial, Barcelona, 41�23024.0100 N,
02�6058.0600 E, 80 m a.s.l.), and MSY (regional background,
El Brull, 41�4604600 N, 02�2102900 E, 720 m a.s.l.) monitoring
supersites (NE Spain). These measurement stations are char-
acterized by aerosols with different physical and chemical
properties. The BCN urban station is located within the
BCN metropolitan area of nearly 4.5 million inhabitants
at a distance of about 5 km from the coast, and at a 200 m
distance from one of the most concurred roads of the city
(> 60 k vehicles per day; City council of Barcelona, 2021).
The MSY regional station is located in a hilly and densely
forested area within the Natural Park and Biosphere Reserve
of Montseny, 50 km to the N–NE of the BCN site and 25 km
from the Mediterranean coast. A detailed characterization
of these measurement stations can be found in previous
works for BCN (e.g. Querol et al., 2001; Rodrıguez et al.,
2001; Reche et al., 2011; Brines et al., 2014, 2015; Ealo
et al., 2018); and for MSY (Pérez et al., 2008; Pey et al.,
2009; Pandolfi et al., 2011, 2014a, 2016). These supersites
are part of the Catalonian Air Quality Monitoring Network
and are part of the ACTRIS and GAW networks. Aerosol
optical properties at BCN and MSY are measured following
standard protocols (WMO, 2016).

Overall, the area of study is characterized by high con-
centrations of both primary and secondary aerosols from
diverse emission sources (Rodríguez et al., 2002; Pandolfi
et al., 2014a; Dayan et al., 2017; Rivas et al., 2020; Brean
et al., 2020). Recently, Veld et al. (2021) presented the main
aerosol sources in BCN and MSY by applying receptor mod-
elling techniques to offline 24 h speciated PM2.5 samples col-
lected during the period 2009–2018. The main sources iden-
tified from OA were the secondary OA (SOA), and from
the secondary inorganic aerosols (SIAs) were sulfates, ni-
trates and ammonia. Moreover, online ACSM measurements
at the BCN station (Via et al., 2021) have also shown that
the OAs are mainly dominated by secondary aerosols, also
referred to as oxygenated OA (OOA), as well as by hydro-
carbon and cooking-related OAs (HOA and COA). Both Via
et al. (2021) and Veld et al. (2021) have shown an increas-
ing trend in the SOA as well as a reduction in a relative
contribution of the primary OA (POA) to PM at the BCN
and MSY stations, mainly related to more restrictive pollu-
tant emission policies and a larger amount of higher oxida-
tive potential scenarios. The higher oxidative potential of the
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OA is characterized by an increase in the relative proportion
of the more-oxidized OOA (MO-OOA), in comparison with
the less-oxidized OOA (LO-OOA) (Via et al., 2021). Finally,
a common characteristic of the BCN and MSY measurement
sites is that both are located in the proximity of North African
deserts, thus both sites are heavily impacted by Saharan dust
outbreaks (Querol et al., 2009; Yus-Díez et al., 2021a). For
this reason, in order to avoid the interference due to dust ab-
sorption, we filtered out scenarios in which the sites were un-
der the influence of dust outbreaks (following the European
Commission guidelines; European Commission, 2011).

2.2 Absorption coefficients and EC measurements

At both measurement sites, aerosol particle absorption coef-
ficients (babs) at 637 nm were obtained with MAAP instru-
ments(Model 5012, Thermo Inc., USA, Petzold and Schön-
linner, 2004). Moreover, in BCN, absorption measurements
were also performed with a multi-wavelength Aethalome-
ter (model AE33, Magee Scientific, Aerosol d.o.o., Drinovec
et al., 2015) at seven different wavelengths (370, 470, 520,
590, 660, 880, and 950 nm). The MAAP absorption coeffi-
cients at 637 nm were derived by the internal MAAP soft-
ware using a radiative transfer model from the measurements
of transmission of light through the filter tape and backscat-
tering of light at two different angles, and corrections were
made following Müller et al. (2011). The MAAP measure-
ments were obtained with a 1 min time resolution at a flow
rate of 5 L min�1 and with a PM10 inlet cut-off. The AE33
babs coefficients in BCN were derived with the same time res-
olution and flow rate as that of the MAAP, and with a PM2.5
inlet cut-off. The Aethalometer filter-loading effect was cor-
rected online by the dual-spot manufacturer correction (Dri-
novec et al., 2015), and the multiple scattering correction pa-
rameter, C, was set to 2.44, as obtained for the BCN sta-
tion by Yus-Díez et al. (2021b). Absorption measurement
errors of 12 % and 23 % were set for MAAP and AE33,
respectively (Petzold and Schönlinner, 2004; Rigler et al.,
2020). For AE33, the larger uncertainty is introduced by the
multiple scattering parameter, C (�C = ±0.57 at BCN, Yus-
Díez et al., 2021b), which depends on the physical proper-
ties of the particles collected on the filter tape. In Yus-Díez
et al. (2021b), the C obtained with the same instruments
(i.e. MAAP and AE33) and inlet cut-offs as in the present
work was found to have an average value of 2.44, and it did
not present a marked dependence with the single scattering
albedo (SSA) of the particles collected on the filter tape. In
fact, Yus-Díez et al. (2021b) showed that the C values can
increase considerably when SSA is high (> 0.95). However,
these high SSAs are rarely measured in the city of BCN.
Moreover, it was reported that the C is wavelength indepen-
dent in BCN (cf. Fig. 1 in Yus-Díez et al., 2021b). Therefore,
we used the average C value of 2.44 for deriving the absorp-
tion measurements.

The PM10 24 h offline filter samples were collected at both
BCN and MSY on 150 mm quartz micro-fibre filters (Pallflex
2500 QAT-UP) using high-volume samplers (MCV CAV-A
and DIGITEL DH80 at 30 m3 h�1). The 24 h average con-
centrations of major and trace elements, and soluble ions (de-
termined following the procedure by Querol et al., 2001), as
well as those of OC and EC (by a thermal–optical carbon
analyser, Sunset, following the EUSAAR2 protocol, Cavalli
et al., 2010), were obtained from these offline filter samples
and were estimated to have a measurement error of 10 %.

Semi-continuous EC measurements were obtained in BCN
by means of a semi-continuous OC : EC aerosol analyser
(Sunset Laboratory Inc.) with a PM2.5 inlet cut-off at a
flow rate of 8.0 L min�1, a measuring interval of 3 h using
the EUSAAR2 protocol, with a measurement error of 10 %
(Karanasiou et al., 2020). The device was equipped with a
C parallel-plate diffusion denuder to remove volatile organic
compounds (VOCs) that can be adsorbed on quartz fibre fil-
ters and cause positive artefacts in the OC measurements
(Viana et al., 2006). By comparing the EC measurements
from the online and offline OC : EC measurements (Fig. S1
in the Supplement), we show that there is a good agreement
between both techniques, and that on average, offline EC
concentrations in the PM10 fraction were 26 % higher com-
pared to online EC concentrations in the PM2.5 fraction dur-
ing the 2018 measurement period.

2.3 Submicron NR-PM chemical composition
measurements and OA source apportionment

A quadrupole aerosol chemical speciation monitor (Q-
ACSM, Aerodyne Research Inc.) was deployed in BCN for
chemical speciation of submicrometric particles at a flow rate
of 3 L min�1. The incoming particles go through an aerody-
namical lens, transmitting particles of aerodynamic diame-
ters from 75 to 650 nm. Then, these particles are vaporized,
ionized by hard-electron impact and fragmentated, and the
resulting fragments are analysed by a quadrupole mass spec-
trometer. The instrument can provide the concentrations of
NR PM1 species (OA, sulfate, nitrate, ammonia and chloride)
with 30 min resolution and a 12–120 Th OA spectra matrix,
using a fragmentation table (Allan et al., 2004). The soft-
ware used for data acquisition and treatment was provided
by Aerodyne Research Inc. (versions 1.6.0.0 and 1.6.1.1, re-
spectively) and implemented in the Igor Pro (Wavemetrics,
Inc.) environment).

The retrieved OA matrices retrieved were used as input for
analysis of the positive matrix factorization analysis (PMF;
Paatero and Tapper, 1994), applied using a multilinear en-
gine (ME-2; Paatero, 1999) to differentiate the different OA
sources. A detailed description of the OA sources detected in
BCN and used in this work can be found in Via et al. (2021).
Briefly, the OA sources in BCN were: COA, HOA, biomass
burning OA (BBOA), LO-OOA, and MO-OOA.
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2.4 Determination of the absorption enhancement
(Eabs)

Here, similar to Zhang et al. (2018), we derived the absorp-
tion enhancement (Eabs) as the ratio between the measured
ambient MAC calculated at the different wavelengths avail-
able from AE33 and MAAP, and the reference MAC value of
pure BC.

The observed ambient MAC defines the contribution to
the measured absorption coefficients from BC particles in-
ternally and externally, mixed with organic and inorganic
species that can contribute positively to the measured absorp-
tion (Bond et al., 2013). The ambient MAC measurements
were obtained as the ratio of the light absorption coefficients
(babs) at a given wavelength, �, and the EC concentrations
obtained with the Sunset analyser, either online or offline,

MAC� = b�
abs

[EC] . (1)

The Eabs due to both internal and external mixing of the
BC particles can be quantified by normalizing the measured
ambient MAC� with a reference value for pure BC, MAC�

ref.
As already stated, we have applied the same methodology as
in Zhang et al. (2018) and Liu et al. (2015) to determine Eabs,
by calculating the ambient MAC through Eq. (1) applied to
the 7 AE33 wavelengths. Thus, since BrC absorbs more effi-
ciently at the shortest wavelengths (370–470 nm mostly), but
not at 880 nm, the observed Eabs at the shortest wavelengths
includes the lensing-driven enhancement and the enhance-
ment induced by semi-volatile BrC (e.g. Liu et al., 2015),
while the observed Eabs at 880 nm represents the lensing-
driven enhancement only.

E�
abs = MAC�

MAC�
ref

. (2)

The reference MAC value (MAC�
ref) can be obtained either

from the literature (Bond and Bergstrom, 2006), or from ex-
perimental data. There are two experimental approaches for
obtaining MAC�

ref: (1) by using denuded measurements that
evaporate the semi-volatile organic and inorganic species,
thus allowing for a measurement of the pure BC absorption
(e.g. Liu et al., 2015), and (2) by using the intercept of the
relationship between the ambient MAC� and the OC : EC ra-
tio as MAC�

ref. In this latter case, MAC�
ref is the MAC value

obtained when the OC : EC ratio is equal to 0 (Zhang et al.,
2018). Here we have preferentially used the second method
(intercept) to determine MAC�

ref (Figs. S2–S4). For this pur-
pose, we used a Deming regression fit, taking into account
the propagation of errors from the absorption and OC : EC
measurement errors. Additionally, we used MAC�

ref from the
literature to calculate Eabs, i.e. 7.5 ± 1.2 (m2 g�1) at 550 nm
(Bond and Bergstrom, 2006), which was extrapolated to each
AE33 wavelength assuming an absorption Ångström expo-
nent (AAE) of 1.

Online MAC� and Eabs� values at BCN were obtained dur-
ing 2018 using AE33 b�

abs coefficients averaged to the semi-
continuous timestamp of the Sunset OC : EC measurements
(3 h) when the Q-ACSM measurements were also available.
Offline MAC values at both BCN and MSY were obtained
by using the 24 h average babs coefficients from MAAP at
637 nm, and 24 h OC : EC concentrations from PM10 filters
(2010–2020). Figure S6 shows the obtained MAC�

ref for both
BCN and MSY stations for all the wavelengths available
from both online (BCN) and offline (BCN and MSY) mea-
surements. Data in Fig. S6 were grouped into two periods:
a cold period from December to May, and a warm period
from June to October. As shown later, measurements were
grouped into these two distinct periods due to the source ap-
portionment results from Q-ACSM measurements in BCN,
since the BBOA-like compounds were only detected during
winter and spring (Via et al., 2021). Offline MAC�

ref at both
stations showed a good agreement with the theoretical refer-
ence value obtained in Bond and Bergstrom (2006), whereas
the online measurements obtained with AE33 were higher
throughout the whole spectrum. Similar values, higher than
the theoretical MAC�

ref, have also been reported in other stud-
ies, such as in Zhang et al. (2018).

Furthermore, we have assumed that BrC particles do not
absorb at 880 nm (Kirchstetter et al., 2004) and that the mea-
sured absorption at this wavelength was only driven by the
internally mixed BC particles (i.e. the lensing effect). More-
over, although some studies assumed a lensing-driven ab-
sorption enhancement for BC particles that is wavelength in-
dependent (Liu et al., 2015; Zhang et al., 2018), other studies
showed that the presence of brown coatings can produce vari-
ations in the spectral behaviour of Eabs with the wavelength
(Lack and Cappa, 2010). Consequently, in order to take the
possible influences of the brown coatings on Eabs into ac-
count, following Lack and Langridge (2013) we performed a
sensitivity study by studying the variation of the absorption
enhancement attributed to BC, the BC coating, and BrC by
varying the AAE of internally mixed BC (cf. Fig. S5). For
this, Eabs attributed to the different values of AAE for the
internally mixed BC can be described as follows (Eq. 3):

E�
abs,int = 1 +

MAC880 nm
BC,int ⇥

⇣
880
�

⌘AAE

MAC�
ref

, (3)

where different AAE (0.8, 1 and 1.4) were considered for
the sensitivity study presented here, following Lack and Lan-
gridge (2013).

Finally, Eabs due to externally mixed particles at a given
wavelength (E�

abs,ext) was obtained as the difference between
the measured total ambient Eabs and the absorption enhance-
ment due to the internal mixing,

E�
abs,ext = E�

abs � E�
abs,int. (4)
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2.5 Chemical fractions contribution to Eabs

Submicron chemical composition from ACSM in BCN, and
offline 24 h chemical speciated data from filter analyses at
both BCN and MSY were used to determine the influence of
the material available for BC coating on Eabs. Chemical spe-
ciated data were used to calculate the total amount of NR-PM
(NR-PM10 for offline measurements and NR-PM1 for online
measurements) mass concentration. The NR-PM to EC con-
centration ratios were then calculated as follows:

RNR-PM =
P

i[NR-PM]i
[EC] . (5)

Thus, the calculated RNR-PM represents a proxy for the
amount of NR material available for mixing with the BC par-
ticles (Cappa et al., 2019). The chemical species and groups
of compounds taken into account using the online ACSM
continuous measurements were: [HOA], [COA], [LO-OOA],
[MO-OOA], [SO2�

4 ], [NO�
3 ], [NH+

4 ], [Cl�], and [BBOA]
during the cold period; whereas they were [OA], [SO2�

4 ],
[NO�

3 ], [NH+
4 ], [Cl�] from the 24 h filters.

Moreover, online submicron chemical composition data
and OA source apportionment from ACSM in BCN were
used to determine the species that mostly contributed to Eabs.
For this, a multivariate linear regression (mlr) analysis was
employed to solve the following equation:

Eabs = E0 + m1[q1] +m2[q2] + . . . + mz[qz], (6)

where E0 is the intercept, mi (where i = 1, . . .,z) are the
regression coefficients, i.e. the relative contribution of each
chemical fraction to Eabs, and [qi] are the dependent vari-
ables of the mlr, i.e. the ratios of each chemical fraction/-
source normalized to the EC concentration. Note that E0
should be equal to 1 (i.e. no absorption enhancement) when
all the ratios are equal to 0 in Eq. (6). In order to perform
a more robust mlr analysis and to reduce the effect of out-
liers, data points lower than the 5th and higher than the 95th
percentiles were excluded from the analysis.

3 Results

3.1 Site-specific MAC and Eabs analysis

The median values of the ambient BC MAC and Eabs at dif-
ferent wavelengths from both online and offline measure-
ments at BCN and MSY are reported in Tables 1 and 2,
respectively. For the long-term offline measurements, the
MAC at 637 nm was 9.67 ± 2.55 m2 g�1 at the BCN urban
background station, and 13.10±4.47 m2 g�1 at the MSY re-
gional background station. The BC MAC at MSY showed
a higher median value compared to BCN (cf. Table 1) due
to the fact that BC particles reaching the regional station
had more time to gather material for coating. Moreover, the
frequency distribution of the MAC values at MSY was less
left-skewed and more right-skewed compared to BCN (see

Table 1. Observed MAC (m2 g�1) values obtained using online
techniques via AE33 and Sunset online EC measurements at BCN
for a PM2.5 inlet cut-off, and offline at BCN and MSY via MAAP
and offline EC measurements on 24 h filters for a PM10 inlet cut-off.

� (nm) MAC

370 22.74 ± 6.98
470 17.23 ± 4.80
520 14.84 ± 4.16

Online BCN 590 12.63 ± 3.50
660 10.85 ± 3.02
880 7.92 ± 2.16
950 7.55 ± 2.06

Offline BCN 637 9.67 ± 2.55

Offline MSY 637 13.10 ± 4.47

Fig. S7). For the intensive online measurements in BCN,
the MAC values range between 7.55 ± 2.06 at 950 nm and
22.74 ± 6.98 at 370 nm (Table 1). The values at 660 nm for
the online measurements and 637 nm for the offline measure-
ments were around 10.85±2.98, and 9.67±2.55 in BCN, and
13.10 ± 4.47 in MSY, which were within the range of MAC
values reported by Zanatta et al. (2016) for similar station
backgrounds. The difference between the offline and online
measurements at BCN, although the mean values fall within
the standard deviation of the measurements, was mainly as-
sociated with the difference in the length of the measurement
periods, and the different inlet cut-off sizes, which prevent
direct comparison (Fig. S1 in the Supplement). The observed
increase of MAC with decreasing wavelength was expected
due to both the increase of the energy radiation and the larger
influence of the externally mixed BrC particles at shorter
wavelengths. In fact, the effect of externally mixed BrC par-
ticles on MAC in BCN is visible in Fig. S7 where the fre-
quency distribution of MAC at 370 nm showed a much more
pronounced tile toward higher values compared to the MAC
at 880 nm.

The averaged multi-wavelength Eabs values from both on-
line and offline measurements at BCN and MSY are shown
in Table 2. The online measurements at 880 nm in BCN led
to a median Eabs value of 1.28±0.36, whereas it increased to
1.45±0.51 at 370 nm. For the offline measurements, the me-
dian Eabs values at 637 nm were 1.42±0.40 and 2.00±0.75 at
BCN and MSY, respectively. As reported in Table 2, the Eabs
values from online and offline measurements in BCN were
rather similar (1.31 ± 0.38 at 660 nm online and 1.42 ± 0.40
at 637 nm offline), and the observed difference was likely
due to both the different periods, the inlet cut-off (Fig. S1
in the Supplement), and the different instrumentation used
for the calculation of Eabs. As already observed for MAC,
the higher Eabs at the regional MSY station was due to age-
ing of BC particles during the transport toward the regional
station. The Eabs values reported in Table 2 were calculated
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from Eq. (2) as MAC�
ref using the intercept values from the

Deming regression fits reported in Figs. S2–S4 and S6 for
online AE33 and offline BCN and MSY, respectively. If the
theoretical reference MAC (Bond and Bergstrom, 2006) of
uncoated BC was used, the overall median Eabs values were
higher for the online measurements at BCN (1.59 ± 0.51 at
880 nm and 1.91±0.62 for 370 nm), although within the un-
certainty, and rather similar for the offline measurements at
BCN and MSY, with Eabs values at 637 nm of 1.43±0.44 and
1.92 ± 0.76, respectively (Table 2). The values found at the
urban BCN area using the experimental (theoretical) refer-
ence MAC at 880 nm were similar (higher) to those observed
in the literature for the same wavelength at rural/suburban
areas (Liu et al., 2015; Zhang et al., 2018). The mean Eabs
value observed at the regional background MSY station was
also similar to the values reported in literature for rural areas
(e.g. Cui et al., 2016).

Figure 1 shows the density distribution of Eabs for the cold
(December–May) and warm (June–October) seasons from
both online measurements at BCN and offline measurements
at BCN and MSY (Fig. 1). The median values of the season-
dependent frequency distributions of Eabs were reported in
Table 2. The long-term offline measurements led, on aver-
age, to similar Eabs values at 637 nm in BCN during the
warm (1.45±0.40) and cold (1.41±0.39) seasons. However,
for MSY Eabs values they were larger during the warm sea-
son (2.24±0.79) compared to the cold season (1.82±0.63),
mainly due to the increase in the SOA formation (Figs. S8
and S9) which was mostly driven by the increase in biogenic
volatile organic compounds (BVOCs) during the warm sea-
son (Seco et al., 2013; Veld et al., 2021). Thus, as shown later
in more detail, OA, and especially SOA, contributed strongly
to the BC lensing-driven Eabs, especially at the regional sta-
tion.

The online measurements performed with AE33 allowed
for a multi-wavelength analysis of E�

abs. Figure 1a shows a
seasonal decoupling of Eabs between the short UV and the IR
wavelengths: whilst in the warm period Eabs remained simi-
lar for all the wavelengths, during the cold period there was
an increase of Eabs towards the shorter wavelengths. This dif-
ferent amplification of Eabs at short UV can be associated
with a larger presence of BrC-like compounds (e.g. BBOA
from winter biomass burning) (Figs. S8 and S9) during the
cold period (Via et al., 2021), which present larger MACs and
contribution to absorption at these wavelength ranges (e.g.
Lack et al., 2012; Qin et al., 2018; Saleh et al., 2018; Saleh,
2020; Kasthuriarachchi et al., 2020; Zhang et al., 2020). Fig-
ure S10 shows that by using the theoretical reference MAC,
the density distribution of Eabs was similar, although the dif-
ferences between the cold and warm periods were not that
great. This was attributed to the fact that using a theoretical
MAC does not take the different seasonal-dependent contri-
butions of OA sources into account.

Figure 1. Seasonal frequency distributions of Eabs at BCN for the
multi-wavelengths measured with AE33 (coloured solid lines for
370, 470, 520, 590, 660, 880 and 950 nm), and at BCN (black solid
line) and MSY (black dash line) measured with MAAP for 637 nm
and offline filters.

3.1.1 Eabs dependence on the mixing state

As already stated, ambient BC particles can be either ex-
ternally or internally mixed with other aerosols (Bond and
Bergstrom, 2006). In order to separate the relative contribu-
tions to Eabs of these two mixing states, i.e. external (Eabs,ext)
and internal (Eabs,int), we used the multi-wavelength AE33
and the semi-continuous OC : EC measurements obtained
in BCN (see Sect. 2.4). We assumed that Eabs at the near-
infrared (NIR) (880 nm) was only produced by the internal
mixing of BC particles, whereas at the short UV (370 nm)
the Eabs is due to both the internal and external mixing of BC
particles. Given the spectral characteristic of the BrC absorp-
tion, the contribution to Eabs due to external mixing was the
highest at 370 nm compared to the other AE33 wavelengths.
In addition, here we analysed the possible contribution of dif-
ferent internal mixing states of BC using different AAE for
internally mixed BC, since the presence of brown coatings
over the BC cores can actually produce a reduction of the en-
hancement of the absorption towards the shorter wavelengths
(cf. Lack and Cappa, 2010).

Figure 2 shows the evolution of the contribution of the in-
ternal and external mixing states to the total Eabs for the three
AAE values considered for the internally mixed BC. Indeed,
Fig. 2 shows that an AAE of 0.8 could be related with a larger
proportion of brown coatings, reducing Eabs due to the inter-
nally mixed BC (cf. Fig. 5 Lack and Cappa, 2010). In the case
of AAE = 1, the contribution of the coating material remains
fairly constant (Fig. 2). However, it presents a slight decrease
with decreasing wavelengths, which is due to the fact that the
MAC Ångström exponent presented here for the experimen-
tal reference MAC for pure BC particles was slightly above 1
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Table 2. Overall, and cold and warm period average Eabs values for both multi-wavelength online measurements at BCN, and offline
measurements at the near-infrared (NIR) BCN and MSY stations.

Eabs,exp Eabs,theory

� (nm) Overall Cold Warm Overall Cold Warm

370 1.45 ± 0.51 1.67 ± 0.57 1.31 ± 0.35 1.91 ± 0.69 2.11 ± 0.79 1.79 ± 0.53
470 1.38 ± 0.43 1.53 ± 0.50 1.27 ± 0.29 1.85 ± 0.61 2.00 ± 0.71 1.76 ± 0.45
520 1.35 ± 0.41 1.47 ± 0.48 1.27 ± 0.30 1.76 ± 0.58 1.91 ± 0.67 1.67 ± 0.43

Online BCN 590 1.33 ± 0.39 1.42 ± 0.46 1.27 ± 0.29 1.70 ± 0.55 1.83 ± 0.65 1.61 ± 0.40
660 1.31 ± 0.38 1.39 ± 0.45 1.26 ± 0.29 1.63 ± 0.54 1.76 ± 0.63 1.55 ± 0.39
880 1.28 ± 0.36 1.33 ± 0.43 1.25 ± 0.28 1.59 ± 0.51 1.69 ± 0.60 1.52 ± 0.37
950 1.28 ± 0.36 1.33 ± 0.43 1.25 ± 0.28 1.59 ± 0.51 1.69 ± 0.60 1.52 ± 0.37

Offline BCN 637 1.42 ± 0.40 1.41 ± 0.39 1.45 ± 0.40 1.43 ± 0.44 1.42 ± 0.43 1.43 ± 0.44

Offline MSY 637 2.00 ± 0.75 1.82 ± 0.63 2.24 ± 0.79 1.92 ± 0.76 1.73 ± 0.66 2.02 ± 0.81

Figure 2. Absorption enhancement (Eabs) attribution to both internal and external mixing under different AAE conditions for the internally
mixed BC (0.8, 1, 1.4) for the online measurements at the 7-AE33 wavelengths at Barcelona (BCN).

(Fig. S6). Moreover, Fig. 2 shows that for an AAE of 1.4, the
internal mixing increases towards the shorter wavelengths, as
observed in the simulations performed in Fig. 3 of Lack and
Cappa (2010) for the case of BC core with a brown shell that
does not absorb.

The overall contribution due to the internal mixing
(Eabs,int) ranged between a 100 % at 880 nm, and 83 %, 86 %,
and 93.5 % of the total Eabs at 370 for an AAE of 0.8, 1
and 1.4, respectively. Thus, the externally mixed BrC parti-
cles represented a non-negligible fraction of the total Eabs at
short UV wavelengths (Table S1 in the Supplement), espe-
cially for the AAE = 0.8 case, for which it increased from
0.069±0.066 (5.2 %) at 660 nm up to 0.17±0.18 at 370 nm
(16.9 %). Conversely, if an AAE = 1.4 is used, then the in-
crease and relative contribution of Eabs due to the exter-

nally mixed BrC particles remains lower, from 0.023±0.049
(1.7 %) at 660 nm up to 0.093 ± 0.200 at 370 nm (6.5 %).

Although BCN is an urban background station with a non-
predominant contribution from biomass burning, the contri-
bution to absorption from other potential BrC sources can-
not be excluded. Since biomass burning emissions are higher
during the cold season, we have found that during this sea-
son compared to the warm season, there was a small increase
of the total Eabs due to the internal mixing (6.4 %), and a
more significant increase of contribution of the external mix-
ing Eabs, which increased for an AAE = 1 from 0.09 during
the warm period to 0.36 during the cold season (Table S1 and
Fig. S11 in the Supplement), i.e. from representing a 7 % to
22 % of the total Eabs, respectively. In fact, biomass burning
is not the only source contributing to the presence of BrC in
the atmosphere during the colder months (e.g. Zhang et al.,
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Figure 3. Absorption enhancement (Eabs) as a function of the NR-
PM to EC ratio at the Barcelona (BCN) and Montseny (MSY) sta-
tions. The offline Eabs measurements with a PM10 inlet at 637 nm
were used for both BCN and MSY. Also, at BCN, online Eabs mea-
surements with a PM2.5 inlet at the short UV (370 nm) and NIR
(880 nm) wavelengths were used. The scatter points represent all the
measurements, whereas the marked points show the mean of each
bin, whilst the shadow of the line represents the standard deviation
of each bin.

2020). As shown later, other OA sources also contribute to
Eabs.

3.2 Eabs dependence on RNR-PM content

Here we analysed the relationship between Eabs and the
amount of material available for mixing with BC particles
(RNR-PM, cf. Sect. 2.5). As commented in Sect. 3.1, the vari-
ability of Eabs with the seasons can be attributed to the differ-
ences in the OA composition and concentration levels. Cappa
et al. (2019) have shown the discrepancies between model,
laboratory, and field studies in the behaviour of Eabs with
RNR-PM. Indeed, Fig. 1 in Cappa et al. (2019) shows that
some studies reported only a slight increase of Eabs with the
amount of the coating material (Cappa et al., 2012), whereas
others measured a larger increase of Eabs for high concen-
trations of RNR-PM (Liu et al., 2015; Peng et al., 2016). The
authors argued that the differences could be associated with
the ageing state, volatility, and amount of coating of the par-
ticles, as well as with the apportionment of external mixing
to Eabs.

Figure 3 shows Eabs values as a function of RNR-PM at
BCN (online and offline) and MSY (offline). Overall, we ob-
served an exponential increase of Eabs with the amount of

NR-PM coating material available for mixing (Fig. 3), which
was consistent with some of the observed behaviour found in
the literature (e.g. Fig. 1 in Cappa et al., 2019).

As shown in Fig. 3, the RNR-PM binned values from of-
fline measurements at MSY spanned from around 15 up to
around 55 µg m�3, whereas RNR-PM values were between
around 3.5 and 20 µg m�3 in BCN. As a consequence, Eabs
at MSY reached values up to around 3.25, whereas Eabs val-
ues remained lower than 2 in BCN. Thus, the higher RNR-PM
at MSY implied that more material was available for BC
coating at the regional site compared to BCN, thus leading
to higher Eabs at MSY. Moreover, the lowest Eabs at MSY
from binned data in Fig. 3 was around 1.3 indicating that
on average BC particles reaching the MSY station have un-
dergone longer ageing processes and were already coated,
whereas in BCN, freshly emitted still-not-mixed BC parti-
cles were frequently measured, as denoted by Eabs values
closer to 1. For the online measurements in BCN, RNR-PM
showed a larger range of values (from around 4 to 40 µg m�3)
compared to the offline measurements because of the higher
time resolution of online measurements, allowing measuring
events characterized by lower or higher RNR-PM compared
to the 24 h offline measurements. The higher Eabs in BCN
at 637 nm compared to Eabs at 370 nm was mostly associ-
ated with the different inlet cut-off sizes and, to a lesser ex-
tent, with the different periods used for the online and of-
fline measurements. In fact, as shown in Fig. S12, the mean
Eabs calculated from offline measurements in BCN, using
the same period as for the online measurements (2018), was
closer, but higher nevertheless, to the Eabs values obtained
from online measurements at 880 and 370 nm. As shown in
Fig. 3, the Eabs values from the online and offline datasets
in BCN showed similar trends for smaller concentrations
of RNR-PM. However, as the amount of mixing material in-
creased, the offline method increased at a higher rate, reach-
ing higher values for the largest RNR-PM measurements. This
behaviour was also observed when only the 2018 period was
used for the calculation of Eabs from offline measurements
(cf. Fig. S12). These different trends between online and of-
fline Eabs versus RNR-PM were probably due to two main fac-
tors: first, the offline measurements were made with a PM10
inlet versus the PM2.5 inlet of the online method (Fig. S1 in
the Supplement), hence coarse nitrates and other coarse par-
ticles could have influenced Eabs, and, second, the large an-
nual variability observed for the offline Eabs measurements
(see Fig. S12) could have also contributed to the observed
difference.

The availability of multi-wavelength Eabs values at the
BCN station allowed a multi-wavelength analysis of Eabs
versus RNR-PM. Since Eabs at 880 nm is influenced solely by
the internal mixing of BC particles, the comparison of Eabs
at 880 and 370 nm, when the external mixing influence on
the absorption is the highest, showcased the influence that
the mixing state had on the relationship between Eabs and
RNR-PM. Figure 3 shows similar values for both wavelengths
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for the lowest amount of coating material, but as RNR-PM in-
creased, the Eabs at 370 nm increased more rapidly than at
880 nm, mostly due to the fact that as RNR-PM increases, the
contribution of externally mixed BrC becomes larger.

If a theoretical MAC reference was used instead, the Eabs
values as a function of RNR-PM at BCN (online and offline)
and MSY (offline) showed the same relationship (Fig. S13),
albeit larger values were observed, especially for the AE33
measurements. These larger values were mostly due to the
fact that the experimentally used MAC was higher than the
theoretical ones (Fig. S6), resulting in larger Eabs values
(Fig. S13).

3.3 Aerosol sources contribution to Eabs

The material available for coating on BC particles, which de-
termines its Eabs properties (see Fig. 3), is formed by an array
of different chemical compounds from different sources as a
result of a succession of physical and chemical processes in
the atmosphere. These different chemical compounds can ex-
ert different responses on Eabs (e.g. Zhang et al., 2018) and
can increase the BC Eabs, depending on their relative amount
compared to BC as shown in Fig. 3 and the literature (Zhang
et al., 2018; Cappa et al., 2019, and therein).

Here we analysed the contribution of different OA sources
and chemical species, such as sulfate and nitrate, to Eabs cal-
culated in BCN from online measurements via a mlr analysis.
The OA sources were obtained by means of a PMF analysis
on the Q-ACSM data in BCN and were published by Via
et al. (2021). Given the differences in the seasonality that the
OA sources can present, as also observed in BCN (cf. Fig.
S9; Minguillón et al., 2015; Via et al., 2021), and given the
observed Eabs seasonality (Fig. 2), we applied the mlr anal-
ysis separately to the warm and cold seasons. Furthermore,
in order to separate the contribution of the different BC mix-
ing states, we performed the mlr analyses at the same wave-
lengths as in Sect. 3.2, namely at 370 and 880 nm.

The results of the mlr analysis were reported in Table 3.
Table 3 shows that overall, regardless of the season and the
wavelength considered, the main contributors to Eabs in BCN
were HOA (associated with the emissions from traffic), and
COA (emissions related to cooking). These two sources con-
tributed 12 % and 14 %, respectively, to the measured OA
mass concentration (Via et al., 2021). Thus, in BCN, HOA
and COA increased Eabs both by contributing to the BC
coating (880 nm) and by acting as BrC species externally
mixed with BC (370 nm), as suggested by the higher coef-
ficients observed for these two OA sources at 370 nm com-
pared to 880 nm (cf. Table 3). A major source of BC in
BCN was traffic (Pandolfi et al., 2016; Via et al., 2021),
thus likely explaining the high potential of HOA particles
that contribute to Eabs. Moreover, some recent studies have
also shown that HOA particles in urban environments can
potentially have a high absorption efficiency in the UV–VIS
range (Qin et al., 2018; Chen et al., 2020; Kasthuriarachchi

et al., 2020). Regarding the COA particles, some studies have
shown that this OA source has a lower absorption efficiency
compared to HOA particles (e.g. Qin et al., 2018; Kasthuri-
arachchi et al., 2020; Chen et al., 2020). This was in agree-
ment with the lower coefficients observed for COA compared
to HOA (Table 3). In addition, during the cold season, both
BBOA and LO-OOA presented large positive contributions
to Eabs at 370 nm, whereas the contribution to Eabs from
these two sources was negative at 880 nm. For the warm
season, the contribution of LO-OOA was also very low at
880 nm and negative at 370 nm, whereas BBOA did not con-
tribute in summer, as already stated. Zhang et al. (2018) also
found a negative contribution to Eabs for BBOA at 880 nm.
The higher coefficients observed for these sources (HOA,
COA, BBOA, and LO-OOA) at 370 nm compared to 880 nm
highlighted the potential of these OA sources to act as BrC
species externally mixed with BC. The MO-OOA particles
also contributed positively to Eabs at both 370 and 880 nm,
especially during the cold season, likely due to the higher-
relative contribution of MO-OOA to OA observed in this sea-
son compared to the warm season (Via et al., 2021). Recently,
Kasthuriarachchi et al. (2020) reported higher absorption ef-
ficiency in the UV–VIS range for LO-OOA particles com-
pared to MO-OOA particles, likely due to the photodegrada-
tion chemistry (photobleaching) of BrC chromophores in this
aged MO-OOA fraction. The inorganic aerosol components
presented a higher variability with regards to their contribu-
tion to Eabs, with sulfates, and especially nitrates, becom-
ing an important source of coating during the warm season,
whilst presenting a low impact during the colder season.

Figure 4 shows the contribution to Eabs from the OA
sources and inorganic species included in the mlr analysis
as RNR-PM increases. The contributions to Eabs reported in
Fig. 4 were calculated as the product between the OA sources
and inorganic species mass concentrations (provided by Via
et al., 2021) to EC ratios and the coefficients reported in Ta-
ble 3. As shown in Fig. 4, during the cold season in BCN
the absolute contribution of OA to Eabs was much higher
compared to the contribution from inorganic aerosols (ni-
trates and sulfates here) at both 370 and 880 nm (Fig. 4a, c).
The HOA and MO-OOA were the major sources contribut-
ing to the lensing-driven absolute BC Eabs at 880 nm in BCN
during the cold season. Conversely, the absolute contribution
of LO-OOA and COA to Eabs was the highest at 370 nm,
suggesting their importance as a BrC source in the area un-
der study. During the warm season, as already noted, Eabs
was lower compared to the cold season. The major differ-
ence compared with the cold season was that the contribution
of SIAs increased. The contribution of sulfates at 880 nm as
BC lensing-driving species was notable. Furthermore, Fig. 4
also shows that when the contributions were negative, these
did not have a large effect on the overall Eabs.
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Table 3. Multivariate linear regression (mlr) analysis coefficients and standard deviation of the chemical fraction influence on the absorption
enhancement, Eabs, for Barcelona at both 370 and 880 nm wavelengths using the Q-ACSM chemical sources (Via et al., 2021).

370 nm 880 nm

Cold Warm Cold Warm

Intercept 1.097 ± 0.062 1.112 ± 0.028 1.003 ± 0.048 1.109 ± 0.022
HOA : EC 0.195 ± 0.099 0.092 ± 0.038 0.126 ± 0.077 0.019 ± 0.029
BBOA : EC 0.175 ± 0.058 �0.062 ± 0.044
MO-OOA : EC 0.044 ± 0.021 0.010 ± 0.007 0.040 ± 0.016 �0.009 ± 0.005
LO-OOA : EC 0.161 ± 0.064 �0.001 ± 0.006 �0.012 ± 0.049 0.006 ± 0.005
Sulfate : EC �0.003 ± 0.017 0.010 ± 0.004 0.012 ± 0.013 0.017 ± 0.003
Nitrate : EC �0.011 ± 0.010 0.087 ± 0.011 �0.006 ± 0.008 0.060 ± 0.009
COA : EC 0.106 ± 0.040 0.032 ± 0.022 0.035 ± 0.030 0.044 ± 0.018

Figure 4. Contribution to the absorption enhancement, Eabs, as a function of the amount of coating material RNR-PM for the different organic
and inorganic sources found in BCN during the cold season (a, c) and warm season (b, d) for 370 (a, b) and 880 nm (c, d). The contribution
for each source was computed by applying the coefficient obtained with the mlr analysis (see Table 3) to the ratio that compound-to-EC had
as RNR-PM increased. It should be noted that for each season and wavelength, we have set the corresponding intercept of the mlr analysis as
reference value above/below in which each compound presented a positive/negative influence on Eabs.
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3.4 Atmospheric ageing influence on Eabs

Atmospheric ageing and oxidation of OA particles have been
shown to have an important effect on the Eabs (e.g. Liu et al.,
2015; Zhang et al., 2018; Xu et al., 2018; Wu et al., 2018). In-
deed, we have shown that the SOAs (LO-OOA + MO-OOA)
were the main contributors to Eabs during the cold season
(Table 3 and Fig. 4).

Here we studied the behaviour of Eabs with the ageing
state of the aerosols. With this aim, we followed the visual
method proposed by Ng et al. (2010) to characterize the age-
ing state of the particles, the so-called triangular plot, where
the y axis shows the f44 factor (m/z 44 to total concen-
tration in the ACSM component mass spectra ratio), which
is a proxy of the ageing, and the x axis is the f43 factor
(m/z 43 to total concentration in the component mass spectra
ratio), which shows the differences in the sources and chem-
ical pathways for the OOA formation. As particles become
more oxidized, they converge towards higher f44 values and
lower f43 values.

As observed in Table 3 and Fig. 4, overall primary sources
such as HOA, COA, and BBOA were important drivers of
Eabs, although SOA sources, especially during the cold sea-
son and for the shorter wavelengths, were also important
sources contributing to Eabs. Figure 5 shows the f44–f43
relationship in BCN as a function of both Eabs values at
880 nm, where Eabs is driven by the lensing effect, and the
SOA : POA ratio. Figure 5 shows a clear separation of the
f44–f43 relationship between the cold and warm seasons.
In fact, during the cold season at 880 nm, as aerosols be-
come more oxidized (higher f44), the SOA : POA ratio in-
creased altogether with an increase of Eabs. Conversely, dur-
ing the warm season, although the SOA : POA ratio also in-
creased with the degree of oxidation, Eabs did not increase
significantly. Therefore, during the cold season as particles
became more oxidized, BC particles internally mixed with
SOA (mainly MO-OOA as shown in Fig. 4c) were the main
sources responsible for the larger Eabs values, whereas dur-
ing the warm season, since the main drivers of Eabs were
the inorganic compounds (Fig. 4d) higher f44 values did not
imply an increase in Eabs. Furthermore, Eabs at 370 nm (see
Fig. S14) during the cold season showed a more pronounced
increase as particles became more oxidized, mainly due to
the role of externally mixed BrC, which, as reported in Fig. 4,
were the main contributors to Eabs. Figure S14 showed that
Eabs at 370 nm during the warmer period presented a slight
increase as particles became oxidized, which could be at-
tributed to the small contribution that MO-OOA particles ex-
erted during this period (see Fig. 4b). This tendency toward
higher Eabs values as particles become more oxidized has
also been found in Paris by Zhang et al. (2018), and in Lon-
don by Liu et al. (2015).

Figure 5. Absorption enhancement, Eabs, at 880 nm in BCN us-
ing online measurements as a function of the primary to secondary
organic aerosol ratio (SOA : POA), and the atmospheric ageing (fol-
lowing Ng et al. (2010) proposed triangle plot, f44 vs f43). The f44
and f43 factors used are the ones presented by Via et al. (2021) for
the same time period from the Q-ACSM measurements.

3.5 Eabs trend analysis

As already stated, the average Eabs values obtained by the
offline method in BCN and MSY at 637 nm were within the
values found in the literature for similar urban/regional back-
ground stations. Given the impact that Eabs of BC particles
has on climate, we performed a seasonal trend analysis of
Eabs at both BCN (from 2011 to 2020), and MSY (from 2010
to 2020). In this trend analysis, as well as for the other re-
sults presented in this work, we excluded the days when Sa-
haran dust outbreaks influenced the measurements to avoid
UV absorption by dust in the analyses presented. Moreover,
as already stated, the trend analysis was performed on Eabs
calculated at 637 nm, where the contribution to Eabs from ex-
ternally mixed OA was less relevant.

The method employed for the trend analysis was a Theil–
Sen slope regression estimator. Previous studies performed
at the MSY and BCN stations have shown statistically sig-
nificant (s.s.) decreasing trends over time for the contribu-
tions from various anthropogenic sources, including traffic,
industry, heavy-oil combustion, secondary sulfate and sec-
ondary nitrates mirroring the success of mitigation strategies
adopted in Europe (Pandolfi et al., 2016; Veld et al., 2021).
Moreover, recently Veld et al. (2021) have shown that the ob-
served decreasing trends, in combination with the absence of
a trend for OAs at both BCN and MSY stations, resulted in
an increase in the relative proportion of OA in PM at these
stations, and especially for SOA, which presents the higher
values during the summer season.
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The Eabs trends showed different behaviours during the
spring–summer and autumn–winter seasons at the two urban
and background stations considered here (Fig. 6). Figure 6
shows a s.s. increase of Eabs at the MSY station in summer
(JJA), whereas no s.s. trends were observed in MSY during
the other seasons. In BCN, the Eabs trends were not s.s. dur-
ing all the seasons. During autumn (SON) and winter (DJF),
Eabs showed a slight decrease at both stations although not
s.s. The Eabs s.s. increase of a 8.16 % yr�1 during summer
in MSY was linked to the observed increase of the OC : EC
ratio (cf. Fig. S15), thus further confirming the importance
of OA particles to form internal mixing with BC particles,
thus increasing the Eabs. Conversely, the sulfate : EC ratio
(Fig. S16) did not show any seasonal s.s. trend at both sites,
mostly because both sulfate and EC concentrations decreased
during the period under study (cf. Pandolfi et al., 2016; Veld
et al., 2021). The observed OC : EC ratio increase at the MSY
station in summer was mainly driven by the increase in the
relative proportion of SOA particles as shown in Veld et al.
(2021). We have shown here that as the aerosols become
more oxidized, the SOA : POA ratio increased together with
Eabs and the OC : EC s.s. trend observed further confirmed
the importance of aged OA particles to form BC coating.
In the case that the theoretical MAC was used as a refer-
ence (Bond and Bergstrom, 2006), Eabs showed the same be-
haviour with an increase at the regional station, MSY, during
the summer months (Fig. S17).

During spring (MAM) of 2020, there was a notable Eabs
increase at both stations, especially in BCN. During this pe-
riod, a strict lockdown was established in Spain due to re-
strictions under the COVID-19 pandemic. The strict lock-
down measures implied a significant decrease in the emission
of BC and primary aerosols due to the orders to halt any non-
essential activity (Tobías et al., 2020; Evangeliou et al., 2021;
Querol et al., 2021). This decrease in the primary emissions
resulted in an increase in the OC : EC ratio, as can be appre-
ciated in Fig. S15a, which can be associated with an increase
in Eabs.

The observed changing behaviour of Eabs under differ-
ent SOA : POA ratios suggested that Eabs may undertake
changes, and possibly an increase, upon new emission re-
strictions. In fact, as already stated and as shown in Veld et al.
(2021), an increase in the relative proportion of OA in PM2.5
was observed at both BCN and MSY stations, and this rel-
ative increase was mostly due to SOA. Thus, based on our
results, future increases of the SOA : POA ratio could cause
an increase in Eabs.

4 Conclusions

Here we have presented the results of the analysis of the
absorption enhancement analysis, Eabs, performed in the
Barcelona (BCN, urban background) and Montseny (MSY,
regional background) stations in the Mediterranean basin.

We studied the main characteristics of Eabs and its de-
pendence on other chemical compounds using both an in-
tensive online measurement period in BCN (2018), and a
decade-long offline dataset (2010–2020) available at both
the BCN and MSY stations. The online approach consisted
of co-located measurements at BCN of multi-wavelength
absorption coefficients with an Aethalometer (AE33), OC :
EC analysis through a semi-continuous Sunset analyser,
and NR fine aerosol speciation and source apportionment
with Q-ACSM. The offline method consisted of comparing
the MAAP absorption coefficient measurements (at 637 nm)
with 24 h offline OC : EC measurements performed via a
thermal–optical carbon analyser, Sunset, following the EU-
SAAR2 protocol.

We calculated Eabs as the ratio between the ambient MAC
obtained from the measurements and the reference MAC
value for pure BC particles. We have used two distinct refer-
ence MAC values: one based on an experimental site-specific
MAC for pure BC, and a theoretical value from Bond and
Bergstrom (2006). Using the site-specific reference MAC
value, we reported Eabs values of 1.28±0.36, and 1.45±0.51
for the online measurements in BCN at 880 and 370 nm, re-
spectively, and of 1.42 ± 0.40 and 1.87 ± 0.63 for the offline
analysis in BCN and MSY at 637 nm, respectively. The Eabs
values reported in this work fall within the measured values
reported in the literature (Liu et al., 2015; Zhang et al., 2018;
Cappa et al., 2019). Moreover, our analysis confirmed the
importance of OA particles as species that can increase Eabs
when these are both internally and externally mixed with BC
particles, as also reported in Zhang et al. (2018) for the Paris
area (France).

Here we showed that the seasonal behaviour of Eabs was
a strong function of the wavelength used. In BCN we ob-
served an increase of Eabs at the short UV wavelengths dur-
ing the cold season and we related the observed increase to
the presence of BrC particles externally mixed with BC par-
ticles. Conversely, in the red and NIR spectral range, the
Eabs variations were smaller. The relative contribution of
BrC to the Eabs increased from 4.6 % during the warm sea-
son up to 20.3 % during the cold season, as expected due to
the increase in the biomass burning activities during winter.
The Eabs in MSY at 637 nm showed an increase during the
warm season, mainly associated with the larger contribution
of SOAs affecting the regional station due to the larger emis-
sion of biogenic precursors in summer.

In this study we performed an analysis on the influence of
the amount of material available for BC coating exerted on
Eabs. We showed, in agreement with some prior studies, an
exponential growth of Eabs with the amount of NR aerosols.
Thus, at the regional site, where the amount of material avail-
able for mixing reached higher values, so did the Eabs values.
Moreover, when evaluating the different wavelengths for the
online measurements, we obtained higher values for the short
UV wavelength (370 nm), in comparison with the NIR wave-
lengths (880 nm), which were associated with the presence of
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Figure 6. Absorption enhancement, Eabs, at 637 nm seasonal trend analysis between 2011 and 2020 at the (a) Barcelona and (b) Montseny
station. The trend analysis was performed using a Theil–Sen function over the Eabs offline measurements.

externally mixed BrC increasing the absorption at the shorter
wavelengths.

The ageing state influence on Eabs was examined using the
triangular plot proposed by Ng et al. (2010) by means of the
f44 and f43 factors derived from the Q-ACSM source analy-
sis for online measurements at the BCN station. We observed
larger Eabs values for more aged OAs, especially during the
cold season, which was also related to a larger SOA : POA
ratio.

The long database of offline filter and MAAP measure-
ments at both the BCN and MSY stations allowed for a
decade-long seasonal trend analysis of Eabs. Overall, no s.s.
trends were observed at both stations. The exception, how-
ever, was the summer period at the MSY regional station
where a s.s. increasing trend of 8.16 % yr�1 was observed for
Eabs. This increase of Eabs in MSY in summer was mainly
driven by a corresponding s.s. increase of the OC : EC ratio.
A previous study recently performed in the area under study,
reported an increasing trend of the relative contribution of
OA to PM and of SOA to OA over time at the MSY regional
station. Moreover, our analysis confirmed the importance of
OA, and mostly of SOA, in contributing to the BC Eabs. Fur-
thermore, at both BCN and MSY stations the forced COVID-

19 lockdown in spring 2020 implied a sharp increase of Eabs,
mainly associated with the increase in the OC : EC ratio for
this period due to the large reduction of anthropogenic emis-
sions, and especially of BC particles, in the BCN urban en-
vironment. The observed s.s. increasing trend of Eabs at the
MSY station in summer, driven by a corresponding increase
in the OC : EC ratio, suggested that Eabs could further in-
crease during summer in the future due to the application of
more restrictive measurements to reduce anthropogenic pol-
lutant emissions. Thus, the higher absorption efficiency pre-
sented by the positive Eabs trend offsets, to some extent, the
reduction of the absorption, would be associated with the de-
creasing trend of BC particles concentrations.

Code and data availability. The Montseny datasets used for this
publication are accessible online on the WDCA (World Data
Centre for Aerosols) web page (http://ebas.nilu.no, last access:
29 June 2022) and at ACTRIS (https://actris.nilu.no/Data/?key=
fa6cd01674284c04bb8736bd5aca0030, Pandolfi al., 2022). The
Barcelona datasets were collected within different national and re-
gional projects and/or agreements and are available upon request.
The code used for analysis can be obtained upon request to the cor-
responding author.
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Močnik, G., Querol, X., and Alastuey, A.: Aircraft vertical
profiles during summertime regional and Saharan dust scenar-
ios over the north-western Mediterranean basin: aerosol opti-
cal and physical properties, Atmos. Chem. Phys., 21, 431–455,
https://doi.org/10.5194/acp-21-431-2021, 2021a.
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 2 

 
Figure S1: Relationship between the offline 24-hour filter measurements of EC with an inlet cut-
off of a) PM2.5 and b) PM10, and the online retrieved measurements of EC with an inlet cut-off 
of PM2.5. 

 
 

 
Figure S2: Mass absorption cross-section (MAC) as a function of the online OC-EC ratio at BCN 
for the AE33 absorption measurement at 880 nm for the a) cold and b) warm period. The intercept 
obtained with the Deming regression yields the experimental reference MAC of Fig. S3. 
 
 

  
Figure S3: Mass absorption cross-section (MAC) as a function of the offline OC-EC ratio at BCN 
for the MAAP absorption measurement at 637 nm for the a) cold and b) warm period. The 
intercept obtained with the Deming regression yields the experimental reference MAC of Fig. S3. 
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 3 

 
Figure S4: Mass absorption cross-section (MAC) as a function of the offline OC-EC ratio at 
MSY for the MAAP absorption measurement at 637 nm for the a) cold and b) warm period. The 
intercept obtained with the Deming regression yields the experimental reference MAC of Fig. S3. 
 
 

 

 
Figure S5: Absorption coefficients, babs, attribution to both internal and external mixing for the 
overall measurement period, as well as the cold and warm period under different AAE conditions 
for the internally mixed BC (0.8,1,1.4) for the online measurements at the 7-AE33 wavelengths 
at Barcelona (BCN). 
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 4 

 
Figure S6: Pure BC MAC (!"#$%) values obtained from Bond et al. (2006), and experimentally 
from online techniques via AE33 and Sunset online OC:EC measurements at BCN, and offline 
via a MAAP at 637 nm and offline OC:EC measurements. BCN station is represented by blue 
points and Montseny by green points. 
 
 
 
 
 
 

 
Figure S7: Seasonal frequency distributions of the mass absorption cross-section (MAC) at a) 
BCN station using a multi-wavelength AE33, and b) at both BCN and MSY at 637 nm using a 
MAAP. 
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 5 

 
Figure S8: Proportion of the different sources of both organic and inorganic aerosols BCN 
through-out the seasons during the 2018-2019 period (Via et al., 2021). 
 
 

 
Figure S9: Proportion of the different sources of both organic and inorganic aerosols during the 
different seasons of the 2011-2018 measurement period at a) BCN, and b) MSY (Veld et al., 
2021). 
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 6 

 
Figure S10: Seasonal frequency distributions of Eabs using as a reference MAC the theoretical 
value provided by Bond et al. (2006) extrapolated to 7 wavelengths measured AE33 wavelengths 
(370, 470, 520, 590,660, 880 and 950 nm) at BCN station, and to the MAAP wavelength at 637 
nm at both BCN and MSY. 
 
Table S1: Absorption enhancement for both external (E'(),+,- ) and internal (E'(),./-)  mixing for 
the overall period, and the cold  and warm period using the experimental MAC ref value. 

Overall 	     

AAE λ (nm) 2345,678 2345,9:8 %	2345,678 %	2345,9:8 

0.8 	     

 370 1.203 ± 0.269 0.245 ± 0.272 83.06 16.94 
 470 1.211 ± 0.280 0.171 ± 0.170 87.62 12.38 
 520 1.225 ± 0.294 0.133 ± 0.129 90.21 9.79 
 590 1.236 ± 0.309 0.101 ± 0.092 92.44 7.56 
 660 1.247 ± 0.324 0.069 + 0.066 94.78 5.22 
 880 1.284 ± 0.354 - 100 0 
 950 1.284 ± 0.355 - 100 0 
1      
 370 1.241 ± 0.320 0.201 ± 0.241 86.07 13.93 
 470 1.239 ± 0.317 0.146 ± 0.146 89.47 10.53 
 520 1.250 ± 0.327 0.110 ± 0.107 91.88 8.12 
 590 1.255 ± 0.334 0.082 ± 0.075 93.84 6.16 
 660 1.261 ± 0.343 0.055 ± 0.054 95.83 4.17 
 880 1.284 ± 0.354 - 100 0 
 950 1.284 ± 0.355 - 100 0 
1.4      
 370 1.341 ± 0.453 0.093 ± 0.200 93.51 6.49 
 470 1.307 ± 0.407 0.074 ± 0.119 94.61 5.39 
 520 1.308 ± 0.403 0.051 ± 0.088 96.28 3.72 
 590 1.300 ± 0.392 0.037 ± 0.064 97.23 2.77 
 660 1.293 ± 0.385 0.023 ± 0.049 98.25 1.75 
 880 1.284 ± 0.354 - 100 0 
 950 1.284 ± 0.355 - 100 0 

warm

cold

0 1 2 3 4
Eabs

BCN
MSY

l (nm)
950
880
660
637
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Cold period      
AAE λ (nm) 2345,678 2345,9:8 %	2345,678 %	2345,9:8 
0.8 	     
 370 1.231 ± 0.324 0.420 ± 0.268 74.56 25.44 
 470 1.240 ± 0.336 0.283 ± 0.165 81.40 18.60 
 520 1.250 ± 0.351 0.211 ± 0.126 85.58 14.42 
 590 1.262 ± 0.368 0.158 ± 0.093 88.90 11.10 
 660 1.274 ± 0.385 0.112 ± 0.066 91.91 8.09 
 880 1.326 ± 0.420 - 100 0 
 950 1.323 ± 0.421 - 100 0 
1      
 370 1.275 ± 0.385 0.363 ± 0.225 77.81 22.19 
 470 1.272 ± 0.381 0.243 ± 0.128 83.98 16.02 
 520 1.278 ± 0.390 0.182 ± 0.095 87.55 12.45 
 590 1.284 ± 0.398 0.132 ± 0.068 90.65 9.35 
 660 1.290 ± 0.407 0.093 ± 0.049 93.27 6.73 
 880 1.326 ± 0.420 - 100 0 
 950 1.323 ± 0.421 - 100 0 
1.4      
 370 1.388 ± 0.545 0.217 ± 0.172 86.50 13.50 
 470 1.349 ± 0.490 0.148 ± 0.085 90.09 9.91 
 520 1.343 ± 0.481 0.106 ± 0.066 92.72 7.28 
 590 1.333 ± 0.468 0.075 ± 0.050 94.65 5.35 
 660 1.326 ± 0.457 0.053 ± 0.041 96.17 3.83 
 880 1.326 ± 0.420 - 100 0 

 950 1.323 ± 0.421 - 100 0 

      
Warm period      
AAE λ (nm) 2345,678 2345,9:8 %	2345,678 %	2345,9:8 
0.8 	     
 370 1.182 ± 0.202 0.120 ± 0.186 90.75 9.25 
 470 1.189 ± 0.210 0.088 ± 0.109 93.08 6.92 
 520 1.203 ± 0.226 0.073 ± 0.086 94.31 5.69 
 590 1.214 ± 0.238 0.058 ± 0.061 95.42 4.58 
 660 1.227 ± 0.253 0.037 ± 0.040 97.10 2.90 
 880 1.249 ± 0.271 - 100 0 
 950 1.251 ± 0.271 - 100 0 
1      
 370 1.216 ± 0.240 0.088 ± 0.166 93.24 6.76 
 470 1.215 ± 0.238 0.065 ± 0.095 94.93 5.07 
 520 1.226 ± 0.251 0.052 ± 0.072 95.94 4.06 
 590 1.232 ± 0.258 0.041 ± 0.050 96.77 3.23 
 660 1.241 ± 0.268 0.026 ± 0.032 97.95 2.05 
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 880 1.249 ± 0.271 - 100 0 
 950 1.251 ± 0.271 - 100 0 
1.4      
 370 1.305 ± 0.339 0.012 ± 0.153 99.05 0.95 
 470 1.276 ± 0.306 0.011 ± 0.092 99.16 0.84 
 520 1.279 ± 0.310 0.004 ± 0.069 99.69 0.31 
 590 1.272 ± 0.302 0.005 ± 0.051 99.65 0.35 
 660 1.270 ± 0.300 -0.001 ± 0.037 100.086 -0.086 
 880 1.249 ± 0.271 - 100 0 
 950 1.251 ± 0.271 - 100 0 

 
 

 
Figure S11: Absorption enhancement, Eabs, attribution to both internal and external mixing for 
both the cold and warm period under different AAE conditions for the internally mixed BC 
(0.8,1,1.4) for the online measurements at the 7-AE33 wavelengths at Barcelona (BCN). 
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 9 

 
Figure S12: Absorption enhancement, Eabs, as a function of the non-refractory PM to EC ratio at 
BCN station. As in Fig. 3 but omitting the Eabs for MSY and showing the values of Eabs obtained 
offline for the MAAP just for 2018 and for all the years except 2018; showcasing the large inter-
annual variability. 
 

 
Figure S13: Absorption enhancement, Eabs, as a function of the non-refractory PM to EC ratio 
for BCN and MSY station. As in Fig. 3 but using as a reference MAC the theoretical value 
provided by Bond et al. (2006) and extrapolating to 370 and 880 nm for the AE33 and online 
OC:EC and to 637 nm for the MAAP and offline OC:EC. 
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Table S2: VIF (Variance Inflation Factor) between the independent variables of the multi-linear 
regression analysis, i.e. the chemical species obtained with the Q-ACSM, and a test of the 
statistical significance using the p-value of each coefficient (*: p<0.05,**<0.01,***<0.001). 
 
 

 Cold period Warm period 
 VIF  p-value VIF p-value 

Intercept - *** - *** 
HOA-to-EC 1.405 * 1.132 * 
BBOA-to-EC 2.247 ** - - 
MO.OOA-to-EC 6.045 * 3.015  
LO.OOA-to-EC 1.385 * 1.827  
SO4-to-EC 2.215  1.913 * 
NO3-to-EC 3.315  1.207 *** 
COA-to-EC 1.179 ** 1.515 * 

 
 
 
 
 
 

 
Fig. S14: Absorption enhancement, Eabs, at 370 nm at BCN using online measurements as a 
function of the primary to secondary organic aerosol ratio (POA/SOA), and the atmospheric aging 
(following Ng. et al., 2010 proposed triangle plot, f44 vs f43). The f44and f43 factors used are the 
ones presented by Via et al. (2021) for the same time period from the Q-ACSM measurements. 
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Fig. S15: Seasonal trends of the OC-EC ratio in a) BCN between 2011 and 2020, and b) MSY 
between 2010 and 2020. COVID-19 lockdown period is marked by the red dots. 

 
Fig. S16: Seasonal trends of the Sulphate-EC ratio in a) BCN between 2011 and 2020, and b) 
MSY between 2010 and 2020. COVID-19 lockdown period is marked by the red dots. 
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 12 

 
Fig. S17: Absorption enhancement, Eabs at 637 nm seasonal trend analysis between 2011 and 
2020 at a) Barcelona and b) Montseny station. The trend analysis was performed using a Theil-
Sen function over the Eabs offline measurements using a theoretical reference MAC (Bond et al., 
2006). Dust influenced measurements were excluded. COVID-19 lockdown period is marked by 
the red dots. 
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8
MINERAL DUST PROPERTIES
AT AN EMISSION AREA

Objective
Obtain the optical properties of the mineral dust particles in the most important mineral
dust source region, the Sahara desert. Given the high uncertainty regarding the radiative
forcing effect on climate of mineral dust, it is key to correctly characterize their optical
properties, which are highly dependent on their particle size distribution, and mineralogical
composition. Here, the optical properties have been analyzed upon the strength of the
emission processes, which ultimately determines the particle size distribution of the emitted
mineral dust particles.

Methodology
• Perform an intensive measurement campaign in a mineral dust emission area in the

outskirts in the Sahara desert.

• Perform measurements with a high temporal resolution instrumentation to fully charac-
terize the optical properties, particle size distribution and meteorological variables.

• Correct and pre-process the data from the online instrumentation to account for the
peculiarities of the mineral dust particles.

• Analyze the optical properties, both extensive and intensive, for the different types of
events affecting the area of study upon the particle composition and the strength of the
emission processes, as determined by the friction velocity.

Results
• Overall, the extensive optical properties and the particle mass concentration showed

very low background concentrations, with large increases during the mineral dust
emission events.
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• Similar intensive optical values to those obtained in the literature were measured during
the local saltation and the regional advection of mineral dust into the measurement
site, with the presence of very coarse particles and a large spectral dependency of
the absorption coefficients. During periods with a higher relative contribution of
local anthropogenic particles, the measured aerosol particles showed lower absorption
wavelength dependence and the presence of finer particles.

• As the friction velocity increased, i.e. the emission strength, the intensive optical values
converged towards typical values of mineral dust particles, with AAE around 2.5, SAEs
around 0 and negative SSAAE values. Conversely, the mass absorption, scattering and
extinction decreased, since the relative contribution of the more local anthropogenic
aerosol particles decreased.

• The increase of the emission strength showed a clear increase in the size of the particles,
as the effective radius and asymmetry parameter increased, and the backscatter fraction
decreased.

Conclusions
• Mineral dust particles can present very high absorption coefficients under large emission

events throughout the whole spectrum, especially at the short-UV, where the absorption
presented a very high increase.

• Clear relationship between the strength of the emission processes and the relative
contribution of coarse mineral dust particles to the overall aerosol particles, with
intensive optical properties closer to those found in chamber studies with soil samples
from the Sahara.

Publication
• The study presented in this chapter is in preparation to be submitted on a scientific

peer-reviewed journal.
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Abstract.

In-situ optical properties of mineral dust particles have
been obtained at the Sahara desert during the FRAGMENT-
Morocco field-measurement campaign (September 2019).
The measurements were performed sequentially for two dif-
ferent size ranges, PM2.5 and PM10.

Under large dust emission scenarios, as a consequence of
the larger relative proportion of mineral dust particles and the
increase in the coarse fraction, as shown by the increase in
the friction velocity and the effective radius of the particles,
we observed that the optical values converged towards values
previously measured for Moroccan mineral dust during the
PM2.5(PM10) period: albedo (SSA) of around 0.95(0.87) at
370 nm, and 0.97(0.96) at 660 nm, an asymmetry parameter,
g, and BF around 0.7 and 0.10 at 525 nm, respectively, an
absorption ångström exponent (AAE) of 2.5, effective radius
of 1.2, negative ångström exponent (SAE) and SSA ångström
exponent (SSAAE).

1 Introduction

Mineral dust is one of the most abundant aerosol types by
mass (Myhre et al., 2013) and impacts the Earth’s climate
directly by absorbing and scattering solar and terrestrial ra-
diation, semi-directly by increasing the evaporation of cloud

droplets, and indirectly through its impacts on aerosol-cloud
formation, the cryosphere, and the atmospheric and biolog-
ical chemistry (Engelstaedter et al., 2006; Choobari et al.,
2014). The interaction of mineral dust with radiation has
been subject to thorough analysis (Sokolik and Toon, 1999;
Lafon et al., 2006), yet, its complexity prevents from estab-
lishing whether dust aerosols either cool or warm the atmo-
sphere (e.g. Kok et al., 2017; Di Biagio et al., 2020; Adebiyi
and Kok, 2020; Li et al., 2021). The major uncertainties on
the direct radiative effect by dust particles rise from the mea-
surement uncertainties, the sample source variability of the
mineral dust particle size distribution, mass concentration,
particle shape and mineralogical composition, and the verti-
cal distribution.

Saharan dust emission areas are the major source of mid-
latitude atmospheric mineral dust particles, emitting around
50 % of the global dust load with an average yearly emis-
sion of 11.5 Tg (Kok et al., 2021b). Mineral dust particles are
emitted into the atmosphere following three main processes:
a) direct aerodynamic entrainment when particles are loose
enough so that a strong enough wind force can lift them from
the ground, b) saltation bombardment from sand particles or
aggregates striking the surface and producing dust emission,
and c) disaggregation of mineral particles from either soil ag-
gregates or dust coated sand particles (Shao, 2008). Saharan
dust particles can undergo long-range transport, from North-
ern Africa to southern Europe and the Mediterranean, and
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over the Atlantic into south America and the Caribbean (En-
gelstaedter et al., 2006). This long-range transport implies an
effect by the dust particles on the radiative balance of the at-
mosphere not only close to the source regions, but also in
much larger areas. Thus, a better understanding of the emis-
sion processes for the entrainment of mineral dust into the
atmosphere is paramount for a correct quantification of the
mineral dust concentration in the atmosphere. Moreover, a
precise characterization of the optical properties of mineral
dust is necessary for assessing the influence on the radiative
balance that this particles exert.

The amount of radiation scattered and absorbed by the dust
particles is determined by the real and imaginary part of the
particles complex refractive index (CRI). The real part of the
CRI mainly determines the scattering properties of a parti-
cle, and the imaginary part of the refractive index, mainly
accounts for the absorption properties of the dust particles,
although for the scattering too, since for a given extinction
coefficient a larger imaginary part will imply a larger absorp-
tion and thus a smaller scattering coefficient. Both real and
imaginary refractive parts of the CRI of dust particles are
determined by the particle composition, i.e. mineralogical
composition, their internal mixing state and geometry. Iron
oxides, especially goethite and hematite, have been identi-
fied as the main absorbing compounds of the dust particles,
whereas other studies have shown that the relative fraction
of total iron in dust particles regulates the amount of radia-
tion absorbed by dust (Sokolik and Toon, 1999; Lafon et al.,
2006; Balkanski et al., 2007; Caponi et al., 2017; Di Bia-
gio et al., 2019). The spectral behaviour of the imaginary
refractive indexes for these iron-oxides compounds presents
an increase towards the short-UV wavelengths compared
to the red and near-infrared wavelengths (e.g. Sokolik and
Toon, 1999; Balkanski et al., 2007). As a consequence of
this higher UV refractive index for these iron-oxides com-
pounds, the refractive index of the mineral dust particles can
also present this spectral behaviour with an increased absorp-
tion efficiency towards the short-UV wavelengths (Schladitz
et al., 2009; Di Biagio et al., 2019). Therefore, to constrain
the mineral dust refractive index, it is needed to assess the
spectral behaviour of the absorption and scattering of light
radiation from the mineral dust particles, for each mineral
compound and the relative proportion of each mineral for the
different mineral dust sources (Choobari et al., 2014; Kok
et al., 2017; Li et al., 2021).

Given the relevance of mineral dust particles in the over-
all particle composition of the atmosphere, it is key to pro-
vide the climate models with a proper characterization of the
influence that mineral dust exerts on the atmospheric radia-
tive balance. With this aim, many studies focused on the in-
fluence of different mineralogical compositions and particle
size distributions of dust from different source regions on
the mineral dust optical properties, such as the single scat-
tering albedo, mass extinction efficiency, asymmetry param-
eter, etc., for obtaining the refractive index (e.g. Schladitz

et al., 2009; Caponi et al., 2017; Di Biagio et al., 2019).
Moreover, the processes responsible for the emission of dust
particles, as well as their transport and deposition are also
the topic of many analysis since these processes determine
the amount of mineral dust particles, the particle number and
mass size distribution, and the lifetime of mineral dust in
the atmosphere. There are multiple approaches to study the
mineral dust influence on the radiative balance: i) laboratory-
chamber measurements of soil samples from different emis-
sion sources, ii) in-situ surface, airborne, and remote mea-
surements, and iii) modelling simulations based on biblio-
graphic measurements coupled with remote and in-situ ob-
servations. Numerous mineral dust soil sampling field cam-
paigns have been carried out in main emission areas, such as
the Sahara, the Sahel, the Arabian Peninsula, and some Asian
and Australian areas (Claquin et al., 1999; Kandler et al.,
2009; Di Biagio et al., 2019). These soils samples were sub-
sequently re-suspended in laboratory chambers and different
physic-chemical measurements were performed (e.g. Di Bi-
agio et al., 2017, 2019). Moreover, although scarce, some
in-situ surface measurements of the particles size distribu-
tion and the optical properties of dust have been carried out
in the emission areas, such as during the SAMUM-1 field-
campaign (Kandler et al., 2009; Müller et al., 2009; Schladitz
et al., 2009). Finally, modelization studies analyze the effect
of mineral dust on the Earth system by incorporating both
observations of dust aerosol optical depth, measured parti-
cle size distributions, mineralogy composition and other con-
strains with the aim of obtaining a more accurate result and
reducing the uncertainties around the effect of mineral dust
on the climate radiative budget (e.g. Kok et al., 2017; Di Bi-
agio et al., 2020; Adebiyi and Kok, 2020; Huang et al., 2020;
Kok et al., 2021a; Li et al., 2021).

With the objective of closing the gap in relationship with
the emission processes and better characterize the proper-
ties of the emitted dust particles, we performed a field mea-
surement campaign in the Saharan desert in Morocco in
September 2019 in the framework of the project FRontiers
in dust minerAloGical coMposition and its Effects upoN
climaTe (FRAGMENT; https://cordis.europa.eu/project/rcn/
214076/factsheet/en). The main objectives of the FRAG-
MENT field campaign were to characterize the size-resolved
mineralogical composition of the freshly emitted dust parti-
cles over multiple source regions of dust on Earth, the emis-
sion processes that lead to dust emission into the lower tro-
posphere, measuring its optical properties, and the surface
radiation effect of freshly emitted dust particles.

Here we present the multi-wavelength optical extensive
and intensive properties of freshly emitted dust at the L’Bour
area during the FRAGMENT-Morocco field-measurement
campaign and its relationships with the strength of the dust
emission processes. From the multi-wavelength extensive
optical measurements (absorption and scattering) we ob-
tained the intensive aerosol particles optical properties, such
as the single-scattering albedo (SSA), the asymmetry param-

Chapter 8 Mineral dust properties at an emission area
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eter (g), the backscatter fraction (BF) and the scattering, ab-
sorption and extinction efficiencies of dust at several wave-
lengths (MSC, MAE and MEE). The manuscript is struc-
tured such that Sect. 2 presents the measurement area, the
used instruments and briefly describes the optical properties
used through-out the study and its implications for mineral
dust. Sect. 3 describes an array of the main optical properties
through-out the measurement campaign and its relationship
with the emission strength at the site and the size of the mea-
sured particles.

2 Methodology

2.1 Measurement site

In-situ dust measurements were performed in a mineral dust
emission area in SE Morocco, at the border between the
southern foothills of the Atlas mountain range and the Sa-
haran desert. The area of study is located in L’Bour, which
is characterized by a small terminal depression close to the
the Drâa dry-river bed west of M’Hammid El Gizlane, and
east a dry-lake, Lake Iriki, and two dune fields, Erg Cheg-
gaga and Erg Smar (see Fig. 1). L’Bour site presented mostly
a hard packed surface with crusts products of wind and dust
erosion, as well as a surrounding of shallow sand dunes (a
height < 1 m).

2.2 Optical properties measurements

Multi-wavelength aerosol absorption coefficients, b�abs,
were derived using an AE33 multi-wavelength dual-spot
aethalometer (Magee Scientific, Aerosol d.o.o. Drinovec
et al., 2015). The AE33 measures light attenuation at 7 dif-
ferent wavelengths (�) between the short-UV and the near-
infrared (370, 470, 520, 590, 660, 880, and 950 nm). The
AE33 software then derives the absorption coefficients by
applying eq. (17) from Drinovec et al. (2015), and performs
an online correction for the filter loading effects. In order to
obtain the absorption coefficients from AE33 measurements,
the attenuation measurements were further corrected taking
into account the multiple-scattering of light within the filter-
tape. In fact, this multiple-scattering parameter, C, has been
shown to present higher values for aerosol particles with high
SSA values, such as mineral dust particles, in comparison
with the typical C value found for conventional urban and
regional background sites (e.g. Di Biagio et al., 2017; Yus-
Díez et al., 2021). Given that the measurements were per-
formed in an environment mainly characterized by dust par-
ticles, we used a C value obtained by performing an iterative
approach to the SSA and the C as recommended in Yus-Díez
et al. (2021), using the fitted values provided therein for the
mountain-top station and also its spectral dependence highly
affected by mineral dust particles during Saharan dust out-
breaks. This method which yield a C of 4.44 at 370 nm, 4.78
at 660 nm and 5.04 at 880 nm.

Scattering coefficients (bscat) were measured with a LED-
based integrating nephelometer (Aurora 4000, ECOTECH
Pty Ltd, Knoxfield, Australia) operating at three wavelengths
(450, 525 and 635 nm) and multiple angles (0�, 10�, 25�,
40�, 55�, 70�, 90�, and 180�). The scattering coefficients for
the forward (0�) and backward (180�) scattering were cor-
rected for non-ideal illumination of the light source and the
truncation error by applying Müller et al. (2011) correction
scheme for coarse particles.

The in-situ surface optical properties at the site of L’Bour
were performed for PM2.5 between the beginning of the cam-
paign, 2019-09-04 00:00:00 UTC, and 2019-09-26 12:00:00
UTC. After that, measurements were performed with a PM10

cut-off.

2.3 Particle number size distribution measurements

Particle number size distribution (PNSD) measurements
were performed with a fine dust aerosol spectrometer (FI-
DAS 200S, Palas Gmbh). The FIDAS deployed during the
campaign measured the PNSD through out 61 bins in an op-
tical diameter range of 0.20-17.8 µm, with a time resolution
of 120 s and an inlet flow rate of 4.8 l min�1. Since the op-
tical properties were performed using an aerodynamic inlet
cut-off, and the OPC measurements report the particle size in
optical diameters, we have converted the later to the former
following Huang et al. (2020) by applying a factor of 1.46
to the FIDAS optical diameter. A deeper analysis of the site
PNSD measurements and its implications for dust emission
can be found in González-Flórez et al. (in prep.).

2.4 Meteorological measurements.

Here we have used wind measurements performed at a height
of 2 m heights (roughly at the same height as the inlet head
of the optical and particle size distribution measurements)
through a 2-D sonic anemometer (model WINDSONIC4-L,
Campbell Scientifics, USA) mounted on a 10 m meteorolog-
ical tower. The anemometers were mounted pointing to the
north. The wind friction velocity (u⇤) was derived following
an iterative procedure based on the law of the wall method.
The measurements were performed with a frequency of 0.5
Hz and averaged during data processing to 15 min, so that
the frequency is high enough to catch the air turbulence but
not that high to mask it with noise.

2.5 Intensive aerosol optical properties

By combining the extensive optical properties obtained with
the AE33 and the polar nephelometer, i.e. the absorption and
scattering coefficients, with the PNSD measured with the FI-
DAS, we have been able to derive an array of intensive op-
tical properties. These intensive optical properties depend on
the physico-chemical properties of the dust particles as the
mineralogy, the size distribution, the shape of the particle,
etc (see Table 1). Hereafter we present a brief description of
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Figure 1. Area of study over a) Northern Africa, b) the instrument deployment over the L’Bour site, and c) optical instrumentation (c).

the calculated intensive optical properties and the equations
used to derive them:

a. The Scattering Ångström Exponent (SAE) depends on
the physical properties of aerosols, and mostly on the
particle size. SAE values lower than one are associated
with the presence of coarse particles, that can be asso-
ciated to the emission of dust particles in L’Bour site,
(Seinfeld and Pandis, 1998; Schuster et al., 2006). The
SAE was calculated as linear fit in a log-log space using
the scattering measurements at the three wavelengths.

b. The Absorption Ångström Exponent (AAE) depends
mostly on the chemical composition of the sample parti-
cles. In highly anthropogenic backgrounds typical AAE
values range between 0.9 and 1.1 (Kirchstetter et al.,
2004; Petzold et al., 2013). However, under scenarios
where mineral dust outbreaks affects the measurements,
the AAE increases and values between 2 and 6.5 have
been observed (Schuster et al., 2016; Caponi et al.,
2017). This increase of AAE values is due to the higher
absorption efficiency of the dust particles in the short-
UV region of the spectrum compared to the near-IR
(Kirchstetter et al., 2004; Chen and Bond, 2010). This
disparity in the absorption efficiency of the dust parti-
cles is caused by the higher imaginary refractive index
at shorter wavelengths of iron oxide containing parti-
cles as goethite (e.g. Müller et al., 2009; Schladitz et al.,
2009; Schuster et al., 2006). The AAE was calculated as
linear estimation in the log-log space using the multi-
wavelength absorption measurements from AE33.

c. The Single Scattering Albedo (SSA) is one of the most
relevant parameters for climate models since it indicates
the potential of aerosols for cooling or warming the at-
mosphere. SSA values for Saharan dust have been found
to range between 0.92 at 370 nm and 0.98 at 880 nm
(Di Biagio et al., 2019), and between 0.9 and 0.96 at the

green wavelengths depending on the estimated dust iron
content (Claquin et al., 1999; Schladitz et al., 2009).
SSA has been obtained as the ratio between the scatter-
ing and the extinction coefficients at all the AE33 wave-
lengths. This was achieved by extrapolating the scat-
tering measurements at the polar nephelometer wave-
lengths to the AE33 wavelengths using the experimental
SAE.

d. The Single Scattering Albedo Ångström Exponent
(SSAAE) is used as an indicator for the presence of
coarse particles (e.g. dust) when values are <0 (Col-
laud Coen et al., 2004; Ealo et al., 2016). SSAAE was
calculated by fitting the SSA calculated at the 7 AE33
wavelengths in the log-log space.

e. The asymmetry parameter (g) represents the probabil-
ity of radiation being scattered in a given direction. The
range of values is [�1,1] for backward (180�) to for-
ward (0�) scattering, respectively. Thus, for atmospheric
particles positive values between 0.6-0.85 for dust par-
ticles are typically assumed in most climate models
(Sokolik and Toon, 1999; Horvath et al., 2018; Ryder
et al., 2018). Here we have obtained the g by calculat-
ing the phase function from the multi-angle measure-
ments from the integrating nephelometer by assuming
spherical isotropic particles (Liou, 2002; Horvath et al.,
2018).

f. The Mass Absorption, Scattering, and Extinction effi-
ciency (MAE, MSE, and MEE) represent the absorp-
tion, scattering, and extinction efficiency, respectively,
of the collected particles per unit of mass and typical
dust particle values around 0.32 m2 g�1 for the MEE
have been reported (Ryder et al., 2018). The MAE, MSE
and MEE were obtained as the ratio between the absorp-
tion, scattering, and extinction coefficients, respectively,
and the mass concentration derived from the PNSD,
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which given the location of the measurements site can
be attributed exclusively to mineral dust.

3 Results

3.1 Field campaign measurements time evolution

Figure S1 shows the temporal evolution of the extensive and
intensive optical properties, the mass concentration, the par-
ticles effective radius, the wind speed, and the friction veloc-
ity during the measurement campaign. As aforementioned,
there were two distinct measurement periods with regards to
the inlet cut-off: a first period with a PM2.5 cut-off from the
onset of the campaign up to the 26th of September, and a pe-
riod with a PM10 cut-off period from then until the end of the
campaign.

The evolution of babs, bscat (Figs. S1a,b) and of the par-
ticle mass concentration (Fig. S1c), were correlated and
showed a distinct behaviour, with periods characterized by
very low values reflecting background conditions without
dust emission and low concentration of particles, and peri-
ods with large values indicating large dust emission over the
area (Fig. S1a,b,c). Similarly, the intensive optical proper-
ties (Figs. S1d,e,g) reflected the presence of either a back-
ground condition mostly dominated by few coarse dust par-
ticles (AAE between 1.5 and 2.0, SAE<1, and SSAAE<0)
under calm wind conditions, and the presence of dust emis-
sion processes, with AAE values above 2, up to 3.5, negative
SAE values, and a decrease in the SSAAE values. Moreover,
during dust formation/resuspension g showed higher values,
around 0.66-0.70, and lower BF values, around 0.10-0.12,
associated to a larger relative proportion of coarser particles.
In addition, there were sporadic periods with very low min-
eral dust particles that reflected a higher influence by anthro-
pogenic emissions, as the period between the 7th and the
11th of September. This period was characterized by over-
all very low absorption and scattering values, indicating that
this anthropogenic emissions were not that high, with inten-
sive properties showing values of AAE close to 1, SAE>1,
and SSAAE>0.

As aforementioned, we observed three distinct type of sce-
narios during the campaign that are described with more de-
tails below. These scenarios can be described as follow: lo-
cal dust emission period (21st of September, Period A, Fig.
2a), regional advected dust period (also referred to as Ha-
boob) plus the co-emitted local dust (6th of September, Pe-
riod B, Fig. 2b), and anthropogenic pollution advection pe-
riod mixed with some minor local dust emissions (between
the 7th and the 10th of September, Period C, Fig. 2c). Fig.
S2 shows that the highest mass concentrations and effective
radius, indicating the presence of coarser particles, were ob-
served during Period B (regionally advected dust in addition
to local dust emission). During this period the highest wind
speeds and friction velocities were recorded, thus favouring

the emission of dust particles (Shao, 2008). As expected, the
second most important period with regards to the mineral
dust concentrations with large effective radius was during the
local dust emission period (Period A). As a consequence, the
absorption and scattering coefficients during Period A and
B were above the average of the campaign with PM2.5 inlet
cut-off, especially during Period B (Fig. S3). During Period
C, when the largest relative contribution of anthropogenic
particles and the lowest dust emission were observed, the
mass absorption efficiency had the largest values with val-
ues of around 0.045 at 370 nm, and of 0.014 m2 g�1 at 880
nm, whereas for the dust emission periods, the values were
around 0.028-0.030 at 370 nm, and of 0.004 m2 g�1 at 880
nm, an (see Table 2). Similarly, the mass scattering efficiency
(Fig. S4b) was also the highest for the Period C, with the
lower values for the stronger dust emission periods (A and
B). The mass extinction efficiency, mainly driven by the scat-
tering, presented the same pattern, with a more acute differ-
ence between the different periods (Fig. S4c). With regards
to the intensive optical properties, Fig. S5-S6 and Table 2
show the prevalence of coarse (SAE<0) particles during pe-
riods A and B, with an increased forward scattering (g>0.65
and BF<0.125). The g and BF increased and decreased, re-
spectively, with increasing wavelength (see also Fig. S5) .
Moreover, Figure 5a shows that dust particles during A and
B were more absorbing at the short-UV (lower SSA) than for
the rest of events, yet as the wavelength increased towards the
near-infrared, they became the highest, whereas for Period C
the SSA became the lowest for the longer wavelengths due
to the presence of anthropogenic particles. This contrasting
spectral behaviour of the SSA for the Periods A and B vs
Period C is a consequence of the absorption decrease of the
iron-oxides refractive index with the wavelength for the for-
mer, and the presence of anthropogenic particles that do not
present this decrease for the latter. This spectral behaviour of
the absorption with higher absorption values for the shorter
wavelengths for the dust emission periods A and B was also
reflected in the AAE, with values above 2, and the SSAAE,
which presented negative values, whereas for period C the
AAE is closer to 1 and the SSAAE if closer to 0.

The similitude of period A and the campaign average val-
ues (cf. Table 2) shows the prevalence of this type of process
for the emission of dust, yet the presence of events like the
one recorded during Period B are also of interest, since these
events produce large entrainments of mineral dust into the
troposphere and can have larger effects on the radiative bud-
get (Bukowski and van den Heever, 2021). Moreover, Period
C shows that even in remote isolated sites the measurements
can also be affected by regional and local anthropogenic pol-
lution, as also detected during SAMUM-1 (Müller et al.,
2009), which should be taken into account when analyzing
the optical properties and its attribution solely to mineral
dust.
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Figure 2. Time evolution during the highlighted periods of the measurement for a) Period A (between midnight 21st and morning 22nd
September 2019), b) Period B (between midnight 6th and morning 7th September 2019), and c) Period C (between midnight 7th and noon
11st of September 2019) for: the absorption coefficients at 370 and 880 nm, the forward and backward scattering at 525 nm, the single
scattering albedo (SSA) at both 370 and 880 nm, the scattering, absorption, mass extinction efficiency and SSA Ångström Exponent (AAE,
SAE, MEEAE, SSAAE), the mass absorption, scattering and extinction efficiency (MAE, MSE, MEE), the Mass concentration and the
particle effective radius extensive and intensive optical properties, as well as the mass concentration and the particles effective radius, the
asymmetry parameter and the backscatter fraction (g, BF), and h) the wind speed and friction velocity (u⇤).
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Table 1. Parameters, instrumentation and method of derivation of the optical extensive parameters, particle number size distribution mea-
surements and its derived moments, and the derived intensive optical properties used through-out this study for the different periods PM2.5

and PM10. In this table, r represents the particle radius and rx the radius for both rPm2.5 and rPM10, depending on the particle size range
associated to each measurement period.

Parameters Symbol Range Method

Optical Extensive Measurements

Absorption babs �= 370, 470, 520, 590, 660, 880, 950 nm Dual-spot multiwavelength aethalome-
ter (AE33)

Scattering bscat
�= 450, 525, 635 nm
✓ = 0, 10, 25, 40, 55, 70, 90, 180 � Multiwavelength integrating polar

nephelometer (Aurora 4000)

Particle Size Distributions Measurements

Particle Number Size

Distribution
N(r)

rPM2.5 = 0.2 - 2.5 µm
rPM10 = 0.2 - 10µm Fine dust aerosol spectrometer (FIDAS)

Particle Mass

Concentration
MPM

rPM2.5 = 0.2 - 2.5 µm
rPM10 = 0.2 - 10µm MPM = ⇢ · ⇡

6 ·
rxZ

0.2

r3N(r)dr

Effective Radius Re↵
rPM2.5 = 0.2 - 2.5 µm
rPM10 = 0.2 - 10µm Re↵ =

rxZ

0.2

r3N(r)dr

rxZ

0.2

r2N(r)dr

Optical Intensive properties

Mass Absorption

Efficiency
MAE �= 370, 470, 520, 590, 660, 880, 950 nm MAE =

babs

MPM

Mass Scattering

Efficiency
MSE �= 450, 525, 635 nm MSE=

bscat

MPM

Mass Extinction

Efficiency
MAE �= 370, 470, 520, 590, 660, 880, 950 nm MEE=

babs +bscat

MPM

Single Scattering Albedo SSA �= 370, 470, 520, 590, 660, 880, 950 nm SSA =
bscat

babs +bscat

Absorption Ångström

Exponent
AAE �= 370-to-950 nm Fit in the log-log scale to:

ln(babs(�)) =�AAE · ln(�)+�

Scattering Ångström

Exponent
SAE �= 450-to-635 nm Fit in the log-log scale to:

ln(bscat(�)) =�SAE · ln(�)+�

SSA Ångström

Exponent
SSAAE �= 370-to-950 nm Fit in the log-log scale to:

ln(SSA(�)) =�SSAAE · ln(�)+�

Backscatter fraction BF �= 450, 525, 635 nm BF =
bscat(✓ = 90�)

bscat(theta = 0�)

Asymmetry

parameter
g �= 450, 525, 635 nm

g = 1
2

1Z

�1

P(cos✓)cos✓dcos✓,

where P(cos✓) is the phase function

3.2 Optical properties dependence with the friction

velocity

Here, we have separated the analysis of the different opti-
cal parameters upon the two main dominant wind directions

and the intensity of the dust emission scenarios. To be able
to perform such differentiation, we used the wind direction
(wd) and friction velocity (u⇤). The site was characterized
by a bimodal wind distribution, with a northwestern to south-
eastern direction sector (NE, 330-150 �) and southeastern to
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Table 2. Overall campaign and different specific periods (A,B,C) mean values and standard error of the of all the obtained parameters. The
result is separated upon the different inlet-cut off periods: PM2.5 and PM10. The PM2.5 period took place between 2019-09-04 00:00:00 UTC
and 2019-09-26 12:00:00 UTC; and the PM10 period spanned from then to the end of the measurements, the 2019-09-04 00:00:00 UTC. The
number of measurements (n) refers to the 15 min. averages used for the analysis on this study.

PM2.5 PM10

Units
Average

(n=2156)

Period A

(n=96)

Period B

(n=96)

Period C

(n=379)

Average

(n=464)

babs,370 Mm�1 4.92± 0.49 5.65± 0.58 14.75± 2.65 2.30± 0.10 4.84± 0.51
babs,880 Mm�1 0.69± 0.05 0.70± 0.06 1.54± 0.25 0.47± 0.01 0.75± 0.05
bscat,525 Mm�1 101.68± 11.74 116.28± 12.47 320.22± 62.74 41.56± 2.32 94.56± 11.08
bbscat,525 Mm�1 10.72± 1.10 12.62± 1.17 30.92± 5.91 5.02± 0.21 12.59± 1.37
N # 50.36± 2.90 55.20± 4.14 96.60± 15.56 37.39± 0.76 32.55± 2.33
M µg m�3 194.63± 21.36 222.90± 24.85 631.20± 112.00 76.58± 5.46 529.43± 65.10
Re↵ µm 1.007± 0.007 1.095± 0.004 1.161± 0.005 0.946± 0.008 2.448± 0.010
MAE370 m2 g�1 0.043± 0.001 0.028± 0.001 0.031± 0.002 0.05± 0.002 0.013± 0
MAE880 m2 g�1 0.010± 0 0.004± 0 0.004± 0 0.014± 0.001 0.002± 0
MSE525 m2 g�1 0.711± 0.015 0.574± 0.013 0.653± 0.051 0.762± 0.017 0.236± 0.003
MEE370 m2 g�1 0.877± 0.023 0.603± 0.015 0.669± 0.052 1.002± 0.029 0.234± 0.003
MEE880 m2 g�1 0.622± 0.011 0.596± 0.013 0.702± 0.053 0.608± 0.01 0.255± 0.004
SSA370 � 0.951± 0.001 0.952± 0.001 0.949± 0.001 0.95± 0.001 0.935± 0.003
SSA880 � 0.984± 0.001 0.993± 0 0.993± 0 0.979± 0.001 0.986± 0.003
AAE � 1.81± 0.02 2.17± 0.03 2.26± 0.03 1.61± 0.02 1.85± 0.01
SAE � 0.26± 0.018 -0.04± 0.01 -0.12± 0.01 0.43± 0.02 -0.17± 0.01
SSAAE � -0.033± 0.001 -0.040± 0.001 -0.043± 0.001 -0.029± 0.001 -0.061± 0.008
MEEAE � 0.66± 0.02 0.37± 0.01 0.28± 0.01 0.84± 0.02 -0.07± 0.01
BF525 � 0.127± 0.001 0.117± 0.001 0.102± 0.001 0.135± 0.001 0.14± 0.001
g525 � 0.646± 0.002 0.673± 0.002 0.694± 0.002 0.627± 0.002 0.631± 0.001

northwestern sector (SW, 150-330 �) as the main directions
and with the highest wind speed and wind friction veloc-
ity values (Fig. S7). By segregating the data into different
wind directions we were able to isolate the dust emission
events that were possibly affected by the advection of an-
thropogenic particles from the upstream nearby villages at
the NE sector, as well as isolate the dust coming from more
local sources and also from a more regional background,
SW, (see Fig. 1). Moreover, since the forces that regulate the
dust emission depend on the friction velocity (Shao, 2008),
the separation upon wind friction velocities was performed
following González-Flórez et al. (in prep.), by defining sev-
eral u⇤ thresholds that allowed to differentiate between var-
ious intensity levels of dust emission. A u⇤ below 0.1 ms�1

was considered to showcase scenarios with absence of emis-
sion, between 0.1 and 0.2 ms�1 with negligible emission
and the possibility of some deposition of dust; whereas as
u⇤ increases above 0.2 ms�1 so it does the dust emission
González-Flórez et al. (in prep.).

3.2.1 Absorption, scattering and extinction coefficients

The extensive optical properties, namely the absorption
(babs) and scattering coefficients (bscat), showed an increase
of the values with u⇤, especially for the wind sector less in-
fluenced by anthropogenic emissions (SW) and especially at

the shortest wavelengths (Figure 3). Thus, since both babs
and bscat values are driven by the amount of particles, the
observed increase in the coefficients was related to the in-
crease in the number concentration of dust emitted.

During the PM2.5 period, for a given wind friction veloc-
ity, the values of the absorption and scattering for the NE
sector were larger than for the SW sector, except for the 2
highest u⇤ for the scattering. However, during the PM10 pe-
riod, the NE sector did not present as many events with high
u⇤ values, with the more intense emission processes for the
SW sector. By comparing between the PM2.5 and PM10 pe-
riod, similar absorption and scattering values were observed
for the lower u⇤. However, during the PM10 period, for the
highest u⇤ (> 0.3 ms�1), as the dust emission increased the
values were twice those observed during the PM2.5 period.

3.2.2 Absorption and scattering Ångström exponents

Figure 4 shows that as u⇤ increased, the AAE increased up
to values around 2.25-2.5, the SAE decreased, with its lowest
values when the friction velocity was the highest. The trends
in the AAE and SAE with increasing friction velocities as-
sociated with an increasing relative importance of the min-
eral dust particles in the aerosol mix. Moreover, the reduction
in the standard error presented by both Ångström exponents
was mainly associated with an increasing homogeneity in the

Chapter 8 Mineral dust properties at an emission area
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Figure 3. Multi-wavelength absorption (babs) and scattering (bscat) coefficients, upper (a,b) and lower (c,d) panel, respectively, at M’Hammid
separated by the two dominant wind sectors (NE and SW) and different levels of friction velocity (u⇤) for both PM2.5 (left panel) and PM10

(right panel) periods.

mineralogical and particle size distribution, which could also
be attributed to the increasing relative importance of the min-
eral dust particles.

Median values separated upon wind sectors and friction
velocity show as expected values associated with the pres-
ence of dust. AAE values above 1.5-2.0 implied a larger ab-
sorption efficiency at the short-UV range of wavelengths,
that, in the area of study, was associated to the presence of
iron oxides, within the emitted dust particles. Mineralogi-
cal analysis for the site (González-Romero et al., in prep.;
Panta et al., in prep.) and nearby areas (Kandler et al., 2009)
showed that a large proportion of iron oxides below 10 µm
were due to iron-oxides, and could be classified as hematite-
like, which have an increasing imaginary refractive index to-
wards shorter submicrometric wavelengths (e.g. Sokolik and
Toon, 1999; Lafon et al., 2006). Moreover, SAE values be-
low 1 were found for almost all samples, reflecting a large
relative proportion of coarse particles associated to the min-

eral dust particles, and that as u⇤ increased, the median SAE
decreased below 0, reflecting an increase in the size of the
particles (González-Flórez et al., in prep.).

Both AAE and SAE showed similar values and behaviour
with the friction velocity, independently of the periods em-
ployed. The main differences between both cut-offs lays in
the amount of measurements available, since the PM10 pe-
riod lasted for fewer days (ca. 6 for PM10 vs 20 for PM2.5)
and consequently fewer episodes with high friction velocity
were recorded (see Fig. S1).

3.2.3 Mass absorption, scattering and extinction

efficiency

Figure 5 shows the spectral behaviour of MAE, MSE and
MEE under different u⇤’s. As expected, MAE and MSE
showed a similar spectral behaviour as the absorption and
scattering coefficients (Figs. 3). The MAE (Figure 5a,b), in-
dependently of the used inlet cut-off, decreased with increas-
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Figure 4. Boxplots of the absorption (upper panel) and scattering (lower panel) Ångström exponents at M’Hammid separated by the two
dominant wind sectors (E-SW) and different levels of friction velocity (u⇤) for both PM2.5 (left panel) and PM10 (right panel) periods.

ing friction velocity. As already commented, Figure 3a,b
shows an increase of the absorption coefficients with u⇤,
whereas Fig. 5a,b shows a decrease of the MAE with u⇤.
This behaviour can be associated to the larger absorption ef-
ficiency of the particles with an anthropogenic origin, which
with a lower mass concentration can produce larger absorp-
tion coefficients. Therefore, as u⇤ increases, the MAE be-
comes closer to that of pure dust. MSE presents a similar
behaviour to the MAE, although it presented larger variabil-
ity. This larger variability of the MSE could be associated
to the fact that the light scattering is mainly influenced by
the size of the measured particles, with higher scattering effi-
ciency for smaller particles compared to larger particles, with
dust emission periods presenting both fine and coarse modes
(González-Flórez et al., in prep.). The MEE (Fig. 5e,f) shows
a similar pattern as the MSE one, which is to be expected
given that MSE is around one order of magnitude larger than
MAE.

For the scenarios with larger dust emission, the MEE val-
ues ranged between 0.5 and 0.6 for the PM2.5, and between
0.05 and 0.2 for the PM10. For the scenarios with a larger in-
fluence of the anthropogenic emissions the MEE ranged be-
tween 0.65 and 0.7, and between 0.2 and 0.3, for the PM2.5

and PM10, respectively. The MAE for PM2.5(PM10) values

ranged between 0.008(0.005) and 0.02(0.008) at 880, and
between 0.04(0.015) and 0.08(0.025) at 370 nm, which are
slightly lower from the values of 0.015(0.016) at 880 nm
and 0.107(0.099) from simulations chambers in Caponi et al.
(2017).

3.2.4 Single-scattering albedo, asymmetry parameter

and back-scatter fraction analysis

Here we present the single scattering albedo (SSA) and its
spectral dependence (SSAAE). Overall, Figure 6 shows high
values of SSA, ranging between 0.89 and 0.98, with higher
values at the shorter wavelengths for the lower u⇤ episodes,
and higher SSA values at the longest wavelengths during
episodes with higher u⇤ values. This inversion with the u⇤

was mainly due to the fact that when larger dust emission
takes place, the relative proportion of dust, and hence of the
iron-oxides content, increased. As a consequence, the ab-
sorption at the shorter wavelengths increased, as shown in
the AAE behaviour in Fig. 4. The dependency with the wave-
length is distinctly shown in Fig. 6c,d, where SSAAE pre-
sented mostly negative values, especially for the highest u⇤

speeds, where the dispersion, and mean values were lower.

Chapter 8 Mineral dust properties at an emission area
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Figure 5. Mass Absorption (MAE, upper panel), Scattering (MSE, middle panel) and extinction (MEE lower panel) efficiencies at
M’Hammid separated by the two dominant wind sectors (E-SW) and different levels of friction velocity (u⇤) for both PM2.5 (left panel)
and PM10 (right panel) periods.

In addition to the SSA, the asymmetry parameter, g, and
the backscatter fraction, BF, are also key parameters for the
climate models, since they parametrise the relative amount
of light scattered in the forward and backward directions by
the particles. Here, we have analyzed the spectral behaviour
of both g and BF by using the polar integrating nephelometer
(see Sect. 2.5). Fig. 7a,c shows that for the PM2.5 fraction the
g(BF) increased(decreased) with the wavelength during peri-

ods with large friction velocity (u⇤>0.25), whereas the op-
posite spectral behaviour was observed during periods with
lower dust emission, i.e. less friction velocity. This behaviour
reflected the larger relative proportion of coarse particles as
the friction velocity increased. However, during the PM10 pe-
riod the spectral dependency of g and BF was not observed
for the periods with high u⇤. The values for the g range be-
tween 0.65 and 0.72, within the range 0.6-0.85 found in the
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Figure 6. Multi-wavelength measurements of the Single-scattering Albedo (SSA, upper panel), and the derived SSA Ångström Exponent
(SSAAE, lower panel) at M’Hammid separated by the two dominant wind sectors (E-SW) and different levels of friction velocity (u⇤) for
both PM2.5 (left panel) and PM10 (right panel) periods.

literature (Sokolik and Toon, 1999; Horvath et al., 2018; Ry-
der et al., 2018).

3.3 Optical properties relationship with the effective

radius

Additionally, we have analyzed the relationship between the
AAE, the SAE, and the SSAAE, with the effective radius
of the particles (Re↵ ) and the wind fraction velocity (u⇤).
It should be noted that, when comparing between the left
(PM2.5 period) and right (PM10 period) panels of Fig. 8, the
particle size cut-off inlet change produced an expected in-
crease in the effective radius values of the measured particles
that should be taken into account.

Figure 8a shows that overall, independently of the wind
sector, the relationship showed a shallow increase of AAE
up to values of Re↵ below 1 µm followed by a more pro-
nounced increase of AAE above this values. This larger in-
crease of the AAE as the particles became coarser could be

linked with the higher relative importance of the dust emis-
sion events with larger proportion of iron content that in-
creases the absorption at the shorter wavelengths, as denoted
by both the AAE values between 2 and 2.5 for the largest
Re↵ and by the u⇤ increase with Re↵ . In addition, Fig. S8,
shows that when restricting the analysis for higher u⇤ values,
the range of Re↵ narrowed and the mean AAE values for the
boxplots for this higher Re↵ bins was higher (from around
1.2 to around 2.25), revealing an increasing relevance of the
dust particles. However, Fig. S8 does not exclude the option
of measuring coarse mineral dust particles for low wind fric-
tion velocities, as shown in the boxplots associated to high
Re↵ and AAE values around 2.25 for low u⇤. Indeed, Fig. S8
shows that u⇤ could be used as a proxy to isolate the analysis
just for dust emitted particles, given that the measured op-
tical properties for u⇤ above a threshold (around 0.3 ms�1)
can be mainly associated to the emitted dust particles (AAE
around 2.5 and SAE below 0). Moreover, Figs. 8c,d show the

Chapter 8 Mineral dust properties at an emission area
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Figure 7. Multi-wavelength asymmetry parameter (g) and Backscatter Fraction (BF) at M’Hammid separated by the two dominant wind
sectors (E-SW) and different levels of friction velocity (u⇤) for both PM2.5 (left panel) and PM10 (right panel) periods.

relationship of SSAAE with the effective radius of the parti-
cles, for the PM2.5 inlet it shows a decrease from just positive
SSAAE values with AAE close to 1 for the lowest Re↵ (i.e.
anthropogenic influenced air mass), to values around �0.07
with high AAE (above 2.2) and Re↵ values around 1.1 µm
(more heavily influenced by dust particles air mass). Regard-
ing the behaviour of SAE with Re↵ (colored bins points in
Figs. 8 upper panel) the there are two main stand-out be-
haviours: first, higher SAE values were found for higher Re↵

values, and a larger SAE values for the SW dominated sec-
tor compared to the E-NE sector, mainly due to the higher
anthropogenic emissions advected from the upriver nearby
towns for thie E-NE sector.

By comparing the PM10 with the PM2.5, the main dif-
ferences were: less pronounced increase of AAE with Re↵ ,
larger AAE values for the lower Re↵ values, and lower and
more constant SSAAE and SAE values for the PM10. These
differences could be mainly linked to three factors: firstly,
the larger inlet cut-off allows for coarser particles to be mea-
sured, which at the measurement field campaign were most
probably due to mineral dust; moreover, since the inlet cut-
offs measurements were not performed simultaneously, but
sequentially, the measurements do not reflect the same con-
ditions; and finally, the shorter measurement period for the

PM10 inlet prevented the acquisition of the same variety and
length of measurements as for the PM2.5 inlet cut-off (cf. Ta-
ble 2).

4 Summary and conclusions

Here we have presented the optical measurements results
from the FRAGMENT-Morocco field measurement cam-
paign that took place in L’Bour area in the Sahara during
September 2019. We have derived the absorption with a dual-
spot multi-wavelength aethaloemter (AE33) and the scatter-
ing with a polar multi-wavelength integrating nephelome-
ter (Aurora 4000). From this measurements we obtained the
intensive optical properties, and analyzed the behaviour of
the optical parameters and its relationships with the type of
event and the strength of the dust emission processes through
the wind friction velocity, derived from 2-D anemometers,
and the particles effective radius, obtained with a fine-dust
aerosol spectrometer (FIDAS).

With regards to the optical properties the measurement
campaign could be divided in two main periods in terms of
the used particles inlet cut-off: a PM2.5 period between the
4th and the 26th of September, and a PM10 period between
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Figure 8. Scatter plot of the Absorption Ångström Exponent (AAE) as a function of the particle effective radius (Re↵ ) —x-axis— and the
Scattering Ångström Exponent (SAE) —color code— at M’Hammid separated by the two dominant wind sectors (E-SW) and different levels
of friction velocity (u⇤) for both PM2.5 (left panel) and PM10 (right panel) periods. Superimposed over each boxplot it is attached the AAE
value of each measurement. The boxplots were calculated by grouping Re↵ into different bins, with a width of 0.1 for the PM2.5 and of 0.2
for the PM10 measurements.

then and the end of the campaign the 30th of September. The
most recurrent form of dust emission during the campaign
was local dust emission from saltation processes affecting
the area of analysis with sudden and sustained increases in
the wind velocity and friction velocity, although some larger-
scale events with dust advection from nearby sources were
also possible. Moreover, we found a period with an advection
of local anthropogenic pollution on top of the local emission
of dust at the site. The more local, saltation driven, processes
presented values, as shown for a typical period (Period A) of
around 0.919 ± 0.001 at 370 and 0.986 ± 0.001 at 880 nm
for the albedo (SSA), around 0.624 ± 0.015 at 370 and 0.6
± 0.014 at 880 nm for the mass extinction efficiency (MEE),
of 2.011 ± 0.027 and -0.038 ± 0.01 for the absorption and
scattering ångström exponent (AAE,SAE), respectively, and
of 0.673 ± 0.002 for the asymmetry parameter (g) at 525 nm.

The periods with additional regional mineral dust advection
as a consequence of the influence of a Haboob storm (e.g.
Period B) presented an increase in the MEE and the g values,
and a decrease for the SSA, the AAE and SAE. Finally, under
certain circumstances for which we were able to measure the
mixing of local dust emission with anthropogenic-like parti-
cles (e.g. Period C), the optical parameters presented values
indicating the presence of finer particles with a higher ab-
sorption efficiencies and a less pronounced dust-like spectral
dependency.

We have analyzed the optical properties of the dust par-
ticles in an emission zone depending on the strength of the
emission and how this optical properties behave under sce-
narios where dust particles can be assumed to be the only
contributor to the total particle number concentration. In or-
der to perform such analysis, we studied for all the relevant

Chapter 8 Mineral dust properties at an emission area
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optical parameters the behaviour with the friction velocity,
u⇤. We have found that as u⇤ increased, the absorption and
scattering values increased, as also did the number and mass
concentration of the particles, mainly due to the increase in
the dust emission strength. We have found that even for low
u⇤ values the intensive optical values are similar, as expected,
to those found in the literature associated to Saharan dust, i.e.
a SAE below 1, AAE above 1.5 and SSAAE below 0 (Col-
laud Coen et al., 2010). Moreover, as u⇤ increased and the lo-
cal dust emission strengthened, and particles became coarser,
with higher effective radius, the values drifted towards values
of almost solely dust particles (AAE ⇠ 2-2.5, SAE<0 and
lower SSAAE), similar to those found in soils with a higher
proportion of iron-oxides for the optical properties.

The impact of both the particle size and the different min-
eralogical composition of the mineral dust particles under
different mineral dust emission scenarios is reflected on the
SSA (and its spectral dependence) and the asymmetry param-
eter g. We observed that as the wind friction increases, the
SSA presented two distinct trends: a decrease at the shortest
wavelengths, below 520 nm, and an increase above 590 nm.
This divergent behaviour is linked to the increase of AAE for
the higher u⇤ ranges, which implies a larger amount of ab-
sorption at these shorter wavelengths, whereas at the longer
wavelengths, the absorption does not present such a large
increase. Under scenarios with a large emission of mineral
dust particles, i.e. high u⇤ values, the relative proportion of
coarse particles increased, and consequently there was an in-
crease in the forward direction, as observed in the values of
g and BF. Therefore, during this events, as a consequence of
the scattering efficiency relationship with the size parame-
ter, this increase was even higher for the longer wavelengths,
thus causing the albedo to increase towards the longer wave-
lengths.
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Figure S1:	Time evolution during FRAGMENT-Morocco measurement campaign of hourly averages of 
a) the absorption coefficients at 370 and 880 nm, b) the forward and backward scattering at 525 nm, c) the 
single scattering albedo (SSA) at both 370 and 880 nm, d) the scattering, absorption, mass extinction 
efficiency and SSA Ångström Exponent (AAE, SAE, MEEAE, SSAAE), e) the mass absorption, scattering 
and extinction efficiency (MAE, MSE, MEE), f) the Mass concentration and the particle effective radius 
extensive and intensive optical properties, as well as the mass concentration and the particles effective 
radius, g) the asymmetry parameter and the backscatter fraction (g, BF), and h) the wind speed and fraction 
velocity (u*). Between the 4th and the 26th of September the inlet cut-off was of 2.5 $\mu$, whereas from 
the 26th onward the inlet cut-off was of 10 µm, as denoted by both the labels and the shadowed background. 
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Figure S2: a) Mass concentration, b) effective radius for the selected typical event periods retrieved 
from the FIDAS particle number size distribution, and c) wind speed and d) u* measured with 3D 
wind sonics anemometers. 
 
 
 

 
Figure S3: Extensive optical measurements for the selected typical event periods: a) absorption 
coefficients at the 7 AE33 measuring wavelengths (370, 470, 520, 590, 660, 880, 950 nm), b) 
scattering coefficients at the 3 wavelengths (450, 525, 635 nm) from the polar integrating 
nephelometer. 
 
 
 
 
 
 

0

1000

2000

3000
M

Pm
 (µ

g 
m

-3
)

Campaign Average
Period A
Period B
Period C
Rest

0.50

0.75

1.00

1.25

1.50

1.75

R
ef

f (
µm

)

Campaign Average
Period A
Period B
Period C
Rest

0.0

2.5

5.0

7.5

10.0

w
s 

(m
s-

1 )

Campaign Average
Period A
Period B
Period C

0.0

0.1

0.2

0.3

0.4

0.5

u*
 (m

s-
1 )

Campaign Average
Period A
Period B
Period C

0.0

2.5

5.0

7.5

10.0

400 500 600 700 800 900
Wavelength (nm)

b a
bs

 (M
m

-1
)

Campaign Average
Period A
Period B
Period C

100

200

300

450 550 650
Wavelength (nm)

b s
ca

t (
M

m
-1
)

Campaign Average
Period A
Period B
Period C

205



 

 
Figure S4: Absorption efficiencies for the selected typical event periods: a) absorption coefficients at 
the 7 AE33 measuring wavelengths (370, 470, 520, 590, 660, 880, 950 nm), b) scattering coefficients 
at the 3 wavelengths (450, 525, 635 nm) from the polar integrating nephelometer, and c) extinction at 
the 7 AE33 measuring wavelengths (370, 470, 520, 590, 660, 880, 950 nm). 
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Figure S5: a) Single scattering albedo, SSA, b) asymmetry parameter, g, and c) the backscatter 
fraction, BF, for the selected typical event periods at the 7 AE33 measuring wavelengths (370, 470, 
520, 590, 660, 880, 950 nm). 

 

 
Figure S6: Ångström Exponents for the selected typical event periods for the: a) absorption, b) 
scattering, and c) SSA. 
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a)                                                                  b) 
 

 
 
Figure S7: Windrose of the a) wind speed, and b) friction velocity (u*) at 2 m a.g.l., i.e. the same 
height as the head inlet of the optical and psd measurements. 
 

 
Figure S8: Boxplots of the Absorption Ångström Exponent (AAE) as a function of the particle 
effective radius (Reff) x-axis, and the Scattering Ångström Exponent (SAE), color code, at M'Hammid 
separated by the two dominant wind directions (E-SW) and different levels of friction velocity (u*) 
for both PM2.5 (left panel) and PM10 (right panel) inlet cut-off. Superimposed over each boxplot it is 
attached the AAE value of each measurement. The boxplots were calculated by grouping Reff into 
different bins, with a width of 0.1 for the PM2.5 and of 0.2 for the PM10 measurements. 
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9
DISCUSSION

The results obtained in this thesis provide an exhaustive analysis of the optical properties of
atmospheric aerosol particles, with special focus on the role on light absorption of the main
absorbing aerosols, namely, BC, BrC and mineral dust particles. The long-term continuous
measurements with multiple instrumentation performed at three different background moni-
toring stations in NE Spain allowed to fully characterize for the first time in the literature the
multiple scattering parameter C, which is the most important parameter used for deriving the
multi-wavelength absorption coefficients from Aethalometer AE33 instruments. The AE33
is the most widely used instrument nowadays to derive the multi-wavelength absorption
properties of atmospheric aerosol particles and it is deployed in many important international
networks as ACTRIS and GAW. However, AE33 measurements must be opportunely calibrated
in order to provide robust particle absorption data. This thesis describes the best procedure
that can be used to derive the multi-wavelength absorption data from AE33 measurements.
Moreover, the available dataset was also used to study the absorption enhancement of BC
particles and how it changes depending on the mixing of BC with BrC, non absorbing OA and
non-carbonaceous aerosols. The study of the BC absorption enhancement is of great relevance
because the interaction of BC with electromagnetic radiations depends on the mixing state
of BC particles with other chemical compounds, thus being of great importance for climate
models and studies. This thesis provides for the first time in the Western Mediterranean
basin a comprehensive analysis of the reasons causing the enhancement of BC absorption
properties. In addition, the data collected at the three monitoring stations were coupled with
data obtained during an intensive measurement campaign over the NE of Spain performed
with instrumented flights. These airborne measurements enabled the study of both the
horizontal and vertical distribution of the aerosol particles physico-chemical properties during
periods affected by summer regional recirculation scenarios and Saharan dust outbreaks.
Finally, an intensive campaign performed in the Sahara desert, in North Africa, allowed the
study of the optical properties of mineral dust particles and its relationship with the dust
emission strength and the dust particle size distribution for the largest emission source of
mineral dust reaching the Mediterranean Basin and Europe.

The methodological approach to determine the multiple scattering correction factor C
from AE33 measurements, its relationship with composition and physical properties of the
aerosol particles collected on the AE33 filter tape, and its main implications for similar
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monitoring stations within the ACTRIS community (Objective 1) is described in Sect. 9.1.
The description of the horizontal and vertical distribution, variability and optical properties of
the atmospheric aerosol particles in NE Spain (Objective 2), the absorption enhancement of
the BC particles at two different background stations (Objective 3), the optical properties of
mineral dust particles, both at the source and in the Western Mediterranean basin (Objective
4), and its overall implications for climate modeling are described in Sect. 9.2.

9.1 Optical instruments description and
characteristics

The results of this thesis contribute strongly to our knowledge about the optical properties
of atmospheric aerosol particles and remark the importance of correctly measuring the
particles optical properties in order to provide valuable inputs to climate models to correctly
asses their effect on the Earth’s radiative budget. The measurements of the scattering
coefficient are typically performed with integrating nephelometers, as in the case of this thesis
(cf. Chapter 4). These instruments are considered as reference instruments for scattering
measurements because the sampled particles are suspended in a chamber without any
interference. Conversely, the measurements of the aerosol particles absorption coefficients
do not have an established reference method, and a variety of instruments are deployed
worldwide in many international networks. This lack of a reference technique introduces a
considerable uncertainty on the absorption measurements. Given the current context of a
changing and warming climate, it is especially important to reduce these sources of error
to better understand how much the aerosol particles contribute to the warming of climate
together with the well known greenhouse gases as CO2 and methane. Throughout this thesis,
the absorption measurements have been derived by means of filter-based photometers, namely
a multi-wavelength aethalometer (AE33), a multi-angle absorption photometer (MAAP), and
an offline polar photometer from the Università degli studi di Milano (PP_UniMI). Among
all, the most widely used instrument for in-situ surface measurements of the absorption
properties of aerosol particles is the AE33 instrument. The unique characteristic of this
instrument is its ability to obtain the absorption with a high temporal resolution at multiple
wavelengths from the short-UV to the near-IR. This instrument has been used in all the studies
that compose this thesis as the main instrument for measuring online the multi-wavelength
absorption coefficients. However, the AE33, as any other filter-based photometer, cannot be
considered as a reference instrument due to the artifacts related to the presence of the filter
tape where particles are collected.

As described in Chapter 4, the AE33 derives the aerosol particles absorption coefficients
by applying a set of corrections to the measured attenuation of light through a loaded filter
tape. Conversely, the MAAP and the PP_UniMI obtain the absorption coefficients by applying
a radiative scheme to the measurements of transmitted and backscattered light radiation,
which significantly reduces its measurement error. However, compared to the AE33, both
MAAP and PP_UniMI present some disadvantage. Indeed, the MAAP provides on-line light
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absorption only at one wavelength, thus limiting the comprehension of the spectral absorption
properties of atmospheric particles, which is fundamental to fully understand the effects of
particle absorption on climate. Whereas, the PP_UniMI, although it provides the absorption
measurements at multiple wavelengths, is an off-line instrument, thus the multi-wavelength
absorption properties are determined after analyzing aerosol samples previously collected on
a filter tape, which reduces the time resolution of the absorption measurements. In order
to reduce the uncertainties related to the AE33 instruments and especially the retrieved
absorption coefficients, this thesis provides a more accurate description of the parameters
that the AE33 uses to derive the absorption coefficients from the attenuation measurements.
Reducing these uncertainties is fundamental for climate models. Firstly, because thousands of
AE33 worldwide are providing data to the important international networks for atmospheric
research as ACTRIS and GAW and, secondly, because important parameters such as the single
scattering albedo (SSA) can be estimated properly only upon a correct estimation of particle
absorption. In this thesis it is described how to minimize the uncertainties of the absorption
measurements from AE33 using data from three different background measurement sites in
NE Spain characterized by particles with different physico-chemical properties.

The AE33 derives the absorption coefficient following eq. (4.5), where the only parameter
not monitored on-line by the instrument software is the multiple scattering parameter, C.
Other relevant parameters affecting the measurements as the flow leakage and the more
crucial filter loading effect, k, are monitored and corrected on-line by the instrument. The
filter loading effect refers to the progressive reduction of the instrument sensitivity due to the
increase of the aerosol load on the filter spot. This artifact produces a shadowing effect of the
light radiation that is corrected on-line by the AE33 software by simultaneously measuring
the attenuation of light through two filter spots with different flow rates. A comprehensive
analysis of the C parameter is shown in Chapter 5. The C corrects for the multiple scattering
within the filter tape from both the filter fibers and the sampled aerosol particles, thus it is
highly sensitive to both the type of filter tape used and the physical properties of the collected
particles. The analysis of this parameter was obtained using as reference instruments for the
aerosol particles absorption the MAAP and the PP_UniMI. Although these instruments are not
considered as reference instruments per se, it is common praxis to consider them as such as a
consequence of the more complex method they use to derive the absorption that reduces the
impact of the artifacts introduced by the presence of the filter tape (Backman et al., 2017).

The relationship of the multiple scattering parameter with SSA follows eq. (4.9), where the
cross-sensitivity to scattering factor, ms, determines how much the C increases with increasing
SSA values. In the case that the collected particles have high scattering efficiency, i.e. high
SSA values, the multiple scattering within the filter tape increases the length of the optical
path of the radiation beam, thus artificially increasing the apparent absorption of the sampled
particles. As a consequence of the rapid increase that the C presents for very high SSA, up to
2 or 3 times higher (see Fig. 9.1), the use of a tailored C for deriving the absorption from the
AE33 attenuation coefficients becomes paramount. In fact, in Chapter 5, the higher overall
increase of the multiple scattering parameter was observed at the mountain-top station,
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Montsec d’Ares (MSA), where the SSA at 637 nm shows values often above 0.95. These
high SSA values were mainly associated to the presence of mineral dust during Saharan dust
outbreaks that efficiently scatter sunlight at 637 nm. At the regional background station,
Montseny (MSY), although the relative importance of mineral dust on PM is lower compared
to MSA, the SSA is often high due to the presence of both fine anthropogenic and biogenic
sources that can increase the SSA values and, therefore, the C. At MSA, the presence of dust
particles under high SSA was demonstrated by the simultaneous increase in the particle
size, shown by the decrease of the backscatter fraction (BF), the increase in the short-UV
absorption efficiency, causing AAE values above 2.0, and the decrease of the SSAAE to
values below 0. On the other hand, at MSY the presence of high OA concentrations, causing
high SSA values, was denoted by a progressive increase of the AAE with increasing SSA (cf.
Figs. S3-S6 in Chapter 5). Therefore, the effects of mineral dust on SSA and on C became
less crucial at the regional background station, MSY, and were not observed at the urban
background station, Barcelona (BCN), mainly due to the relatively lower influence of dust
particles during Saharan dust outbreaks on the overall aerosol load as a consequence of the
higher relative contribution of anthropogenic sources. This higher relative contribution from
anthropogenic and more absorbing sources in BCN, and to a lesser extent at MSY, compared
to MSA, prevents the SSA to reach high values.
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Figure 9.1: Cross-sensitivity to scattering dependency of the multiple scattering parameter, C, of the
aethalometer AE33 by using the Barcelona (BCN), Montseny (MSY), and Montsec d’Ares
(MSA) stations fitted values obtained in Chapter 5.

In addition to the dependency with the SSA, Chapter 5 reports on the spectral dependence
of the multiple scattering parameter, C(�), at the three different background scenarios in
the WMB: BCN, MSY and MSA. The analysis of the slope of the relationship between the C
and the wavelength showed that the C increased with increasing wavelength at MSA under
high SSA values. This progressive increase of the C with the wavelength was also associated
to the presence of coarse mineral dust particles at this site. In fact, an increase in the slope
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between C and wavelength was observed for negative SSAAE values (cf. Figs. 5 and S9 in
Chapter 5). This increase of the C values towards the longer wavelengths was associated
to the higher scattering efficiency of dust particles with increasing wavelength, since coarse
mineral dust particles present their maximum scattering efficiency at longer wavelengths
compared to fine particles (cf. Chapter 1). At the urban background station in BCN, no
s.s. trend of the C parameter with the wavelength was found, which was associated to the
absence of high SSA values that can increase the C. However, these results do not imply that
the spectral dependence of C is only limited to aerosol backgrounds impacted by mineral
dust particles. In fact, the results show that, given the observed increase of C with increasing
SSA values, the spectral dependence of C could be observed whenever particles with high
SSA dominate the sample. If the measurements are dominated by fine and highly scattering
particles, such as sulphates, then the wavelength at which the scattering coefficient has its
maximum will be lower, thus higher SSA values will be found at shorter wavelengths, and
therefore higher C values will be obtained for the shorter wavelengths. Moreover, these
fine particles can penetrate deeper into the filter, thus increasing furthermore the multiple
scattering for the shorter wavelengths. Indeed, this inverse trend for the urban sites, where
the C parameter decreases with increasing wavelength, is shown in Bernardoni et al. (2021),
Ferrero et al. (2021) and Drinovec et al. (2022), and it can also be suggested by Fig. 5a in
Chapter 5. In fact, Drinovec et al. (2022) has found that the scattering artifact and the C
parameter increased for particles with a smaller diameter, even for soot particles with low
SSA, by comparing the AE33 measurements with a phototermal interferometer (PTAAM-2�).
This becomes of great relevance, since at measurement sites where frequently fine particles
are measured, a decrease of the C parameter with the wavelength could be observed.

As aforementioned, the dependencies of the C with both the SSA and the wavelength are
particularly important for deriving the absorption coefficients from the AE33 aethalometer
when the collected particles have high SSA. In fact, not applying a correction to the AE33
data for the increase in the cross-sensitivity to scattering hinders the accurate determination
of the absorption coefficients. This relationship is of particular interest in remote areas
where high SSA values are common, such as isolated Arctic stations, remote coastal sites and
mountain-top monitoring sites. Previous studies have shown that the average C parameter
values at these remote sites are higher than those obtained at urban background stations,
even if an exhaustive analysis of the reasons causing the increase of the C parameter was
not provided in these studies (Backman et al., 2017; Laing et al., 2020). In fact, as shown
by Laj et al. (2020), 8 measurement sites have a higher average SSA than MSA, and around
9 had an average SSA higher than 0.925 at 550 nm, then if the absorption measurements
were obtained with an AE33, around 17 out of the 30 stations analyzed would also be
affected by the cross-sensitivity to scattering of the filter tape (cf. Fig. 9.1). Moreover, the
spectral dependence of the C is crucial for determining the spectral dependencies of the
absorption and other parameters influenced by this dependence, such as the AAE. In fact,
there are numerous publications in the literature where the AAE has been derived from AE33
measurement. However, the possible spectral dependence of the C factor has been never
taken into account, thus increasing the uncertainties related to the determination of the
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AAE. Indeed, by using a wavelength-dependent C, an increase of the AAE up to a 13% was
observed at MSA station when compared with the AAE obtained using a constant C (see Fig.
9.2).
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Figure 9.2: Variation of the AAE at an urban background station in Barcelona (BCN), a regional
background station in Montseny (MSY) and a mountain-top station in Montsec d’Ares
(MSA) depending on the use of a constant or a wavelength dependent multiple scattering
parameter, Cconst and C (�), respectively.

Furthermore, the results presented in this thesis are also of high interest for the measure-
ment of mineral dust particles absorption coefficients with the AE33, since SSA of mineral
dust in the visible to near-IR spectral range is around the 0.9-0.95 threshold and the C is
expected to increase. As proposed in Chapter 5, an iterative procedure should be used to
obtain the site-specific C parameter in case that the AE33 absorption coefficients were not
measured in parallel to a MAAP to obtain the cross-sensitivity to scattering of the C at that
given location. Indeed, during the FRAGMENT campaign in the Sahara in Chapter 8, we
derived the C value by performing a multi-step recursive algorithm that: i) assumed an initial
C value that corresponded to the ACTRIS harmonized C parameter to obtain the absorption
coefficient, and then calculated the average SSA, ii) thereafter it derived the new C associated
to this given SSA following eq. (4.9) by assuming the cross-sensitivity fitted values from the
MSA from Chapter 5, and iii) repeated steps i) and ii) until the C converged. In addition,
it was also assumed the same spectral relationship of the C parameter as the one found in
MSA, i.e. a linear increase of the C parameter with the wavelength. The C values obtained
by following this iterative approach were 4.44 at 370 nm, 4.78 at 660 nm and 5.04 at 880
nm. In comparison with the SSA values obtained using the C value proposed by the ACTRIS
working group on optical properties (Müller and Fiebig, 2021), the SSA from the iterative
procedure showed an increase for the visible and near-IR wavelengths, from around 0.965 to
0.981 at 660 nm. Overall, the values for the C were comparable, albeit higher, with those
found by Di Biagio et al. (2017) in a chamber experiment where mineral dust from different
soils were resuspended, and the C for dust particles from Saharan and Sahel deserts ranged
between 3.94 and 4.1 at 370 nm, and between 3.60 and 3.78 at 660 nm.
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9.2 Horizontal and vertical spatial distribution of the
optical properties in the NE of Spain

The characterization of the optical properties of the most relevant aerosol species with
regards to their warming effect on the radiative forcing was performed at different locations
in the NE of Spain that are representative of the most common background scenarios in the
Mediterranean basin. The analysis of the vertical distribution of the aerosol particles physical
properties in the NE of Spain was performed through airborne measurements during an
intensive campaign that allowed the study of the physical properties of the multiple aerosol
layers over this area under both typical summer recirculation patterns and Saharan mineral
dust outbreak scenarios. In addition, it was studied the absorption enhancement of the BC
particles as a consequence of its mixing with BrC particles and other aerosol species. Finally,
Saharan mineral dust optical properties were characterized in an emission area of mineral
dust in the Sahara desert, which is the principal contributor to mineral dust outbreaks over the
Mediterranean. The mineral dust outbreaks from North Africa affecting the Mediterranean
not only modify the optical properties of the aerosols, but are also associated to increasing
snow melt, visibility reduction, lower air quality, and increasing human health risks, among
others.

9.2.1 Optical properties of multiple aerosols layers under
recirculation patterns in the Mediterranean

As commented in Chapter 4, the Iberian Peninsula is frequently under high pressure systems
which during winter promote the stagnation of air masses with consequent accumulation
of pollutants at the surface thus causing frequent excedances of the air quality limit values
specified in the European Air Quality Directive (https://www.eea.europa.eu/themes/air/
air-quality-management/improving-europe-s-air-quality/policy-context). During
summer, the atmospheric conditions favour the formation of recirculation patterns, which
are highly enhanced by the local orography. The temperature gradient, in the case of the
Mediterranean cost between the sea and land surface, creates a pressure gradient which
enables the formation of a breeze that advects the pollutants from the coast toward inland
areas through the valleys (Atkinson, 1982). During summer, the larger pressure gradient
creates a stronger breeze which can reach the Pyrenees mountain range where the pollutants
are injected into the mid-troposphere and transported back into the Mediterranean coast
where they sink through subsidence processes, creating a recirculation pattern. In addition,
during this periods it is also frequent the overlap of Saharan dust outbreaks, thus further
creating a more complex mixture of aerosol particles over the area of study. As a consequence,
different layers of pollutants in the atmosphere that increase the aerosol optical depth
and influences the radiative balance at a regional scale can be found over the Western
Mediterranean coast and other regions of the Iberian Peninsula (e.g. Millán et al., 1997;
Gangoiti et al., 2001; Querol et al., 2018).
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The results from Chapter 6 showed the spatial distribution of aerosol particles properties
under summer regional circulation scenarios, with a period characterized by the coupling
of the regional recirculation with a Saharan dust outbreak, using measurements from the
regional background station of MSY and from the mountain-top station of MSA. The physico-
chemical properties of the aerosol particles at these stations in the NE of Spain and the
relationship between optical properties and the different sources and meteorological scenarios
have been subject to thorough analysis (e.g. Ripoll et al., 2014; Pandolfi et al., 2014; Ealo et
al., 2018). Ripoll et al. (2014) found that both stations had the second highest concentration
values of PM, BC and particle number during summer, and especially during the recirculation
pattern episodes and the Saharan dust events. Moreover, Pandolfi et al. (2014) showed that
the scattering and absorption coefficients at MSA were the second highest and the highest
during these summer recirculation events, and vice-versa for the Saharan dust event. Also,
Pandolfi et al. (2014) reported an increase during summer of both the mass absorption
and scattering cross-sections associated to the more frequent occurrence of the summer
regional recirculation patterns and the Saharan dust events. This increase in the extensive
optical properties in summer at MSA was associated to the increase in the amount of BC, PM
and aerosol particle number concentration, the relative increase of aged organics and the
advection of mineral dust particles over the area of study (Ripoll et al., 2015a). Indeed, Ealo
et al. (2018) observed that at both MSY and MSA stations the main species contributing to
the absorption were BC from traffic/industrial sources, which relative contribution remained
similar throughout the year, aged organics, which relative contribution increased during
the summer months, and secondary nitrate, which relative contribution increased in winter.
Concerning the scattering, secondary sulphate and nitrates particles were identified as the
most important species contributing to the measured scattering values, with the additional
contribution of mineral dust particles during the Saharan dust events. Pandolfi et al. (2014)
showed that these summer recirculation patterns were characterized by very fine particles, as
denoted by the high concentrations of PM1, and the SAE values around 1.8 on average, which
were the highest compared with other meteorological scenarios, whereas during the Saharan
dust events, although the PM1 concentrations were also very high, the presence of very coarse
mineral dust particles resulted in the lowest SAE values. Moreover, Ealo et al. (2016) showed
that at MSY and MSA during the recirculation pattern the AAE ranged between 1.1 and 1.6
depending on the relative contribution to the total BC from biomass burning, and found AAE
values during a Saharan dust event ranging between 1.4 and 2 at MSA.

Overall, during the recirculation episode shown in Chapter 6 both MSY and MSA showed
similar values for the PM1 concentrations when compared with average values for this pattern
reported in the literature (Pandolfi et al., 2014; Ealo et al., 2016). However, this specific
recirculation episode showed higher PM10 concentrations with a higher fraction of coarse
particles, which was clearly reflected in the intensive optical properties with lower SAE
values. With regards to the extensive optical properties, the measurements showed similar
scattering coefficients at both MSY and MSA stations which were also similar compared with
the averages, around 50 Mm�1, provided by Pandolfi et al. (2014) and Ealo et al. (2016).
In contrast, the absorption values presented a larger difference, with similar absorption
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coefficients at MSY to those typically registered during recirculation episodes, whereas at
MSA the absorption coefficients doubled, reflecting the higher fraction of absorption particles
advected to this station during this specific regional episode. Furthermore, the absorption
coefficients temporal variation was highly correlated with the SSA, showing decreases of
the SSA from around 0.93 to 0.85 when the absorption increased. This absorption/SSA
increase/decrease was due to the advection to the site of aerosol particles with a composition
of either a higher BC fraction when the AAE decreased to around 1.0, or BrC when AAE
increased towards 1.5. The higher AAE values during this episode were associated to the
higher ageing state of the particles, with a higher fraction of secondary organic aerosols, and
to the advection of BrC particles from nearby wildfires. During the Saharan dust event higher
concentrations of mineral matter were measured at the mountain-top station of MSA than at
MSY, indicating that dust particles were advected at high altitude during this event, also in
agreement with specific studies performed at this region (Pandolfi et al., 2014; Ealo et al.,
2016), as well as by the studies over Europe characterizing the larger impact of the Saharan
dust outbreaks at higher altitudes in mountain-top stations (Collaud Coen et al., 2004). With
regards to the optical parameters, the AAE was similar at both stations, with average values of
1.25, and peaks up to 1.5-1.75, similar to those measured on average during the recirculation
pattern episodes, .

The analysis of the vertical profiles of aerosol particles physical properties by using airborne
measurements were also presented in Chapter 6. During the summer regional recirculation
pattern, the measurements showed the accumulation of aerosol particles within the PBL,
which was around 1-1.5 km a.s.l., with similar absorption and scattering values at both MSY
and MSA despite the distance between the two stations and the closer proximity of MSY to
the main pollutant sources compared to MSA. This similarity highlighted the highly mixed
PBL over the area under these summer scenarios. During the aircraft measurements the
number of layers and the vertical distribution of aerosol particles increased over time whilst
the scenario kept favouring the onset of recirculation processes. The vertical profiles showed
a decrease of the size of the particles with height, inferred from the slight decrease of the
asymmetry parameter, from 0.65 to 0.6 and the increase in the mass scattering cross-section
with height, from around 2 to 4, with some layers up to 6-8 m2g�1. However, some layers
with coarser particles were also found up to 3.3 km a.s.l. During the flights, SSA values
were around 0.75-0.85, both within the PBL and the layers with higher aerosol particles
concentration, indicating the presence of very absorbing particles. Indeed, the PM mass
absorption cross-sections (MAC) values were rather high and ranged between 0.3 and 0.5
m2g�1, and were mostly associated to the presence of BC particles, as denoted by AAE values
around 1 (Fig. 9.3). However, some layers around 2 km a.s.l. showed AAE values around 1.5,
indicating the presence of BrC mixed with BC in those layers. The presence of BrC particles
was in some cases the consequence of the impact from wildfire smoke plumes, characterized
by their large amount of absorbing organic aerosols, i.e. of BrC particles (Lack et al., 2012).

During the Saharan dust events, the vertical distribution of the optical properties showed
rather constant AAE values above 1.5, with some layers at around 2 km a.s.l. showing an
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Figure 9.3: Schematic of the vertical profiles showing the variation of the PM concentration and
some extensive and intensive optical properties within the PBL and at different layers
during a) the regional recirculation scenario, and b) the regional recirculation scenario
also affected by a Saharan dust event. The upper panel shows a PBL and a first layer with
typical values and variations of a regional recirculation scenario with a mixture of BC
and BrC particles, whilst the upper layer shows the possible influence of wildfire smoke
affecting the area. The lower panel shows the presence of a PBL and lower layers with
the influence of both the regional recirculation pattern and the mineral dust particles,
with an increase with height in the relative contribution of mineral dust particles to the
total aerosol load.

AAE of around 2. Through the different layers above the PBL, the SAE was mostly below
1.2 and the SSAAE was negative, confirming the presence of coarse dust particles in the
whole vertical profile. Furthermore, the SSA was slightly lower within the PBL, with values
around 0.85, similar to the SSA values measured at the surface stations, with a progressive
increase with height toward values around 0.9 (cf. Fig. 9.3). Similarly, the MAC, calculated
by taking into account the PM concentration of all the compounds, remained stable through
the vertical profiles with slight decrease with height, from 0.25 to 0.2 m2g�1, associated to
the reduction in the relative contribution of BC into the aerosol composition. In contrast, the
MSC presented a more notable increase with height, from 2 to 4 m2g�1, as a consequence of
the higher relative proportion of fine particles at higher altitudes.

In summary, the physico-chemical properties of aerosol particles during the recirculation
period at both the surface and throughout the different aerosol layers formed during the
recirculation scenarios showed the presence of very fine particles with a fairly homogeneous
spatial distribution near the surface and within the PBL. At altitudes above the PBL there
was a substantial decrease of the concentration of particles with height, with the particles
becoming more fine and with a corresponding increasing mass scattering efficiency with
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height. Conversely, the mass absorption efficiency of PM, mostly attributed to the presence
between 1.5 and 3.5 km a.s.l. of a mixture of BC particles with OA, remained fairly stable
at around 0.2-0.25 m2g�1. In addition, several layers with different composition were
observed. Some layers presented AAE values around 1.5, suggesting the presence of aged
OA particles which increase the absorption coefficients in the short-UV and visible spectra
range. Conversely, other layers showed AAE values close to 1 with a large decrease of the
SSA to values close to 0.7 indicating that the absorption was dominated by BC particles of
anthropogenic origin. Moreover, during the dust event, the results showed a heavily aerosol
loaded atmosphere with multiple layers from the ground up to 5.8 km a.s.l., and a highly
homogeneous distribution of the optical properties between the layers. The homogeneous
values of both extensive and intensive properties of the layers above the PBL were associated
to the presence of well distributed mineral dust particles, in addition to the sporadic presence
of other aerosol sources, such as biomass burning, at certain heights, and BC particles from
anthropongenic sources near the surface. The presence of multiple layers above the surface
increases the radiative forcing of the aerosols particles, which depends on the thickness of the
layers, and the particle composition and physico-chemical properties. These layers affect the
radiative forcing and are of special interest if they present high concentrations of particles
with high MAE and low SSA values, associated to the presence of BC particles, and to a lesser
extent of BrC.

The measurements presented in this thesis and previous studies showed the importance
of continuously monitoring the physico-chemical properties of aerosol particles at sites
characterized by different aerosol sources with different characteristics (e.g. Pandolfi et
al., 2014; Ripoll et al., 2014; Ealo et al., 2016; Laj et al., 2020). Moreover, these long-
term measurements allowed the study of the trends and seasonal variations of aerosol
particles properties with large spatial coverage. In addition, performing instrumented flights,
albeit presenting a more restrictive temporal resolution in comparison with remote sensing
measurements via LIDARS and ceilometers, allows for a more detailed analysis of the vertical
profiles of the aerosol particles properties.

9.2.2 BC and OA mixing effects on the aerosol absorption
properties

The amount of organic aerosols (OA), and especially of absorbing OA, i.e. BrC, mixed with
BC particles and the effects that this mixing produces in the overall absorption is highly
dependent on the aerosol particles species involved in the mixing process. Moreover, in
addition to the primary sources of BrC (e.g. biomass burning), the meteorological conditions
can favour the ageing and formation of secondary organic aerosols from gaseous precursors.
The NE of Spain is characterized by high values of BC relative to its surroundings and
especially in urban and industrial areas, together with high concentrations of OA particles,
both form primary and secondary anthropogenic and natural sources (Minguillón et al., 2015;
Ripoll et al., 2015a; Via et al., 2021). As commented in Sect. 1.3, both BC and BrC can absorb
light, with BrC particles presenting a higher absorption efficiency in the UV-VIS spectral range
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compared to near-IR thus increasing the AAE, whereas if the absorption is dominated by BC
of anthropogenic origin, the AAE is close to unity due to the BC particles constant complex
refractive index with the wavelengths in the whole UV to IR spectrum.

Indeed, the presence of BrC particles with BC particles, in addition to the mixing with other
non absorbing OA and inorganic aerosols, produces an enhancement of the absorption of
BC particles (Eabs), which was quantified by normalizing the measured ambient MAC by a
reference MAC value for pure BC. This absorption enhancement was thoroughly analyzed in
Chapter 7 at BCN and MSY measurements stations.

As commented in Sect. 1.3, the mixing of BC with other particles can be separated into
two categories: external and internal, where the absorption enhancement due to the external
mixing corresponds to the increase of the overall absorption from the contribution from
the less absorbing OA, i.e. BrC, and internal mixing where less absorbing or non absorbing
particles are tied together with BC particles. The internal mixing is usually studied through
a core-shell theory approach (Lack and Cappa, 2010). Given that Eabs presents a high
regional variability, the measurements at two different backgrounds (urban and regional)
with different PM chemical composition and high seasonal and diurnal evolution of organic
and inorganic aerosols enabled the analysis of the influence that this variations had on Eabs.
Moreover, due to the availability of a decade long database, a trend analysis of Eabs at these
different background sites was performed.

One of the most relevant results was the Eabs dependency with the the amount of material
available for mixing, i.e. both organic (absorbing and non-absorbing) and inorganic aerosols.
The material available for internal mixing with BC particles was referred to as NR-PM.
On average, higher values of Eabs where observed at MSY than at BCN, with values at a
wavelength of 637 nm of 2.0 at MSY and of 1.42 at BCN, respectively. The higher average
Eabs observed at MSY was due to the higher ratio NR-PM/EC at the regional station compared
to the urban site. Indeed, the relationship between Eabs and NR-PM/EC showed a progressive
increase of Eabs with increasing NR-PM/EC ratio with values up to 3.2 at MSY and 1.9 at
BCN, respectively (cf. Fig. 9.4). This result is of great relevance for climate models because
it implies that for a given concentration of pure BC (or EC), the absorption coefficient of
ambient BC should be corrected by a factor of Eabs that depends on the concentration of
NR-PM/EC of in order to take into account the effect of the mixing of BC. This result further
demonstrates the strong regional variability of Eabs. Moreover, the spectral dependence of
Eabs was analyzed using the absorption measurements from the multi-wavelength AE33 at
BCN. This analysis showed an increase of Eabs from 880 nm to 370 of around 13 %. This
increase of Eabs towards the UV was the consequence of the increase in the contribution
to absorption from BrC particles externally mixed with BC as a consequence of the higher
absorption efficiency of BrC at the short-UV wavelengths (Liu et al., 2015a; Zhang et al.,
2020).

The seasonal evolution of Eabs was mainly linked to the evolution of the NR-PM con-
centrations relative to EC and the variation of the contribution from the different aerosol
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Figure 9.4: Absorption enhancement, Eabs, as a function of the NR-PM to EC ration obtained at
Barcelona (BCN) and Montseny (MSY) station for 637 nm in Chapter 7 and at several
stations from multiple studies as shown in Fig. 1 from Cappa et al. (2019), where the
wavelength is the largest wavelength available.The uncertainty error bars and the shadow
of the line represent each bin standard deviation of the observations.

species. The highest Eabs values were measured at MSY station for the warm season as a
consequence of both the higher amount of material available for BC mixing (i.e. higher
NR-PM/EC ratio) and the increase in the relative proportion of SOA particles from biogenic
sources and photo-chemical activity at regional level. However, at BCN, the highest Eabs

values were measured during the cold season due to the higher accumulation of OA from
traffic, cooking and biomass burning aerosols and the higher relative proportion to OA
of oxidized organic aerosols. Indeed, it was found that the main sources contributing to
the absorption enhancement in BCN during winter were the traffic-related hydrogen-like
organic aerosols (HOA), cooking OA (COA), the highly absorbing BrC particles from biomass
burning OA (BBOA) for the short-UV wavelengths, and the more oxidized and less oxidized
oxygenated organic aerosols, MO-OOA and LO-OOA, respectively. BBOA has been identified
as an important BrC source in numerous studies (Zhang et al., 2020), and more recently
both HOA (Qin et al., 2018) and COA (Kasthuriarachchi et al., 2020) have been identified
as potential sources of BrC in urban environments . Conversely, during summer, Eabs was
lower compared to the winter period, especially at the short-UV, due to the reduction in the
contribution of the externally mixed BrC. The main sources that contributed to Eabs during
summer were HOA and COA internally mixed with BC, and secondary inorganic aerosols
such as nitrates and sulphates internally mixed with BC.

Climate models assume an overall absorption enhancement of around 1.5 (e.g. Liu et al.,
2015b, and references therein), which is similar to the values found in this study at BCN
station and in other works reported in the literature (Cappa et al., 2019, and therein).
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However, the use of a constant Eabs fails to describe the observed high variability of Eabs

reported in the literature and in this thesis, and more specifically, its dependency with the
concentration of BrC and other non-absorbing aerosols particles that can be mixed with BC
particles. In fact, the observed high concentrations of organic and inorganic aerosols relative
to EC observed in the atmosphere at many sites (e.g. Chen et al., 2017), have shown that can
lead to a large increase of Eabs (cf. Fig. 9.4), thus potentially leading to an underestimation
of the absorption enhancement of BC assumed in climate models. As an example, if the
concentration of NR-PM/EC is high enough so that an Eabs of 3 can be expected (cf. Fig. 9.4),
then the assumed Eabs of 1.5 can lead to an underestimation of the simulated absorption with
actual absorption values two times higher that the simulated absorption values. Therefore,
as an example, for an SSA of 0.8, typically observed during the recirculation episodes in NE
Spain, the use of a Eabs of 1.5 instead of 3 would lead to an overestimation of modelled SSA
of around a 16%, which ultimately will increase the positive effect of BC on the radiative
forcing.

In addition to the overall NR-PM concentration levels, the effect of the different species on
the absorption enhancement should also be included in the climate models, since, depending
on the aerosol species, these can enhance or not the absorption by the BC particle. Indeed, the
effect of the different aerosol species, along with their concentration and the oxidation state
of the aerosol particles, could potentially be one of the main causes for the large observed
regional differences of Eabs. Taking into account all these experimental evidences into climate
models is paramount to accurately characterize the mass absorption cross-sections of BC and
OA particles in order to reduce the current uncertainties related to their effects on radiative
forcing.

The availability of a long database of both the absorption coefficients and the offline EC
concentrations at both stations (urban and regional) allowed the study of the trend of Eabs.
The Eabs showed no s.s. trend over time between 2010 and 2020, with the exception of
the summer period at MSY, where a s.s. annual increase of 8.16 % was observed. The s.s.
increase of Eabs observed at MSY for the summer season was associated to a corresponding
positive trend of the relative contribution of OA to the NR-PM, and especially of SOA to OA
(Veld et al., 2021; Via et al., 2021), that efficiently enhances the BC absorption efficiency.

In summary, the absorption enhancement of the BC particles due to the mixing of BC with
other less absorbing OA, i.e. BrC, and non-absorbing OA and SIA, presents a highly regional
heterogeneity due to the differences in aerosol composition and the amount of material
available for mixing. Therefore, given the relevance of the BC absorption on climate radiative
forcing, an accurate characterization of the regional variations of the aerosol species and
their concentration is needed. Furthermore, as a consequence of the current guidelines for
restricting aerosol emissions, the relative proportion of SOA to the total PM concentration
has increased (e.g. Veld et al., 2021), which potentially could lead to an increase in Eabs, as
observed in this thesis at MSY in summer. Therefore, assessing the variations over time of
SOA and SIA as main drivers of Eabs is needed for correctly assessing the evolution over time
of Eabs.
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9.2.3 Mineral dust particles

Mineral dust particles are frequently advected over the Mediterranean basin, and a large
fraction of Europe, as a consequence of the recurrent outbreaks from the North-Africa arid
regions, mainly from the Saharan deserts (Collaud Coen et al., 2004; Pey et al., 2013). The
impact of these events on the optical properties on the Iberian Peninsula at surface level has
been characterized in the literature (e.g. Pandolfi et al., 2011; Pandolfi et al., 2014; Valenzuela
et al., 2015; Ealo et al., 2016; Titos et al., 2017). This thesis also presents an exhaustive
characterization of these events by studying the vertically resolved physical properties of dust
particles and the physico-chemical properties of dust at an important source region in the
northern outskirts of the Sahara, in L’Bour, Morocco. Once formed, dust particles undergo
a large array of processes before reaching the Mediterranean Basin, mainly due to their
mixing with other aerosol particles and its progressive dispersion through the atmosphere
and deposition on the surface. Thus, in order to improve the characterization of the dust
particles and their effects on climate, a more accurate description of pure mineral dust
particles at the emission source areas are needed. With this aim, an intensive measurement
campaign was performed at an arid region in the outskirts of the Sahara desert.

The observed optical properties of dust in this important dust source emission area showed
a high dependency associated to the strength of the processes emitting mineral dust into
the atmosphere (cf. Chapter 8). Essentially, during events with very high friction velocity,
the emission processes increase in intensity, thus increasing the concentration of dust par-
ticles being emitted into the atmosphere. As commented in Chapter 1, the main processes
responsible for the emission of dust are direct entrainment, saltation and disaggregation
processes. Moreover, under the right atmospheric conditions, Haboobs storms can develop
and lift the dust particles directly to high levels on the troposphere, as well as advect dust
particles over large areas over the surface. During Haboob storms, the high wind speeds
associated to the strong convective processes also favour the emission of dust at a local scale
through the aforementioned emission processes. The presence of these strong dust events
ultimately cause the coarse mineral dust particles to represent the only source contributing
to the variation in the measured aerosol particle number concentration and optical properties
at the source region. Thus, the measured physical properties under this strong emission con-
ditions converge towards those found in chamber experiments where soil samples, previously
collected in mineral dust emission areas, are resuspended and analyzed (cf. Table 9.1). We
observed AAE values around 2.5, and SSA around 0.95 at 370 nm, and 0.99 at 880 nm, an
asymmetry parameter a 525 nm of 0.65 and a SAE of 0.26.

The optical properties of dust particles were considerably different for many optical
parameters (AAE, SAE, SSAAE, MAC, MSC, etc.) between the source region and the regional
(MSY) and mountain-top (MSA) measurement sites and the vertical profiles performed over
the NE of Spain during the Saharan dust outbreak. The measured MAC for PM2.5 during the
Sahara dust outbreaks over the NE of Spain ranged for a wavelength of 525 nm between
0.18 m2g�1 at MSY, 0.21 m2g�1 at MSA, and between 0.2 and 0.25 m2g�1 along the vertical
profiles, whereas at the dust source the values were around one order of magnitude lower,
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with values around 0.025 and 0.005 m2g�1 at 370 nm and 880 nm, respectively. The mass
scattering cross-sections at 525 nm ranged between 2 and 4 m2g�1 during the vertical
profile measurements, whereas at the source it ranged between 0.5 and 0.7 m2g�1 for the
stronger and weaker dust emission events, respectively. The higher MAC and MSC values
observed during the vertical profiles in comparison with the source area were due to the
presence along the vertical of a high concentration of fine particles from local/anthropogenic
origin, which increased the overall scattering, and to the mixing of dust particles with more
absorbing particles, such as BC and smoke from wild fires, which increased the MAC (or
MAE) of the particles in the atmosphere. Indeed, as can be seen in Table 9.1, the MAE
(or MAC) of the mineral dust particles ranged around 0.02-0.06 for mineral dust particles
from different emission sources in North Africa, whereas at the Mediterranean the values
ranged between 0.18-0.25. This was also shown by the smaller SSA measured at the Iberian
Peninsula, with values in the range of 0.88-0.90, whereas the SSA at North Africa emission
areas ranged between 0.94 and 0.99. Moreover, the AAE showed lower average values at the
Mediterranean due to the mixing of the mineral dust particles with particles with a weaker
absorption wavelength dependence, such as BC.

Climate models simulate the temporal and the spatial (horizontal and vertical) distribution
of aerosol particles and their physico-chemical properties and effects on climate by integrating
the surface measurements and simulating aerosol particle emission from the different sources,
which are then coupled with the meteorological forecast for the whole atmosphere in addition
to the aerosol particles vertical profiles provided by the satellite. The advantage of using
satellite measurements for deriving the vertical distribution of aerosol particles, and then
calculating their radiative forcing, is due to the ability of satellite data to cover the entire
Earth’s atmosphere. However, these retrievals are still subject to large biases, such as the
miss-estimation of the vertical distribution of BC, mineral dust and other relevant aerosol
species (Johnson et al., 2012; Kipling et al., 2013), and the underestimation of the global
load of the aerosol particles, such as mineral dust (Kok, 2011). Hence, the importance
of performing more accurate and complete vertical profiles with instrumented flights to
adjust the retrieved satellite-based vertical profiles and improve and portray a more accurate
description of the vertical distribution of the aerosol particles physico-chemical properties
and, consequently, of their effects on climate.

In summary, given the high contribution of mineral dust particles to the global aerosol
load, and the uncertainties related to the sign and value of their radiative forcing, it is utterly
important to correctly assess their optical properties. As already stated, North African arid and
semi-arid regions are the largest source contributor of mineral dust into the atmosphere. Thus,
the great relevance of correctly characterizing of the optical properties of freshly emitted
mineral dust from the source areas, its relationships with the particle size distribution and the
strength of emission for improving the analysis of the optical properties of dust in the climate
models. It has been found that the higher the emission strength, the higher it is the relative
contribution of mineral dust to the overall optical properties, thus providing values of the
optical properties similar to those measured at experimental chambers using resuspended soil
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Table 9.1: Average optical properties for wavelengths at various locations in emission areas of
the Sahara desert and at different regions over the Mediterranean basin. The optical
properties, obtained at wavelengths (�) in the short-UV to visible spectrum range, include
the Mass absorption efficiency or cross-section (MAE or MAC), single-scattering albedo
(SSA), absorption Ångström exponent (AAE), scattering Ångström exponent (SAE) and
the asymmetry parameter (g).

Location � [nm] MAE SSA AAE SAE g

Sahara - Moroccoa 525 0.02 0.97 2.2 0.26 0.65
Sahara - Moroccob 537 0.94-0.96
Sahara - Egyptc 532 0.02 0.99 4.2
Sahara - Moroccoc 532 0.06 0.98 5.3
Sahara - Tunisiad 532 0.01
Sahara - Moroccoe 532 2.25-5.13
Sahara - Moroccof 532 0.03 2.6
Sahara - Libyaf 532 0.03 4.1
Sahara - Algeriaf 532 0.04 2.8
Saharag 520 0.94
Saharah 520 0.53
MSA, transportedi 525 0.21⇤ 0.88 1.46 1.25 0.58
MSY, transportedi 525 0.18⇤ 0.90 1.26 1.05 0.55
Granada, transportedj 440 0.89 1.5 0.5
Cape Verde, transportedk 550 0.96
Cyprus, transportedl 370 0.24 1.41
NE Spain, flightsi 525 0.2-0.25 0.83-0.93 1.25-2.5 0.75-1.85

aYus-díez et al. (2022), bSchladitz et al. (2009), cLinke et al. (2006), dAlfaro et al. (2004), eMüller
et al. (2009), fCaponi et al. (2017), gDi Biagio et al. (2019), hKahnert and Nousiainen (2006),
iYus-Díez et al. (2020), jValenzuela et al. (2015), kMüller et al. (2011c), lDrinovec et al. (2020), ⇤

New data presented in this discussion.

samples. In addition to their large contribution at a global scale, Saharan dust is the highest
contributor of mineral dust particles reaching the Mediterranean basin, with an increasing
contribution gradient towards the south of the basin, so that during intense dust outbreaks
these particles can potentially become the most relevant species in the atmosphere. Hence
continuous monitoring of these outbreaks over these regions at different backgrounds enables
the analysis of the effects that they have on the physico-chemical properties of aerosols under
varying aerosol particles composition regimes. Finally, since mineral dust advected into the
Mediterranean basin is consequence of long-range transport, its distribution over the whole
vertical layer is not restricted into a single layer, on the contrary mineral dust was found
more or less homogeneously distributed with some layers presenting higher concentrations
levels. The vertical profiles of the optical properties of dust particles showed higher AAEs
and lower SAEs as expected given the influence of the coarse particles with heavily short-UV
biased absorption efficiency.
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10
CONCLUSIONS AND FUTURE
RESEARCH

10.1 Conclusions

Globally, aerosol particles effects on the Earth climate are associated to a cooling effect,
however there are still large uncertainties, especially related to the absorbing properties of
certain species, namely BC, OA and mineral dust. The Mediterranean basin, and in particular
the NE of Spain, is a region where the complex topography and meteorology coupled with the
presence of multiple anthropogenic and natural sources determines the presence of aerosol
particles with very different physico-chemical properties. This thesis presents a series analyses
performed to improve the characterization of the effects on the optical properties of BC, BrC
and mineral dust, with special focus on the absorption of light radiation.

10.1.1 Improving filter-based absorption measurements

In order to obtain the absorption coefficient, the AE33 aethaloemter uses a parameter, C,
that corrects for the multiple scattering of the sampled particles on the filter tape. We
analyzed the cross-sensitivity to scattering of the multiple scattering parameter, C, for the
two most used AE33 filter tapes by studying their relationship with the single-scattering
albedo, SSA, at three different background stations in the NE of Spain, BCN, MSY and
MSA. We presented a novel approach based on the measurements of the SSA calculated
from scattering measurements from integrating nephelometers and independent reference
absorption measurements from MAAP. This analysis showed a large dependency of C with the
SSA, with up to a 3-fold increase for SSA values above 0.95, with small variations between
the two filter tapes. Indeed, this dependency dictated the diurnal and seasonal evolution
of the C parameter, which mirrored the evolution of the SSA. The increase of the C was
mostly associated to the presence of mineral dust particles at the mountain-top station, and
to a higher concentration of OA at the regional background station (MSY), whereas at the
urban background station (BCN), where the SSA is on average lower, no clear dependency of
the C with SSA was observed. Given that this parameter is directly used for calculating the
absorption coefficients, a 3-fold increase of this parameter implies a 3-fold reduction of the

231



Chapter 10 Conclusions and future research

absorption coefficient compared to the absorption calculated using the harmonized C value
provided in ACTRIS.

Additionally, this thesis shows that the multiple scattering parameter at MSA presented
a statistically significant (s.s.) spectral dependency, whereas no s.s. relationship with the
wavelength was observed at the urban and regional background stations. The increase of the
C parameter with the wavelength at the mountain-top station was associated to the higher
SSA values observed at this station due to the higher relative contribution of mineral dust
particles that have a higher scattering efficiency at longer wavelengths. The observed spectral
dependence of the C is specially relevant at those stations where frequent Saharan dust
outbreaks are observed (mainly at the Mediterranean Basin). In fact, this thesis reports an
increase of the AAE by a 13% at the mountain-top station station (MSA) using a wavelength
dependent C parameter instead of a constant C.

The AE33 is the most widely used instrument to measure particle absorption in international
networks as GAW and ACTRIS, where guidelines to correct AE33 data have been provided,
yet they still do not include the cross-sensitivity to scattering analysis provided in this thesis,
nor a guideline for the possible spectral dependence of C.

10.1.2 Expanding aerosol particle characterization over the NE
of Spain through vertical profiles

The NE of Spain is subject to multiple atmospheric scenarios associated with high pollution
episodes at both a regional and a local scale. Among these, the most common are the
winter anticyclonic episodes, summer regional recirculation periods and the mineral dust
intrusions from Saharan dust outbreaks. As a result of an intensive measurement campaign
performed during the summer of 2015 this thesis presents the physico-chemical properties of
aerosol particles at the troposphere through a combination of surface measurements at the
monitoring stations and the vertical profiles with multiple layers of aerosols in the atmosphere
through instrumented flights and surface-based remote sensing ceilometers. This results
provide the first study of vertical profiles of the aerosol particles in the Iberian Peninsula
through instrumented flights.

The regional recirculation period showed low dispersion of aerosol particles, with concen-
tration values similar to those found in the literature for this kind of events, with a highly
homogeneous distribution of PM concentration and absorption and scattering coefficients
over the area of study.

The vertical profiles showed that the PM concentration remained fairly constant within
the PBL up to 1.5 km a.s.l., with very absorbing and fine particles, mostly associated to
the presence of fine primary and secondary aerosols due to anthropogenic emissions and
secondary aerosol formation. The AAE values were close to 1, showing that most of the
absorption was driven by BC particles of anthropogenic origin. Above the PBL, the mea-
surements showed a highly stratified atmosphere, with layer thickness ranging between 200

232



10.1 Conclusions

and 500 m, characterized by the presence of very fine particles with SAE values close to 2
and with different AAE depending on the layer and the day. Some layers showed AAE close
to 1, indicating the higher relative proportion of BC particles, whilst other layers showed
AAE values up to to 1.5, indicating the presence of BrC particles both from wildfires and
ageing of OA during to the recirculation processes. Overall, the particles became finer and
scattered more efficiently the light radiation with height, as denoted by the progressive
increase/decrease of the mass scattering cross-section/asymmetry parameter. Conversely,
the mass absorption cross-section showed very high values close to the ground, and then
presented a progressive decrease with height, with the exception of the more BC-loaded
layers where the MAC values were around 0.25-0.37 m2g�1, similar to those closer to the
surface.

During the Saharan dust event, the ceilometer showed a high concentration of particles
with multiple layers with thicknesses around 500 m up to 5 km a.s.l. as a consequence
of the intrusion of mineral dust in addition to the regional recirculation of aerosols. The
optical properties showed that the coarse mode particle dominated, with SAE values below
1.0 and an increase of the absorption towards the short-UV with AAE above 1.5, due to
the iron-oxide content of the dust particles, especially above the PBL where the regional
anthropogenic influence decreased. During this period the intensive optical properties did not
show large variations since the mineral dust particles were fairly homogeneously distributed
throughout,the vertical profiles. However there were several layers where the relative
contribution of the coarse mineral dust particles increased, as denoted by lower SAE and AAE
values up to 2-5. For comparison, during the recirculation patterns without the influence of
the Saharan dust outbreak, the MAC showed fairly constant values around 0.2-0.25 m2g�1,
and the MSC showed a progressive increase with height from around 2 to 4, m2g�1. This
increase with MSC with height during the recirculation episode was due to increase in the
relative importance of fine, more efficient scatterers with altitude.

The performed instrumented flights allowed both for the analysis of the relevant optical
properties and their variation between the different layers depending on the composition of
the aerosol particles, as well as for the determination of the thickness of the multiple layers
observed close to the surface and aloft. These measurements reflected the importance of
the regional recirculation events, often coupled with Saharan dust outbreaks, on the NE of
Spain and the potential impact on climate at a regional level. Indeed, the effects on climate
of aerosol particles in the area of study during summer are expected to be more complex
when particles are distributed over multiple layers through the troposphere, instead of at a
single layer close to the surface, i.e. the PBL. In addition to an increase in the aerosol optical
depth due to the presence of the aerosol layers, the interaction with radiation has proven to
be highly dependent on the composition of the aerosol particles at each given layer.

10.1.3 BC mixing with OA and SIA: effects on BC absorption

Black Carbon particles are rarely emitted in their pure state, on the contrary the combustion
processes responsible for their emission simultaneously emit organic and inorganic aerosols
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and precursors. Thus, shortly after emission, BC particles are mixed in the atmosphere with
other compounds, which some of these, as BrC particles, can also absorb light radiation. The
complexity of BC and BrC absorption of solar radiation, and its dependence on their internal
and external mixing in the atmosphere, is becoming of greater interest in the scientific
community. The MAC of ambient BC can present much higher values than those expected
for pure BC particles. Therefore, the ratio between the measured MAC for ambient BC and
the reference MAC for pure BC particles represents the absorption enhancement, Eabs, of the
BC particles produced by its mixing with other aerosol particles. In this thesis it was found
that Eabs was highly dependent on the composition and concentration of aerosol particles
available for mixing, and therefore, presented a large regional variation. Indeed, we found
an overall absorption enhancement at 637 nm of around 1.42 and 1.87 at the urban station
(BCN) and at the regional station (MSY), respectively. The higher absorption enhancement at
MSY was associated to the higher relative concentration of organic and inorganic particles
available for BC mixing at the regional background station.

The seasonal evolution of the Eabs presented a strong wavelength dependence at BCN.
During the cold season Eabs increased significantly at the short-UV wavelengths due to the
increase in BrC particles externally mixed with BC, whereas in the red and the near-IR, where
the relative contribution to the absorption from the BrC particles is smaller, the Eabs increase
was smaller. Indeed, during winter the increase of biomass burning activities and the larger
accumulation of pollutants increased the relative contribution of BrC particles to Eabs from a
4.6 % during summer up to a 20.3 %. At MSY the absorption enhancement, only analyzed at
637 nm, showed an increase during summer due to the larger contribution of SOA due to
larger emissions of biogenic precursors, which at this wavelength is mostly internally mixed
with BC.

A sensibility study on the variation of the relative contribution of the internal and external
mixing to the overall absorption enhancement showed a large dependence on the Ångström
Exponent (AE) of the MAC of pure BC particles. If the MAC was consider to have a weak
wavelength dependence, then the relative contribution of the external mixing of BrC with
the absorption enhancement showed a large increase towards the short-UV, whereas if the
MAC had a stronger wavelength dependence, the relative contribution of the external mixing
would be considerably reduced, even for the short-UV wavelengths. The contribution of
the external mixing to Eabs is obtained as the subtraction between the total Eabs and that
associated to the internal mixing, thus if the AE of the MAC of internally mixed BC increased,
then the difference with the total obtained as the subtraction between the total Eabs and
that associated to the internal mixing, i.e. the contribution from BrC, will decrease, and
vice-versa.

The absorption enhancement showed an exponential increase at both BCN and MSY as the
amount of material available for mixing increased, although, since at the regional station the
relative-to-BC concentrations of mixing material were higher, the absorption enhancement
reached higher values, with values up to 3 at MSY, and up to 2 at BCN. Thus, the absorption
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of BC particles was significantly higher than what would be expected if it was calculated using
the literature MAC values for pure BC particles and the EC concentration measurements.

The results from a multi-linear regression analysis on the contribution from the different
organic and inorganic aerosol species on the absorption enhancement showed slight variations
with the wavelength and very distinct results between winter and summer. During winter
there was, independently from the wavelength, a large contribution to Eabs from primary
organic aerosols from traffic and cooking related sources (HOA and COA), from the biomass
burning organic aerosols at the short-UV wavelengths, and to a lesser extent, from highly
oxidized organic aerosols (MO-OOA), and also from the less oxidized OOA (LO-OOA) at the
short-UV wavelengths. Conversely, during summer, albeit an overall reduction of Eabs, the
relative contribution to Eabs from the SIAs increased, mainly from sulphate and ammonium
particles, whilst the contribution from the OA significantly decreased. Furthermore, higher
absorption enhancement values were measured for the higher aged OAs particles with a
higher SOA to POA ratio, especially during the winter months, when the accumulation and
oxidation of aerosol particles are favoured by the longer periods with stagnant atmospheric
conditions.

The trend analysis of the absorption enhancement over a decade-long dataset showed no
statistically significant (s.s.) trend at both BCN or MSY. The exception was the MSY regional
station during the summer months, when Eabs showed an s.s. increase of 8.16 % yr�1.
This increase during the summer months was mainly driven by the increase of the relative
contribution of the OA to the total PM and of the SOA to OA ratio. Indeed, during the COVID-
19 lockdown period a sharp increase in the OC to EC ratio was observed as a consequence
of the reduction of primary emissions (and consequently EC), and correspondingly the
absorption enhancement also showed a sharp increase at both stations. This results suggests
that the reduction of BC concentrations due to the implementation of more restrictive
guidelines to improve air quality could lead to lower concentrations of ambient BC but with
higher absorption efficiency.

The dependency of the absorption enhancement on the concentration relative to EC and
composition of the material available for mixing as well as its trends showcases the importance
of studying this parameter at a regional scale, especially at measurement sites with high OA
and SIA concentrations and where the OA are prone to result in SOA. We found this to be
the case at a regional measurement site with a high influence from aerosol particles from
a highly populated and industrialized area. Such backgrounds are highly common along
the Mediterranean and the Earth, thus extrapolating this analysis to such places will help
constrain the absorption enhancement.

10.1.4 Characterizing Saharan mineral dust particles at an
emission source region

An intensive campaign performed in the outskirts of the Sahara desert, the most important
source of mineral dust particles in the Mediterranean, enabled the analysis of the optical
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properties of the emitted dust particles. During the campaign the site showed a background
with very low aerosol particle number concentration, coupled with regular local dust saltation
events that emitted dust particles, with increasing strength as the friction velocity increased.
In addition, the advection of dust particles from a regional scale as Haboob events was
observed to also affect the area. Typical values during these events were AAE of 2.17 (2.26),
SSAE of -0.04 and g of 0.67 (0.69) during local saltation (Haboob advection) events.

The measurements showed that as the friction velocity increased, i.e. the emission processes
strength, the effective radius of the particles increased, reflecting a higher relative contribution
of the mineral dust particles and the consequent increase in the coarse fraction mode of the
aerosol particle size distribution. Following this relationship, the optical properties showed
a convergence toward values closer to those found for dust measurements in chambers
from soil samplings and in-situ measurement campaigns, with AAE values around 2.5, and
negative SAE and SSAAE. During a period where a PM2.5 inlet cut-off was used, the SSA
showed average values around 0.97 at 525 nm, whereas the mass absorption efficiency was
on average around 0.04 m2g�1 and decreased with increasing friction velocity. During a
period with a PM10 inlet cut-off, the particles showed lower overall MAEs and also a lower
variation with increasing friction velocity, with values around 0.005 m2g�1. However, the
SSA showed lower values during high friction velocities events, especially for the shorter
wavelengths, with values as low as 0.87 at 370 nm.

The measurements performed during the campaign showed the importance of constraining
the optical properties to the strength of the emission processes, which can be of great
importance in dust forecasting and climate models where the amount of emitted dust depends
on the strength of the emission. Finally, the results also showcased the need for correctly
characterizing the particle size distribution of mineral dust particles in the atmosphere, since
the measurements performed with the different inlets, albeit representing different periods,
showed lower absorption efficiencies and lower SSAs when using a PM10 inlet instead of a
PM2.5.

10.2 Future research

The work presented in this thesis introduces an in-depth characterization of the optical
properties of the main aerosol particles (BC, BrC and mineral dust) producing an absorption
of the solar and terrestrial electromagnetic radiation over the Mediterranean basin. However,
some further considerations and actions are needed to expand the research here presented
and address its limitations and uncertainties.

• In order to improve the acquisition of the absorption coefficients with the highly used
AE33 aethalometer, it is key to expand the analysis performed in Chapter 5 about
the largest source of uncertainty, the multiple scattering parameter, C, to many other
measurement stations, especially those presenting high SSA values, and those influenced
by mineral dust particles. With this aim, the multi-instrumental and data processing
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used in Chapter 5 could be applied to the datasets that meet the requirements from
the ACTRIS database, or if not possible due to the lack of a reference absorption
measurement, then a iterative approach as the one followed in Chapter 8 could be
implemented.

• In addition to the cross-sensitivity analysis of the C with the SSA, since SSA depends
on particle size and finer particles can penetrate more into the filter, it is required
to expand the analysis of the dependence of the C parameter with the particle size
distribution. This analysis is of special interest for determining both the variations of
C with the size of the sampled particles as well as for improving the characterization
of the spectral dependence of C. Currently, there are several studies analyzing the
relationship of C using reference absorption measurements through multi-wavelength
photothermal interferometers in controlled laboratory chambers where the albedo and
the particle size distribution, composition and mixing state can be controlled.

• The integration of the vertical profiles with remote sensing measurements, both from
satellites and from the surface, will improve the representativness of the aerosol vertical
profiles, especially for model simulation. This proves to be of great interest both in
complex regions with multiple aerosol sources as the Mediterranean, and in regions
characterized by high aerosol emissions, such as biomass burning from agricultural use
over the Amazon or West Africa, or Saharan mineral dust advection over the Atlantic.

• A handicap of the vertical profiles performed in Chapter 6 was the lack of an analysis on
the particle composition and the particle size distribution on the airborne measurements.
Therefore, coupling such analysis with the physical and optical properties will help
provide a better characterization of the aerosol particles that are found at the different
layers.

• As a consequence of the large regional variability of the absorption enhancement of
BC from its mixing with organic and inorganic aerosol particles found for two stations
(urban, BCN, and regional, MSY, backgrounds) in NE Spain, it is also necessary to
extent the analysis to the mountain-top station of MSA, as well as to other measurement
sites in the Mediterranean and in Europe.

• In fact, the lack at MSY regional background station of multi-wavelength absorption
measurements and online measurements of OC, EC and the chemical speciation, im-
paired the spectral analysis of the absorption enhancement and the attribution analysis
that derived the contribution from each aerosol species. Providing these measurements
will enable the analysis of the influence of the internal and external mixing and the
effects of the different compounds at measurement sites with different backgrounds.
Expanding this analysis to other stations at an European level using data from the
ACTRIS network would greatly improve the spatial representation of the absorption
enhancement.
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• Moreover, an in-depth analysis of the influence of the external mixing of OA particles
with BC and the chemical speciation of the OA particles can provide results on the
absorption properties, most importantly the mass absorption cross-section, of the
different BrC compounds and their spectral variations. This analysis would provide
important results to constrain the effects of BrC, i.e. of OA, on radiative forcing. As
a consequence of the regional-dependence of the aerosol species, this analysis would
require a larger dataset with data from diverse backgrounds.

• One important application of AE33 aethalometers and MAAP photometers is to measure
the concentration of BC particles, referred to as eBC, also relevant for air quality.
Since these instruments measure the attenuation of light, the eBC concentration can
be obtained by dividing the absorption coefficients provided by the instrument by
the mass absorption cross-section of BC. Similarly, another approach to obtain the
concentration of carbonaceous particles is through thermo-optical instruments that
measure the amount of OC and EC. However, these measurements lack high temporal
resolution, with the Sunset-online having a timestamp of 3h min, whereas EC and
OC determined line from filters have typically time resolutions of 12-48h. With this
purpose, it proves useful the use of filter-based absorption photometers as MAAP and
AE33, which provide eBC with a high temporal resolution (1 min). However, a proper
MAC should be determined in order to approximate the calculated concentrations of
eBC to those of EC. For this, the simultaneous measurements of absorption and EC
can be used. To overcome the uncertainties associated to the highly variable MAC
values used by philter-based absorption photometers to obtain the eBC measurements,
a rolling average MAC, calculated as the ratio between absorption and EC, can be
calculated and then applied to the AE33 and MAAP measurements. This reduction in
the uncertainty of the MAC enables the AE33 and MAAP eBC high temporal resolution
measurements to be highly similar to those of EC.

• In order to complete the study of the optical properties of Saharan mineral dust
with the emission strength and the particle size, an exploratory analysis of Lorentz-
Mie simulations using the particle size distribution could be performed to obtain the
complex refractive index of the mineral dust particles and also constrain the shape of
the particles. These three parameters: the particle size distribution, the particle shape
and the refractive index are crucial for obtaining the direct radiative effect of mineral
dust in the atmosphere.

• Although North African arid and semi-arid regions are the main source of mineral
dust in the atmosphere, half of the global emission load is made by other sources,
thus the characterization of the optical properties and their relationships with the
emission processes at these regions is also of great relevance. Due to the dependence
of the absorption properties of mineral dust with the mineralogical composition, the
study of this dependence is of special interest in emission regions with very distinct
mineral composition. This analysis will allow an improved characterization of mineral
dust particles in climate models. With this aim, currently there are several studies
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in-progress within the FRAGMENT project analyzing the results from similar campaigns
for high-latitude dust in Iceland, and mid-latitude dust in Jordan.

• Finally, large differences were observed when comparing the mass absorption cross-
section values of mineral dust at the the source regions and in the NE of Spain after
dust transport. This large difference is due to the mixing of the dust particles with more
absorbing aerosols locally emitted at the receptor regions. Given the large impact that
the Saharan dust outbreaks have on the Mediterranean regions, it is of great importance
to correctly characterize both the amount of dust that actually reaches these regions,
and the optical properties of these dust without the influence of aerosols from other
sources. Since most of the highly absorbing particles at these regions are in the fine
mode, and mineral dust is biased towards the coarse mode, measuring the absorption
coefficients and the mass concentration of particles at these modes will enable to obtain
the measurements of the dust MAC. This is the main aim of the DNAAP (Detection of
non-anthropogenic air pollution) campaign being performed since 2019 up to this day
in multiple backgrounds along the Mediterranean.
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technique for real-time measurements of mineral dust concentration in PM10 using a virtual
impactor”. In: Atmospheric Measurement Techniques Discussions 2, pp. 1–19.

Dubovik, O, A Smirnov, B N Holben, and Y J Kaufman (2000). “Accuracy assessments of aerosol
optical properties retrieved from Aerosol Robotic Network ( AERONET ) Sun and sky”. In: 105,
pp. 9791–9806.

Dubovik, Oleg and Michael D King (2000). “A flexible inversion algorithm for retrieval of aerosol
optical properties from Sun and sky radiance measurements”. In: 105.

Ealo, Marina, Andrés Alastuey, Noemı Pérez, Anna Ripoll, X. Querol, and Marco Pandolfi (2018).
“Impact of aerosol particle sources on optical properties in urban, regional and remote areas in the
north-western Mediterranean.” In: Atmospheric Chemistry & Physics 18.2.

Ealo, Marina, Andrés Alastuey, Anna Ripoll, Noemı Pérez, Marıa Cruz Minguillón, X. Querol, and
Marco Pandolfi (2016). “Detection of Saharan dust and biomass burning events using near-real-time
intensive aerosol optical properties in the north-western Mediterranean”. In: Atmospheric Chemistry
and Physics 16.19, pp. 12567–12586.

ECAC-CAIS (2022). “Preliminary ACTRIS recommendations for aerosol in-situ sampling , measure-
ments , and analyses”. In: pp. 1–13.

Engelstaedter, Sebastian, Ina Tegen, and Richard Washington (2006). “North African dust emissions
and transport”. In: Earth-Science Reviews 79.1, pp. 73–100.

Escudero, M., S. Castillo, X. Querol, A. Avila, M. Alarcón, M. M. Viana, A. Alastuey, E. Cuevas, and S.
Rodríguez (2005). “Wet and dry African dust episodes over eastern Spain”. In: Journal of Geophysical
Research: Atmospheres 110.D18. eprint: https://agupubs.onlinelibrary.wiley.com/doi/pdf/
10.1029/2004JD004731.

Faustini, Annunziata, Ester R Alessandrini, Jorge Pey, Noemi Perez, Evangelia Samoli, X. Querol, Ennio
Cadum, Cinzia Perrino, Bart Ostro, Andrea Ranzi, J. Sunyer, M. Stafoggia, and F Forastiere (2015).
“Short-term effects of particulate matter on mortality during forest fires in Southern Europe: results
of the MED-PARTICLES Project”. In: Occupational and Environmental Medicine 72.5, pp. 323–329.

Ferrero, L., V. Bernardoni, L. Santagostini, S. Cogliati, F. Soldan, S. Valentini, D. Massabò, G. Močnik,
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